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Abstract 

The late postnatal period is marked by neurodevelopmental changes, from gross 

morphological alterations to finite cellular and molecular variations. The hippocampus is one 

such structure that undergoes extensive morphological and cytological remodeling during the 

juvenile period, which is thought to mediate the maturation of cognitive processing. 

Hippocampal remodeling leads to the strengthening of intra-hippocampal and hippocampal-

cortical connectivity, allowing for the consolidation of information into remote stores within 

extrahippocampal regions. A link between changes in the duration of α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptors (AMPAr)-mediated synaptic responses in the 

hippocampus and the emergence of spatial navigation has been shown. AMPAr are made up of 4 

subunits, of which GluR1 and GluR2 have been shown to play the most prominent role in 

cognitive processes. The current thesis investigated whether preadolescent spatial memories 

acquired during this period of hippocampal synaptic modification persist beyond 24 hours and 

stabilize into the postadolescent period. We further aimed to identify the neural correlates 

thought to underlie the emergence of such processes, while determining training factors that may 

facilitate spatial memory processing. To this extent, rats were trained on spatial memory tasks 

during the period of hippocampal remodeling and assessed at either recent (24h) or remote (3 

week) testing intervals. Their performance on the tasks was compared to adults in order to 

delineate the developmental period in which memory processing in juveniles resembles that in 

adults. c-Fos immunohistochemistry was performed on both the hippocampus and anterior 

cingulate cortex (ACC) in order to determine their contributions to testing performance at either 

interval, while Western blotting in both regions identified GluR1 and GluR2 levels following 

testing. Results indicated that the emergence of recent memory processing coincided with the 
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initial onset of hippocampal remodeling, while remote memory processes showed a protracted 

development, manifesting during late-phase hippocampal remodeling. The pattern of memory 

consolidation suggests that the hippocampus is initially responsible for the processing of recently 

acquired information, after which it is stabilized and consolidated into remote stores within the 

ACC, rendering it independent of hippocampal activity. Both recent and remote memory 

processing are likely mediated by the development of synaptic components, particularly GluR1 

and GluR2. 
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Chapter 1 

Introduction 

1. Overview 

Spatial memory is an essential component of survival. It allows for an organism to forage 

for food and shelter, avoid places that they previously deemed dangerous, and learn to navigate 

around their environment, all with the use of spatial cues. These dynamic processes are regulated 

by medial temporal lobe and cortical structures, including the hippocampus and the anterior 

cingulate cortex, which synergistically incorporate sensory stimuli into a functional “map” that 

the organism can use to familiarize and orient themselves within their environment. This is 

mediated through the activation of glutamatergic receptors, which function to strengthen neural 

synapses, creating robust, long-lasting spatial memory traces. While the underlying behavioral 

and cellular correlates of spatial memory have been widely investigated in adults, their ontogeny 

and development in younger organisms are less known.  

 

2. Hippocampal Anatomy 

2.1. Functional divisions of the hippocampus 

The hippocampus does not work as one cohesive unit, but instead may be functionally 

parsed into different subunits with various functions. The two major units of the hippocampus 

are the dorsal and the ventral hippocampus, each with their own distinct input and output 

connections, and roles in memory processing (Swanson and Cowan, 1977; Moser et al., 1995; 

Moser and Moser, 1998; Fanselow and Dong, 2010). The dorsal hippocampus receives input 
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from the caudolateral band of the entorhinal cortex and sends excitatory projections to dorsal 

parts of the subiculum, presubiculum, and postsubiculum. Additionally, the dorsal hippocampus 

sends projections to the retrosplenial and anterior cingulate cortices, as well as the caudal and 

rostral part of the lateral septal nucleus, an area that has been found to regulate social behavior 

(Fanselow and Dong, 2010; Bredewold et al., 2015). The ventral hippocampus receives input 

from the rostromedial band of the entorhinal cortex, and sends direct projections to the olfactory 

bulb, along with bi-directional projections to the amygdala (Saunders et al., 1988; Pitkänen et al., 

2000; Cenquizca and Swanson, 2007; Fanselow and Dong, 2010).  

The ventral hippocampus has been shown to be involved in emotional memory processes, 

like fear, and influences the fear memory processing of the amygdala, given that the ventral, but 

not the dorsal, hippocampus projects directly to the amygdala (Moser and Moser, 1998; 

Fanselow and Dong, 2010). The dorsal hippocampus contributes to spatial memory processes 

due to the fact that place fields in this region are more compacted, as opposed to the ventral 

hippocampus, where the place fields are more dispersed (Jung et al., 1994). A study completed 

by Moser et al. (1993) supports this hypothesis. After performing localized dorsal hippocampal 

lesions and testing rats in the Morris water maze, they reported impaired latencies during 

training, along with a reduction in the amount of time spent in the target quadrant during the 

probe test. The rats that received lesions in their ventral hippocampus, however, experienced no 

such impedance in their spatial learning abilities. Based on these results, they concluded that the 

dorsal hippocampus is more important for the encoding of new spatial information than the 

ventral aspect (Moser et al., 1993; Riedel and Micheau, 2001). Further evidence to support this 

hypothesis comes from studies completed by Moser et al. (1995) and Pothuizen et al. (2004), 

who also reported that spatial learning was impeded if the dorsal portion of the hippocampus was 
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lesioned. They further noted that dorsal hippocampal lesions were just as effective as complete 

hippocampal lesions in disrupting spatial working memory, as opposed to lesions of the ventral 

hippocampus, which resulted in no disruption of spatial working memory. 

 

2.2. Anatomical subregions of the dorsal hippocampus 

The dorsal hippocampus consists of three major regions: the parahippocampal gyrus, the 

dentate gyrus, and the cornu ammonis (CA) fields (Amaral, 1993; Cohen et al., 1999; Lavenex 

and Amaral, 2000; Wible, 2013).  

The parahippocampal gyrus is one of the first structures to receive inputs into the 

hippocampus, generally from the temporal, frontal, and parietal lobes (Lavenex and Amaral, 

2000). It is comprised of areas TH and TF, both populated with pyramidal cells (Insausti et al., 

1987; Kobayashi and Amaral, 2007). Area TH is located at the medial aspect of the 

parahippocampal gyrus and lies adjacent to the presubiculum. It is comprised of an outer lamina, 

defined by a weak layer II and narrow layer III, and an inner one, defined by a more pronounced 

layer V and a narrower layer VI, which is fused with layer V (Insausti et al., 1987). Area TF 

occupies a larger area of hippocampal gyrus and is bordered laterally by area TE and medially by 

area TH, the presubiculum, and area 29m. Similar to area TH, area TF can be parsed into 

numerous laminae; a thin layer II, a wide layer III, a prominent layer IV, and densely packed 

layers V and VI (Insausti et al., 1987). Pyramidal cells in the parahippocampal gyrus synapse 

with layers I, II, and III of the entorhinal cortex (Insausti et al., 1987; Wellman and Rockland, 

1997). 

The entorhinal cortex is divided into five layers. The superficial plexiform or molecular 

layer, referred to as layer I, contains a dense band of fibers with very few neurons. Layer II is the 
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outermost cell layer and contains “stellate” or “modified pyramidal cells”, which project to 

different layers of the dentate gyrus (Dolorfo and Amaral, 1998; Canto et al., 2008). Layer III is 

primarily composed of medium to large sized pyramidal neurons, while the deep border of layer 

III (also referred to as layer IV) is the cell-sparse fiber layer, known as the lamina dissecans. 

Finally, layer V is stratified and composed of pyramidal neurons that vary in size depending on 

how deep they are within the layer; neurons in layer Va are often medium to large sized, while 

neurons in deeper layers (Vb and Vc) are mainly small and densely packed (Canto et al., 2008).  

The dentate gyrus is a well-conserved part of the hippocampus that possesses distinct 

unidirectional projections to CA3 pyramidal cells (Treves et al., 2008). It is composed of three 

layers of neurons: the molecular layer, the granular layer, and the polymorphic layer. The 

molecular layer is the outermost layer and contains dendrites of the dentate principal cells. This 

layer also possesses axons that originate from layers II and VI of the entorhinal cortex, the 

ipsilateral hilar mossy cells, and the contralateral hilar mossy cells (Witter and Amaral, 1991; 

Dalley et al., 2008). The granular layer is aptly named as it is composed of densely packed 

granule cells, which project and bifurcate close to the soma and molecular layer. The subgranular 

layer, one of the few areas of the brain where adult neurogenesis occurs, is found between the 

granular and polymorphic layer, and contains an abundance of progenitor cells (Eriksson et al., 

1998; Dalley et al., 2008). The polymorphic layer, commonly referred to as the hilus, is the 

deepest layer of the dentate gyrus. It is found between the granule cell layer and border of the 

CA3 dendritic layer. Mossy cells are the most abundant cell type found in the hilus and are 

defined by the spiny dendrites and thorny excrescences on both their cell bodies and proximal 

dendritic shafts (Treves et al., 2008).  
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The CA1, CA2, and CA3 regions are the principal pyramidal cell fields in the 

hippocampus and are often the focus of research concerned with memory encoding and retrieval 

(McNaughton and Morris, 1987; Chevaleyre and Siegelbaum, 2010). Although the CA4 region 

has been distinctly defined, it appears to be part of the polymorphic layer of the dentate gyrus, 

commonly referred to as the hilus, and possesses mossy cells (Andersen et al., 2007). The CA 

regions are each composed of layers, or “strata”: the stratum pyramidale, the stratum lacunosum-

moleculare, the stratum lucidum, the stratum oriens, and the stratum radiatum. The stratum 

pyramidale contains the cell bodies of pyramidal cells and various interneurons (Andersen et al., 

2007). Pyramidal cell layers in the CA1 are more tightly packed than those in the CA2 and CA3 

regions.  

The stratum lacunosum-moleculare is the most superficial layer of the hippocampus, 

where fibers from the entorhinal cortex, the nucleus reuniens of the midline thalamus, along with 

afferents from other regions, terminate. In the CA2 and CA3 regions, the stratum lacunosum-

moleculare receives inputs from layers II and VI of the entorhinal cortex, while the stratum 

lacunosum-moleculare in the CA1 receives input from layers III and V of the entorhinal cortex 

(Witter and Amaral, 1991; van Groen et al., 2003). The stratum lucidum, which is found 

exclusively in the CA3 field between the pyramidal cell layer and the stratum radiatum, contains 

mossy fiber terminals from the dentate gyrus granule cells (Witter and Amaral, 1991; Andersen 

et al., 2007). Axons from cells within the layer II of the entorhinal cortex synapse directly with 

the dendritic spines of granule cells in the dentate gyrus. Mossy fibres are formed by the axons 

of these granule cells and form synaptic connections with the proximal apical dendrites of 

pyramidal cells in the stratum lucidum of the CA3 via the hilus of the dentate fascia (Andersen et 

al., 1971; Sandler and Smith, 1991; Witter, 2007; Neves et al., 2008). 
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The stratum oriens is a deep, relatively cell-free layer containing the basal dendrites of 

the pyramidal cells and various interneurons, along with some of the myelinated Schaeffer 

collateral connections from CA3 to CA1. The stratum radiatum possesses the majority of 

Schaeffer collateral connections (Andersen et al., 2007). The axons of the CA3 project into the 

fimbria, but then send the Schaffer collaterals back through the CA3 and travel to the CA1, 

where they form synapses with the apical dendrites of pyramidal neurons in the stratum oriens 

and stratum radiatum, which then project to the subiculum (Witter, 2007; Kajiwara et al., 2008; 

Maccaferri, 2011). Both the subiculum and the stratum lacunosum-moleculare of the CA1 also 

receive direct projections from neurons in layer III of the entorhinal cortex (Kajiwara et al., 

2008; Maccaferri, 2011). Axons of pyramidal neurons of the CA1 project into the septum, 

hypothalamus, and contralateral hippocampus via the fimbria (Andersen et al., 1971). In addition 

to receiving input from cortical regions, layer V of the entorhinal cortex receives output from the 

CA1 via the subiculum, which then projects to other brain regions, such as the mamillary nuclei, 

the thalamus, and the nucleus accumbens (Amaral, 1993; Wible, 2013). 

 

3. Hippocampal Development 

3.1. Morphogenesis of the hippocampus 

 The hippocampal formation can first be observed during the early stages of embryonic 

development and develops in a similar pattern in all mammals (Bayer, 1980a). As early as 

embryonic day (E) 14, the characteristic folds and curvature of the hippocampus begin to form 

from the neuroepithelium in the dorsomedial wall of the telencephalon, which curves into the 

lateral ventricle. This curvature continues into E15 and becomes a distinguishing feature of the 

cortical sheet by E16 (Bayer, 1980a). The most rapid rate of hippocampal growth also occurs 
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during this time, where hippocampal volume increases by 1900% from E16 to E17. From E18 to 

E19, the daily rate of growth increases by 66%, and by 29% from E19 to E20. After birth, the 

volume continues to increase daily by about 26% from postnatal day (P) 1 to P7, and by 12% 

from P7 to P21 (Bayer, 1980a). In the human fetus, a linear increase in total hippocampal 

volume has been reported, whereby the average hippocampal volume increases from 0.23 mL at 

22 weeks of gestation to 0.60 mL by 30 weeks of gestation (Jacob et al., 2011). 

The hippocampus develops from two connected primordia in the telencephalon. A 

portion of the entorhinal cortex and part of the parasubiculum and presubiculum develop from 

one primordium in the dorsoposterior wall, while the subiculum, the CA region, and the dentate 

gyrus develop from another primordium in the dorsomedial wall (Bayer, 1980a).  

The entorhinal cortex first begins to develop on E16, when layer I forms in a cell-sparse 

zone located superficially throughout the primordium (Bayer, 1980a). On E17, a cortical plate 

develops deep to layer I in the lateral entorhinal cortex and is separated from the neuroepithelium 

by a transitory zone. On E18, the cortical plate, along with a cell-sparse fibrous zone, appears 

throughout the entorhinal cortex. On E19, the cortical plate diverges into a central cell-sparse 

zone, which becomes layer IV, surrounded by superifical and deep cell-rich laminae, which 

become layers II and III, and layers V and VI, respectively. Layer IV is indistinct due to the 

many spindle-shaped cells throughout it and layers V and VI (Bayer, 1980a; Ray and Brecht, 

2016). From E19 to E22, the laminae become larger, while the neuroepithelium and transitory 

zones become progressively smaller, until they disappear in the early postnatal period. By E22, 

cells are added to layer II, layer III is thick and densely packed, and layers IV, V, and VI are 

distinct (Ray and Brecht, 2016). The parasubiculum and presubiculum are first distinguishable in 
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the superficial lamina on E22, when the cortical plate ceases to diverge medially and forms the 

non-bifurcated cortex adjacent to the entorhinal cortex (Bayer, 1980a).   

The boundary between the subiculum and the CA region is indistinguishable during the 

early stages of embryonic development (Bayer, 1980a). Between E16 and E17, the subiculum 

undergoes the most rapid rate of growth, when a number of cells leave the neuroepithelium 

region of the subiculum. The growth rate then slows between E19 and E20, which coincides with 

the rapid increase in volume of the pyramidal layer (Bayer, 1980a). The stratum pyramidale 

continues to increase in volume from 4% on E18 to 22% at P21 (Bayer, 1980a). After birth, the 

pyramidal layer decreases in depth yet extends in length, and sharply curves posteriorly while 

retracting into the dentate gyrus (Bayer and Altman, 1974). The formation of the stratum oriens 

becomes evident between E17 and E19, when it occupies between 36% and 40% of the total 

volume. The stratum radiatum and stratum lacunosum-moleculare begin to form by E16, and 

their volumes increase from 7% to 38% by P21 (Bayer, 1980a). 

The dentate gyrus is the last hippocampal structure to appear. The dentate gyrus begins to 

develop between E18 and E19, where cells from the neuroepithelium of the choroid plexus 

accumulate in a mass near the outgrowth of the fimbria and form the dentate primordium; at this 

stage, the primordial volume is called the hilus (Bayer, 1980a). The volume increases from 4% 

on E18 to 10% on E22, and then gradually decreases by 5% on P21. The outer limb of the 

granular layer begins to form in the anterior and posterior dentate gyrus on E20, and becomes 

more evident between E21 and E22, while the molecular layer is not present until P1 (Bayer, 

1980a). At birth, the crest and arms of the dentate gyrus form, and between P3 and P5, the endal 

arm extends further rostrally, separating the proliferative zone from the pial surface (Bayer and 

Altman, 1974). 
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3.2. Cytogenesis of the hippocampus 

  Much like the majority of the morphological development of the hippocampus, most of 

the neuronal components of the hippocampus propagate during gestation (Semple et al., 2013). 

Neuron development within the hippocampal system begins within layer IV of the entorhinal 

cortex. These cells are most heavily labeled by thymidine-H3, a radioactive DNA-precursor, by 

E10. At this time, a few neurons in layers II and III are also visible, but not to the extent of those 

found in layer IV, while no radioactively-labeled cells are present in layer I. By E12, the density 

of heavily labeled neurons in layers II, III, and IV has reached its peak. By E14, neuron 

formation in layers II, III, and IV has virtually ceased, with a few new neurons labeled in layer I 

(Angevine, 1965). At P0, calbindin-positive pyramidal cells in layer II exhibit a grid-like 

arrangement similar to that observed in adults (Ray and Brecht, 2016). While these neuronal 

clusters are visible as early as E18, dendritic clustering is not initially apparent until P4, with 

adult-like clustering occurring at P8. Calbindin-positive pyramidal cells in layer III are 

transiently present at E18, and decline progressively until about P20, when their density reaches 

adult-like levels (Ray and Brecht, 2016). Interestingly, these pyramidal cells exhibit a dorsal-to-

ventral maturation profile. Patches of calbindin-positive pyramidal cells express doublecortin, a 

well-established marker for immature neurons, throughout layer II at P8. At P16, only the ventral 

patches co-localized with doublecortin, while the dorsal parts exhibited a low degree of overlap. 

In adults, no co-localization of calbindin-positive pyramidal cells with doublecortin was evident, 

indicating a delayed functional maturation of these pyramidal cells (Ray and Brecht, 2016). 

 Neurons within the molecular layer of the dentate gyrus begin to form between E10 and 

E15, with peak numbers formed by E13, while neurons within the granular layer form over a 

longer period, from E10 to P20. The granule cells first begin to form between E10 and E11 and 
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are found near the tip of the suprapyramidal limb. The number of these cells continues to 

increase along this area through the outer edge of the infrapyramidal limb from E15 until birth 

(Angevine, 1965). After birth, precursor cells proliferate into the deeper layers of the granular 

layer, producing the granule cells of both limbs of the dentate gyrus. This pattern of migration 

indicates that, unlike the stratum pyramidale and other cortical areas, neurons within the granular 

layer follow an “outside-in” sequence (Angevine, 1965). The peak of granule cell production 

occurs during the first two weeks after birth. While 25% of the cells in the granular layer have 

stopped dividing and started to differentiate between P0 and P3, the majority are formed between 

P4 and P7 while the remaining population of cells continue to form past P16 (Bayer and Altman, 

1974). In the molecular layer, a small portion of cells is formed during the first postnatal week, 

with the bulk of the population forming between P8 and P16 and a small population that have not 

yet formed by P16 (Bayer and Altman, 1974). While polymorph cells of the hilus and pyramidal 

cells of the CA4 originate prenatally, most cells within the hilus are formed between P4 and P15, 

with a small population still to be formed after P16 (Bayer and Altman, 1974). Doublecortin 

(DCX), a gene that encodes a 40-kDa microtubule-associated protein expressed mainly in 

neuronal precursors in the developing brain, has been used as a marker for neurogenesis within 

the dentate gyrus. While this marker is highly expressed in newborns, its immunoreactivity 

decreases with age after birth (Yoo et al., 2011). These DCX-positive cells have been detected in 

the dentate gyrus as early as P1 and DCX-positive neuroblasts with short processes formed by 

P7. By P14, those processes developed and extended in the upper two-thirds of the molecular 

layer. By P21, DCX-positive neuroblasts were mainly in the subgranular zone, while the density 

and length of the processes in the molecular layer had decreased compared to P14, suggesting 

that those cells had begun to mature in that timeframe (Yoo et al., 2011). 
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 The earliest neurons of the hippocampus proper to form are seen on E10 in the stratum 

pyramidale and are distributed along CA1 and CA2, with a few cells in portions of CA3 

(Angevine, 1965). On E11, little has changed in CA1 or CA2 regions, while thymidine-H3-

labeled cells begin to appear in the CA3. By E12, both the CA1 and CA3 regions show heavily 

labeled neurons, with fewer in the CA2. Cytogenesis in the CA3 peaks at E14, while final 

division in the CA1 continues and maintains its rate in the CA2. By E15, cytogenesis in the CA1 

peaks, while neuron formation in both the CA2 and CA3 has ceased. By E18, the formation of 

neurons in all CA regions is complete (Angevine, 1965; Bayer, 1980b). 

 Pyramidal neurons continue to develop postnatally. From P5 to P10, pyramidal neurons 

consist of a long apical dendrite and a few short and somewhat branched basal dendrites with 

only a few small spines (Pokorný and Yamamoto, 1981). Over that period, the length and 

number of branches of the basal dendrites and terminal fibers of the apical dendrite increase, 

with the apical dendrite terminal branch pattern reaching adult values by P10. Between P15 and 

P24, the lateral branches of the apical dendrite, along with its preterminal fibers, continue to 

increase, infiltrating the stratum radiatum and stratum lacunosum, respectively (Pokorný and 

Yamamoto, 1981).  

 

3.3. Development of hippocampal circuitry 

 Once developed, cells within the various hippocampal regions create a network that is 

thought to be the source of information processing within the hippocampus and is believed to 

play a major role in learning and memory (Snyder et al., 1991). This network, commonly 

referred to as the trisynaptic circuit, consists of three pivotal excitatory synapses which allow for 

the processing of polymodal sensory information from primary sensory and high-order 
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association cortices (Stepan et al., 2015). The first synapse in this network begins in the 

superficial layers of the entorhinal cortex, which provide the main cortical input to the 

hippocampus (Stepan et al., 2015). Neurons in layer II project their axons to the apical dendrites 

of dentate gyrus granule cells via the perforant path, while neurons in layer III project their axons 

to the CA1 and subiculum via the temproammonic pathway (Witter et al., 2006; Van Strien et 

al., 2009; Stepan et al., 2015). The dentate gyrus axons give rise to mossy fibres, which go on to 

innervate pyramidal neurons in the CA3, creating the second synapse in the pathway. CA3 

pyramidal cells synapse onto ipsilateral CA1 pyramidal neurons via Schaffer collaterals, thus 

completing the trisynaptic circuit (Amaral and Witter, 1989; Stepan et al., 2015). Once 

information has processed through the trisynaptic loop, it returns to the deep layers, specifically, 

layers IV and V, of the entorhinal cortex from the CA1 and subiculum, where it is then projected 

to high-order association cortices, such as the cingulate cortex (Stepan et al., 2015).  

 The formation of the perforant path occurs early in development. Fricke and Cowan  

(1977) observed the earliest stage of the projection at P3 using injections of 3H-proline. At this 

stage, they were unable to distinguish the medial and lateral entorhinal areas but did find 

evidence of labeling in the stratum moleculare and the granule cells of the medial blade of the 

dentate gyrus. By P6, the labeling from the entorhinal cortex to the dentate gyrus was clearer, 

with connections localized into two distinct laminae; over the intermediate one-third of the 

stratum moleculare and the outer one-third of the stratum moleculare. This observation indicated 

that, by P6, the general pattern of the entorhinal-dentate gyrus connection had begun to resemble 

that found in mature animals (Fricke and Cowan, 1977). By P12, the entorhinal projection to the 

dentate gyrus was more sharply defined and concentrated in the outer portion of the stratum 

moleculare. This observation lead Fricke and Cowan (1977) to conclude that by P12, the general 
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organization of the entorhinal input to the dentate gyrus is indistinguishable from that in mature 

animals.  

Much like the perforant path, the mossy fiber pathway connecting the dentate gyrus to the 

CA region manifests early in development. Amaral and Dent (1981) first observed the formation 

of the projections at P3, where fascicles of mossy fibers are first seen in the stratum lucidum. By 

P5, there are a few intra- and infra-pyramidal mossy fibers along the CA region. From P9 to P14, 

the size and number of the mossy fibers continue to increase in the CA region, with their 

extensions surpassing the length of those seen in mature animals. Aside from a decrease in 

length of the mossy fiber extensions, there are few changes to the mossy fiber pathway between 

P14 and P28, indicating that the mature form of the pathway has largely developed by P14 

(Amaral and Dent, 1981).  

To assess the development of CA3-CA1 circuitry, Hsia et al. (1998) used 

electrophysiological approaches to study changes in the organization of synapses during 

postnatal development. By comparing spontaneous EPSCs recorded before and after application 

of TTX, they we able to distinguish large numbers of single inputs from CA3 cells onto single 

CA1 cells. They observed a developmental enhancement of coupling between individual CA3-

CA1 cell pairs, whereby the average number of release sites per CA3 cell that released 

transmitter onto CA1 cells was lowest from P4-P6. From there, those release sites increased from 

P8 to P13, from P16 to P19, and even into early adulthood, suggesting that this circuitry 

develops over a longer timeline compared to others within the hippocampus (Hsia et al., 1998). 

Dumas and Foster (1995) made similar observations, stating that CA3-CA1 synaptic function 

appears to be immature through the third postnatal week, despite an enhanced LTP (long-term 

potentiation) magnitude over that time. 
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 Development of the connectivity between the subiculum and entorhinal cortex appears to 

lag relative to other connections in the circuit, with immature monosynaptic connections first 

appearing around P7 to P8. After stimulating the parasubiculum at P5 and P6, Koganezawa et al. 

(2011) observed no postsynaptic potentials in the entorhinal cortex. They were however able to 

observe the first indications for functional projections from the subiculum to the entorhinal 

cortex at P7, but only after using strong stimulations. In fact, no measurable signals in the 

entorhinal cortex in response to bipolar stimulation of the subiculum were observed before P9, 

with the first depolarizing synaptic responses occurring at P9. During this time, stimulation of 

the subiculum resulted in signals mainly in layers II and III of the entorhinal cortex. At P10, 

those signals were noted in layers V and VI as well. From P12 to P14, the responses in both the 

deep and superficial layers became stronger, with signal sizes in the deepest layers being 

significantly larger to all other layers (Koganezawa et al., 2011). Little had changed in the 

signals from P15 onwards, leading Koganezawa et al. (2011) to conclude that monosynaptic 

connections from the subiculum to the entorhinal cortex reach adultlike levels by around P15.  

 

4. Spatial Memory  

4.1. Defining spatial memory 

 The ability to navigate safely around an environment is paramount to the survival of 

almost all species and depends on cognitive capabilities required to find and remember locations. 

All organisms need to be able to leave their dwellings, be it a nest, den, or house, and navigate 

around an environment for food, to avoid predators, locate mates, and return safely to their 

original location (Vorhees and Williams, 2014). This capability has been attributed to spatial 

memory processes, a subtype of episodic memory that stores information within the spatio-
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temporal frame (O’Keefe and Nadel, 1978; Sharma et al., 2010). Spatial memory is defined as 

the storage and retrieval of information required for identification and navigation of proximal 

and distal space (Mehta, 2014). This is accomplished through the integration and processing of 

sensory cues throughout the environment that facilitate successful navigation. Spatial memory is 

influenced by knowledge of the 3-dimensional elements of the environment, referred to as 

dimensionality, orientation, and self-motion (Burgess et al., 2002).   

 An organism uses a variety of strategies that incorporate spatial memory and the sensory 

cues found in the environment to successfully navigate within their surroundings. These 

strategies include allocentric and egocentric wayfinding. Allocentric spatial processing is 

characterized by the ability to navigate using distal sensory cues, i.e. cues that are located outside 

and away from the organism and is dependent on the relational position of objects in space 

(Mehta, 2014; Vorhees and Williams, 2014). The use of maps is an example of an allocentric 

frame of reference as they are flexible to landmark changes and allow the organism to make 

decisions on where things are in space with respect to one another and their location (Ekstrom et 

al., 2014; Mehta, 2014). When arriving at a landmark or viewing it from a distance, the organism 

could remember that the destination is halfway between one landmark and another and use this 

information to navigate their way to the location. Egocentric wayfinding is characterized by the 

ability to navigate using internal cues; by feedback from limb movements for speed, direction, 

and sequence of turns, optokinetic flow as the organism moves past surrounding objects, and 

proximal cues (Vorhees and Williams, 2014). In short, it is a navigation strategy that is related 

directly to processes generated by the observer (Mehta, 2014). Navigating a route would employ 

egocentric strategies, given that the signs or cues available are usually used as a marker of where 

to change direction along the route, but provides no relational information (Mehta, 2014; 
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Vorhees and Williams, 2014). Unlike allocentric strategies, egocentric navigation can operate 

with or without the use of visual cues, such as navigating in darkness (Vorhees and Williams, 

2014). Given that these two strategies are somewhat contrary in nature, it should come as no 

surprise that different brain regions mediate their processes. Allocentric navigation has been 

shown to be heavily reliant on the functioning of the hippocampus, the entorhinal cortex, and 

surrounding structures, while egocentric navigation has been shown to depend more so on the 

dorsal striatum and connected structures (Brasted et al., 1997; Burgess et al., 2002; Vorhees and 

Williams, 2014).       

 

4.2. Spatial memory and the brain 

 Given the comprehensive nature of spatial memory processes, it should come as no 

surprise that a number of brain regions play a role in those processes. One such brain region is 

the parietal cortex. Investigations into the mnemonic information-processing role of the parietal 

cortex first came about following deficits that emerged in patients with parietal cortex damage. 

The patients exhibited an inability to discriminate near from far objects, to read or draw maps or 

diagrams of familiar spatial locations, and a loss of long-term geographic knowledge combined 

with the inability to form new cognitive maps (DiMattia and Kesner, 1988a). Kesner et al. 

(1991) trained rats on a cheese board task either before or after lesioning the parietal cortex. 

They reported that lesioning the parietal cortex resulted in an increased distance traveled to find 

the correct food location in both rats that were postoperatively trained and tested, and 

preoperatively trained and postoperatively tested (Kesner et al., 1991). They suggested that 

optimal performance in tasks such as the cheese board and Morris water maze require both a 

reference or knowledge-based memory component and a working or data-based memory 
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component. The latter, of which they attributed proper parietal cortex functioning, emphasizes 

the operation of a spatial cognitive map strategy or spatial rules. As such, they suggested that the 

parietal cortex functions to utilize those spatial rules and subserve an allocentric spatial cognitive 

map (Kesner et al., 1991). 

 While the contribution of the parietal cortex to spatial memory processes has been found, 

the anterior and posterior portions of the parietal cortex contribute to those processes in different 

ways. Save et al. (1992) compared the cognitive and behavioral consequences on an open field 

task following lesions of either the anterior region of the posterior parietal cortex or the posterior 

region of the posterior parietal cortex in rats. Neither lesions impaired habituation, which 

indicated that neither of these regions were involved in encoding of information. After displacing 

one of the central objects to a new location, Save et al. (1992) reported a nonselective reaction 

directed at both displaced and nondisplaced objects in rats with lesions to the anterior region; 

that is to say that the rats indiscriminately reexplored both displaced and nondisplaced objects 

for the same amount of time. Rats with lesions to the posterior region failed to react to the spatial 

change. Save et al. (1992) discussed that rats with lesions to the anterior region reacted to the 

change in the overall geometrical pattern formed by the objects, but could not locate the change, 

while the deficit induced by lesions in the posterior region indicated a role for this area in spatial 

information processing. From this, they posited that the anterior region might be required for 

localization of displaced familiar cues, while the posterior region may be more involved in 

visuospatial processing (Save et al., 1992). 

 While Save et al. (1992) provided evidence outlining the involvement of the posterior 

parietal region in visuospatial processing, the involvement appears conditional in nature and 

dependent on the attentional requirements of the task. DiMattia and Kesner (1988a) lesioned the 
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parietal cortex of rats either before or after being trained on two eight-arm radial maze tasks, 

each varying in the degree of required attention effort. They reported that the rats that received 

pretraining lesions were unable to acquire either task, while the rats that received posttraining 

lesions exhibited an impairment only on the task requiring the most attentional effort and showed 

no decline on the task that required the least amount of attentional effort (DiMattia and Kesner, 

1988b). Based on these results, the parietal cortex must be functional prior to learning either task 

to develop an internal spatial representation of the environment in which it is being tested.  

Damage to that area hinders the acquisition of novel spatial information. Furthermore, the ability 

to process complex integration of spatial relations within the immediate environment, that is, to 

integrate simple spatial stimuli into a composite whole, is highly dependent on the parietal cortex 

(DiMattia and Kesner, 1988b).   

 With an understanding of the role the posterior parietal cortex plays in spatial processes, 

research has focused on the specificity of the representations relying on that region. Studies 

comparing the involvement of the parietal cortex in egocentric versus allocentric spatial 

processes have shown that this region seems to play a substantial role in the coding of allocentric 

spatial processes (Kesner et al., 1989; Save and Moghaddam, 1996; Zaehle et al., 2007). One 

piece of evidence comes from parietal cortex lesions, which found that damage to that area 

resulted in impairments in an allocentric spatial localization task, specifically, a cheese board 

task, while having no effect on an egocentric spatial localization task, specifically, an adjacent 

arm task in a radial arm maze (Kesner et al., 1989). Rats were able to dissociate baited adjacent 

from non-baited, non-adjacent arms, but were hindered in their ability to recall the memory of an 

initial location of food and acquire the memory of a novel location of food (Kesner et al., 1989). 

While there is a clear involvement of the posterior parietal cortex during both egocentric and 
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allocentric spatial tasks in humans, the neural circuits mediating each spatial coding strategy are 

slightly different (Vallar et al., 1999; Galati et al., 2000; Committeri et al., 2004; Zaehle et al., 

2007). Specifically, egocentric spatial coding recruits circuits localized mainly within the 

precuneus, located in the medial parts of the posterior superior parietal cortex, while allocentric 

strategies activate circuits within the right superior and inferior parietal cortex (Zaehle et al., 

2007). 

 In addition to the parietal cortex, spatial memory processes have been attributed to 

functions of the frontal cortex (Ragozzino et al., 1998). Sutherland et al. (1982) reported a 

significant decline in performance on the Morris water maze task in rats that received medial 

frontal cortex aspiration lesions. The task they employed did not have a working memory nor a 

temporal ordering component, indicating that the hindered performance was a result of an 

impairment in spatial mapping ability. They went on to discuss how this deficit is similar to 

clinical reports of humans with right frontal damage resulting in spatial learning deficits 

(Sutherland et al., 1982). fMRI studies have been used to provide evidence for the contributions 

of the prefrontal cortex to spatial memory. Activation within the prefrontal cortex was higher 

when the participants underwent a spatial memory task compared to nonspatial control tasks 

(McCarthy et al., 1994). 

 While fMRI studies have been used to substantiate a role for the frontal cortex in spatial 

memory processes, they are also effective in elucidating the precise subregions involved in those 

processes. Much like the spatial memory functions of the parietal cortex, there is evidence to 

suggest that these processes are localized in particular subregions of the frontal cortex. It appears 

that activation of the frontal cortex following a spatial memory task is greater and more 

consistent in the right hemisphere than the left (McCarthy et al., 1994, 1996; D’Esposito et al., 
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1998). Pinpointing the precise subregion responsible for spatial memory processing within the 

frontal cortex has proven to be a bit more challenging, with multiple reports putting forth 

suggestions for different areas. It was first proposed that the prefrontal cortex is organized into 

functionally distinct dorsal and ventral regions, with the mid-dorsolateral prefrontal region 

associated with processing spatial memory and the ventrolateral prefrontal region principally 

concerned with nonspatial visual processes (D’Esposito et al., 1998; Owen et al., 1998). 

McCarthy et al. (1994, 1996) reported findings that would corroborate this hypothesis, reporting 

increased activation in the right middle frontal gyrus (Brodmann’s area 46) during a spatial 

memory task. Jonides et al. (1993), however, employed a different spatial memory task and 

found significant regional cerebral blood flow in the ventrolateral frontal cortex (Brodmann’s 

area 47). Owen et al. (1996) used five spatial memory tasks, which varied in terms of the extent 

to which they required different executive processes and found increased activation in either, or 

both, the ventrolateral and/or the mid-dorsolateral frontal cortex depending on the executive 

functioning requirement of the task. Given the discrepancy that exists in the literature, both 

Petrides (1994) and Owen et al. (1996) have put forth a hypothesis that may account for the 

inconsistencies. They suggested that the dorsal and ventral subdivisions differ in the type of 

executive processes subserved, rather than the type of information being processed, i.e. spatial 

versus nonspatial information. Specifically, they posit that the mid-dorsolateral region is 

involved in active monitoring and manipulation of spatial information within working memory, 

while the ventrolateral frontal cortex is involved in the organization and execution of a sequence 

of spatial moves retained in working memory (Petrides, 1994; Owen et al., 1996, 1998; 

D’Esposito et al., 1998). Evidence for this comes from Owen et al. (1996) study, whereby they 

found increased activation in the mid-dorsolateral prefrontal cortex during spatial working 
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memory tasks that require greater monitoring of remembered information than the other spatial 

memory tasks used, which activated only the ventrolateral prefrontal cortex. 

 While reports indicate that the parietal cortex may be involved in both allocentric and 

egocentric processes, the medial prefrontal cortex shows preferential mediation of one process 

over the other (Kesner et al., 1989). Some of the earliest literature surrounding this notion 

examined monkeys with frontal and parietal lesions and found that each type of lesion produced 

impairments on both allocentric and egocentric spatial tasks (Pohl, 1973). Butters et al. (1972) 

built upon this and examined patients with prefrontal cortical lesions during two different spatial 

tasks, one requiring the rotation of external objects (allocentric or extrapersonal) and the other 

requiring personal rotation (egocentric). They reported that patients with prefrontal cortex 

damage were most impaired on the personal, or egocentric task (Butters et al., 1972). Further 

studies in rats have corroborated these findings. Aggleton et al. (1995) lesioned the medial 

prefrontal cortex in rats and tested them on different spatial tasks. They reported marked deficits 

in the task that taxed more egocentric cues in rats with medial prefrontal cortical lesions, while 

showing unimpaired performance in more allocentric tasks. They proposed the presence of a 

direct pathway from the hippocampus to the anterior thalamic nuclei then to the medial 

prefrontal cortex that mediates the processing of egocentric information, and that the impaired 

performance observed resulted from the interruption of the flow of information (Aggleton et al., 

1995). Contrarily, Kolb et al. (1983) observed significant, yet relatively mild, impairments on the 

radial arm maze, an egocentric spatial task, along with impaired learning of the Morris water 

maze, an allocentric spatial task, following lesions of the medial prefrontal cortex. They 

suggested that, while these results do not provide evidence supporting the view that the medial 

prefrontal cortex is related exclusively to egocentric navigation, they do suggest that the medial 
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prefrontal cortex plays a larger role in the control of spatially guided behavior than has been 

previously reported (Kolb et al., 1983). 

 

4.3. Assessing spatial memory 

 The fundamental basics of spatial memory capabilities involve the organism learning 

which location(s) provide safety, food, or some other desirable object using visuospatial cues 

(Hodges, 1996). The subject generally undergoes multiple trials and is evaluated on factors such 

as the amount of time it takes to reach the location, the length of the path taken, etc. These 

assessments are most commonly done with the use of mazes. While the intent of employing 

these mazes is to assess spatial memory capabilities, a variety of other cognitive processes may 

inadvertently be tapped, including associative learning, non-spatial memory, temporal order, 

conditional discrimination, or anxiety (Hodges, 1996). These mazes range from featureless, 

unconstrained arenas to those with predetermined pathways and restricted routes (Hodges, 1996). 

They also differ among many dimensions, including the type or availability of spatial cues used, 

the task requirements which range from spontaneous exploration to complex sequences of 

choices, and the motivation, which may involve aversive escape, the search for shelter, or novel 

objects or food at particular locations (Hodges, 1996). The use of visuospatial, associative, 

and/or sensory cues is also paramount in these tasks, as they provide the tools that the animal 

depends on to navigate its way through the environment. These cues also determine the 

navigation strategy used to find a particular location. Tasks that are reliant on allocentric 

navigation, such as the Morris water maze, depend on distal cues, whereas tasks that require 

more egocentric navigation depend on proximal and internal cues (Vorhees and Williams, 2014). 

As such, assessing allocentric functions requires a test environment that has ample distal cues, 
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but is free of proximal cues, which is one reason why the use of an open pool of water, such as 

the water maze, has become a principal device to test this strategy (Vorhees and Williams, 

2014). Assessing egocentric navigation requires a test environment that provides ample proximal 

cues while minimizing, or eliminating, distal cues, such that the animal must rely entirely on 

internal cues. This is generally accomplished by completing the task in complete darkness or by 

blindfolding/hooding (Vorhees and Williams, 2014). Interestingly, these mazes also detect the 

search strategies animals use to navigate their way around their environment in search of safe or 

rewarded locations. In the radial arm maze, for example, some animals always enter adjacent 

arms, while others choose alternating or opposite arms. In the water maze, animals initially circle 

around the pool walls, then progressively travel into the inner area of the pool and spend a 

greater portion of the time in the training quadrant, finally taking a direct path to the platform 

(Hodges, 1996).  

 The radial arm maze is one of the tasks employed to assess spatial memory. First 

developed by Olton and Samuelson (1976), it consists of a central hub with 8 or 12 arms 

radiating out from the center along with visible distal cues. Before training, the animal is food 

restricted for motivation, after which they are placed in the center and allowed to collect food 

pellets from baited arms. During testing, the animal is assessed by which arms they visited once 

versus those visited more than once, until all baits are obtained. The animal ostensibly uses the 

spatial cues available to recognize the arms previously visited. Errors are calculated based on the 

number of visits to empty arms or revisits to previously baited arms (Sharma et al., 2010; 

Vorhees and Williams, 2014). The training protocol and data interpretation are simple and can be 

used to assess both spatial working memory and spatial reference memory while inducing 

minimal stress on the animal (Sharma et al., 2010). Despite the advantages, researchers have 
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noted some fundamental limitations in the procedure. For one, the animal can use a serial or 

chaining strategy, that is, entering each arm successively in a systematic order, instead of using 

spatial cues, and outcomes become difficult to distinguish from working memory (Sharma et al., 

2010; Vorhees and Williams, 2014). Another issue is that the maze has proximal and olfactory 

cues which may serve as strategies to assist in navigation, making it unclear whether distal cues 

are being used, and making it difficult to dissociate the allocentric from the egocentric spatial 

strategies employed (Sharma et al., 2010; Vorhees and Williams, 2014). Researchers have used 

strategies to circumvent this limitation, including allowing the animals to freely explore the maze 

before the test to saturate the maze with olfactory cues and cleaning and/or rotating the arms 

while preserving the baited locations (Roullet et al., 1993; Dudchenko, 2004; Sharma et al., 

2010). Another limitation stems from the fact that the rates of acquisition in this task are 

significantly longer compared to other mazes (Hodges, 1996). As such, this task is not well 

suited to assess drug effects on learning since acquisition is slow, involves multiple cognitive 

components, and would require the drug to be administered over many weeks (Hodges, 1996).  

 The Morris water maze is another method used to assess spatial memory function and is 

in fact the most widely used procedure. First developed in 1981 by Richard Morris, it was 

designed to ameliorate some of the limitations encountered with the radial arm maze. Instead of 

a channel-type maze, Morris used a featureless, circular pool of water with multiple distal cues. 

A submerged platform is provided as reinforcement that was neither close to the wall nor in the 

center (Morris, 1981; D’Hooge and De Deyn, 2001; Maei et al., 2009; Sharma et al., 2010; 

Vorhees and Williams, 2014; Gallagher et al., 2015). During training, the animal navigates the 

pool to find the submerged platform using the distal, visual cues surrounding the tool. The 

starting point for each trial is in a different location and the animal must use the cues to navigate 
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the location of the platform from each varying starting point (Vorhees and Williams, 2006, 2014; 

Maei et al., 2009; Sharma et al., 2010). Initially, the animals exhibit a high degree of 

thigmotaxis, whereby their swimming is localized around the perimeter of the pool. As learning 

progresses, they begin to swim out from the edge in search of the platform (Vorhees and 

Williams, 2014). As training progresses, the latency to find the hidden platform generally 

decreases, reflecting the implementation of a spatial strategy (Vorhees and Williams, 2006, 

2014; Maei et al., 2009; Sharma et al., 2010). Unlike the radial arm maze task, which may 

require as many as 50 trials to acquire the spatial memory, significant learning can occur in as 

few as 10 trials with the water maze (Hodges, 1996). While reduced latencies may ostensibly 

indicate spatial learning has occurred, they may also reflect the adoption of non-spatial 

strategies, such as weaving and circling that often result in unintentionally finding the platform 

(Maei et al., 2009; Vorhees and Williams, 2014). To differentiate spatial from non-spatial 

strategies, a single-trial probe test is given, whereby the platform is removed from the pool and 

the animal is free to search the area for, typically, 60 seconds. During this time, the animal is 

evaluated based on their spatial bias for the former location of the platform, that is, the amount of 

time spent searching within proximity of the goal area (Maei et al., 2009; Vorhees and Williams, 

2014).  

 Different strategies are used by the subject to help them find the hidden platform. The 

first strategy involves the animal learning the sequence of movements needed to reach the 

platform, referred to as the praxic strategy. The taxic strategy involves the animal using cues or 

visual proximal guides to reach the platform. The spatial strategy involves the animal 

incorporating information about the spatial location of the platform based on the spatial 

configuration of distal cues to reach the target (Brandeis et al., 1989; Sharma et al., 2010). 
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 Several features of the Morris water maze have proven to be beneficial for assessing 

allocentric spatial navigation. For one, while rodents are natural swimmers, they prefer to be out 

of water, providing sufficient motivation to actively search for an escape. The use of water also 

balances motivation to escape over a variety of differences among groups of animals, which is 

not influenced by treatment-induced differences in body weight, appetite, or the reward value of 

the reinforcer, as occurs in appetitive tasks. While appetitive tasks are subject to satiation effects, 

water continues to be a motivating factor from the first trial to the last (Vorhees and Williams, 

2014). Furthermore, the use of water eliminates the possibility that animals use olfactory cues to 

navigate the maze, ensuring that only allocentric spatial strategies are employed and assessed 

(Sharma et al., 2010). Another advantage is that no prior preparation, such as food or water 

deprivation, is required to complete the task, and learning occurs faster on the water maze 

compared to other mazes, both of which limit the number of days needed to proceed with 

experimentation (Hodges, 1996; Sharma et al., 2010; Vorhees and Williams, 2014). The results 

provided by the water maze have been largely accepted as valid and reproducible for 

investigations focusing on reference and spatial working memory and has been shown to be 

highly sensitive in the assessment of hippocampal function (D’Hooge and De Deyn, 2001; 

Dudchenko, 2004; Sharma et al., 2010).  

 Despite its many advantages, the Morris water maze task does carry with it certain 

limitations. One disadvantage is the species-specific response characteristics elicited by the 

water maze in some strains that are not conducive to the task requirements. These include 

excessive floating or persistent thigmotaxis rather than active searching for the platform. This is 

especially common in mice, which have been shown to slightly underperform on this task 

relative to rats (Sharma et al., 2010; Vorhees and Williams, 2014). The most commonly stated 
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criticism of the water maze is that it imposes stress on the animal. This critique can be 

interpreted as both an advantage and disadvantage of the task. The neurochemical changes 

resulting from swimming-induced stress may interfere with testing cognitive function. It may 

also create variable behavioral outcomes, whereby some animals may react to the stress by 

frantically and aimlessly swimming around while others freeze, producing inaccurate behavioral 

results (Sharma et al., 2010; Vorhees and Williams, 2014). However, in moderation, the stress 

provides the appropriate motivation to incentivize performance required to assess learning and 

memory. In short, too little as well as too much stress is counterproductive to performance, and 

midrange levels of stress optimize performance (Vorhees and Williams, 2014). To ensure this, 

researchers suggest habituating the animal before acute trials are conducted (Morris, 1981; 

Sharma et al., 2010).  

 

4.4. Spatial memory and the hippocampus 

The hippocampal contribution to spatial memory processes has been well documented. 

One of the first, and most famous, studies linking the importance of the hippocampus to memory 

storage processes was the report on patient Henry Molaison (H. M.). After a long history of 

seizures, H. M. underwent a bilateral medial temporal-lobe resection, which ultimately lead to 

the destruction of the anterior two thirds of the hippocampus and hippocampal gyrus bilaterally 

(Scoville and Milner, 1957). It was found that H.M. had a complete loss of memory for events 19 

months prior to the surgery, along with a partial retrograde amnesia for 11 years leading up to 

the surgery; his earlier memories remained intact (Scoville and Milner, 1957; Frankland and 

Bontempi, 2005). After observing the case of H. M., Scoville and Milner (1957) proceeded to 

collect data from other patients who underwent similar bilateral medial-temporal resections. In 
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almost all of the patients, most of the areas removed included a portion of the anterior 

hippocampus and the hippocampal gyrus. They discovered that the patients whose hippocampus 

was either damaged or removed had severe recent memory deficits similar to those of H. M., 

while the patients whose hippocampus remained intact experienced no such deficit (Scoville and 

Milner, 1957). Damage to the hippocampus, be it caused by surgery, disease, or otherwise, 

impinged on the ability to retain recent memories, while concurrently impeding the ability to 

form new memories. The memories formed at least 3 years prior to the damage, however, 

remained unaffected and intact (Scoville and Milner, 1957). These studies suggested that the 

hippocampus was responsible for the storage and recall of recent memories, i.e. memories 

formed minutes to hours after encoding, and played a role in mediating the consolidation of 

recent memories into remote stores, but had little influence on memories that had been 

previously integrated into remote stores for at least one year (Scoville and Milner, 1957; Rose 

and Symonds, 1960; Volpe and Hirst, 1983; Zola-Morgan et al., 1986; Nadel and Moscovitch, 

1997; Dudai, 2004; Frankland and Bontempi, 2005).  

With the use of lesions and pharmacological inhibition, researchers have since built upon 

Scoville and Milner’s findings, providing evidence that proper hippocampal functioning is a 

necessity for spatial memory processing. Aggleton et al. (1986) lesioned the hippocampus and 

subjected rats to a spatial memory task. They reported that the lesions resulted in severe 

impairments in a spatial alternation task compared to the control animals. Aggleton et al. (1986) 

then compared their performance on the spatial task to a non-spatial memory task. They reported 

that lesions that impaired spatial memory did not impair the acquisition of a non-spatial task; that 

is, they were able to learn and perform the task at normal rates (Aggleton et al., 1986). These 

results show a clear dissociation of the two processes in terms of hippocampal contribution and 
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indicate that the hippocampus is required for spatial memory processes. Hippocampal lesion also 

resulted in a significantly longer latency and pathlength to find a hidden platform in the Morris 

water maze, along with the inability to use spatial relational representations of the environment 

to discriminate between different food locations (Morris et al., 1982; Lavenex et al., 2006; 

Tzakis and Holahan, 2016).  

In humans, equivalent behavioral phenotypes can be seen in those with hippocampal 

damage. Patients with unilateral hippocampal atrophy showed impaired spatial memory in a 

nine-box maze task, while retaining object working memory capabilities. Furthermore, these 

spatial impairments were correlated with volumetric measures of the hippocampus and 

surrounding structures, and not with measures of the remaining temporal cortex (Abrahams et 

al., 1999). Astur et al. (2002) tested patients with unilateral hippocampal resections on a virtual 

analogue of the Morris water maze and compared their performance to that of patients with 

extra-hippocampal resections. They reported an impairment in spatial navigation only in patients 

with hippocampal resections, whereby they were unable to use the spatial cues in their 

environment to navigate to the hidden platform (Astur et al., 2002).  

As previously mentioned, of the two spatial strategies (egocentric and allocentric), the 

hippocampus appears to be more so involved in allocentric navigation processes. After lesioning 

the hippocampus in rats and testing them in the Morris water maze, Morris et al. (1982) reported 

impairments in the ability to find the hidden platform using distal cues during training and 

testing. These same lesions, however, did not impair the ability to find the platform using 

brightly colored proximal cues placed directly above the platform. These results provide support 

for the notion that the hippocampus is involved in allocentric-based, but not egocentric-based 

navigation (Morris et al., 1982; Nadel, 1991; Ekstrom et al., 2014). O’Keefe et al. (1975) 
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compared performance on an allocentric (place learning) task and egocentric (cue learning) task 

after lesioning the fornix of rats, a major afferent/efferent pathway of the hippocampus. While 

the lesions did not hinder successful completion of the task when cue learning was required, they 

severely impaired performance when place learning was required. Taken together, these results 

show a clear indication that proper hippocampal functioning is required for allocentric, but not 

egocentric, tasks (Nadel, 1991).  

 

4.5. The hippocampus and the cognitive map theory 

The hippocampus is clearly involved in mediating spatial memory processes. The 

question then becomes: what attributes does the hippocampus possess that makes it such a 

valuable structure to spatial memory processes? O’Keefe and Nadel (1978) provided some 

insight into this question, offering up their theory of the existence of a cognitive map within the 

hippocampus. The term “cognitive map” was first coined by Tolman (1948), who used it in 

reference to a wide range of capacities in the rat, including the ability to learn about spatial 

relationships in an environment, commonly known as place learning. When this theory surfaced, 

the general consensus about memory was that there was an integrated memory function, 

subserved by a centralized neural system (Nadel, 1991). This single memory unit was assumed 

to be localized to a select few regions and was involved in integrating all sorts of information. 

What many researchers at the time failed to recognize was that H.M. and other patients did not 

exhibit this “global” deficit in memory, but rather retained some forms of learning (Nadel, 1991). 

It was this notion that lead to the inception of the cognitive map theory. This theory posits the 

existence of a neural cognitive map within the hippocampus that functions to provide the 

necessary information required for place learning.  
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Place learning is learning to use any available route to approach or avoid a particular 

location within an environment, independent of specific stimuli originating from the target 

location (O’Keefe et al., 1975). This neural map is supposedly made of two systems: a place 

system and a misplace system. The place system is a collection of cells that represent the spatial 

relations amongst features of an environment and allows the individual to orient and locate 

themselves within that environment (O’Keefe et al., 1975). The misplace system is a collection 

of cells which signals changes within the environment; that is, they signal mismatches or 

inconsistencies between what is perceived and what was previously stored in memory relating to 

the environment (O’Keefe et al., 1975). Both the place and misplace system allow an organism 

to explore and orient itself within a familiar environment, while building maps of novel 

environments and incorporating new information into existing maps (O’Keefe and Nadel, 1978). 

Additionally, the misplace system also encourages exploration within the environment. O’Keefe 

and Nadel (1978) suggested that exploration is the resulting behavior that occurs once the 

misplace system detects an inconsistency within the environment, and, in the absence of the 

hippocampus, all forms of this behavior should, hypothetically, be abolished. They went on to 

elaborate that exploration forms the substrate for maps within the environment, and that the 

information gathered through exploration establish the cognitive maps within the hippocampus 

(O’Keefe and Nadel, 1978; Nadel, 1991). 

Furthering the concept of the existence of a cognitive map within the hippocampus, 

O’Keefe and Dostrovsky (1971) identified single units in the hippocampus that fired when a rat 

was in a particular environment. These single units came to be known as place cells, and the 

particular place in the environment that elicited a response from these cells was referred to as the 

place field, which was defined by the configuration of objects in the environment (O’Keefe and 
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Dostrovsky, 1971; Hodges, 1996). The location of the place field of a place cell remained stable 

in a familiar environment, even after being removed from that environment over an extended 

period (Muir and Bilkey, 2001). The place cells have been reported to elicit activity only when 

the organism is oriented toward the specific stimulus that was encoded; replacing that stimulus in 

the same direction produced no cellular response (O’Keefe and Dostrovsky, 1971; Hodges, 

1996). It has also been suggested that the impaired performance in spatial tasks, like the water 

maze, observed in organisms with hippocampal damage is a result of the loss of these place cells. 

According to O’Keefe and Dostrovsky (1971), without the hippocampus, and its place cells, the 

organism would no longer be able to incorporate the cues found in their surroundings to facilitate 

exploration within their environment, and the brain would ultimately lose any information stored 

within these spatial maps, leading to an inability to perform on spatial tasks.  

Evidence for the existence of these place cells and their importance in spatial memory 

processing has been put forth in various studies. After training rats on various reward-seeking 

place learning tasks to perform at a high level, O’Keefe and Speakman (1987) performed a probe 

trial, whereby the animal was exposed to the training environment, but not permitted to enter the 

body of the maze. Only after the cues were all removed were they allowed to explore the maze. 

Units that had stable place fields in the environment were measured during this probe trial to 

assess whether these places cells would retain their place specificity (O’Keefe and Speakman, 

1987; Nadel, 1991). As the animals navigated around this familiar environment, now devoid of 

cues, the place cells continued to fire in the specific locations, allowing the animal to seek the 

reward in the correct location. When they mistakenly entered the wrong location, the place cells 

also fired incorrectly (O’Keefe and Speakman, 1987; Nadel, 1991). They concluded that the 

cognitive map represented memory of the environment incorporated with the animal’s 
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movements, which allowed for the updating of the place-field representation, and the resulting 

correct navigational behavior (O’Keefe and Speakman, 1987; Nadel, 1991).  

Jones-Leonard et al. (1985) reported similar findings after training rats in a radial arm 

maze in which place cells had been identified. The place field locations remained the same, with 

the exception of one circumstance, whereby the room lights were turned off either before or after 

the animal had been exposed to the environment during that session. Turning the lights off 

before the rat was exposed to the environment resulted in little to no place cell activity within the 

place field that had previously elicited a strong response. Turning the lights off after the rat was 

exposed to the environment resulted in maintained place cell activity within the correct locations, 

even though the rat may not have been in the place field the moment the lights went out (Jones-

Leonard et al., 1985; Nadel, 1991). From these results, they deduced that the spatial selectivity of 

place cell activity is a result of the animal’s memory of the spatial relationships of the cues 

within their environment (Jones-Leonard et al., 1985; Nadel, 1991). These works, along with 

others provided the neural basis for visuospatial navigation coupled with the understanding that 

the hippocampus builds cognitive maps to provide a flexible allocentric strategy for spatial 

navigation (Hodges, 1996).  

 

4.6. Cellular underpinnings of spatial memory 

 With a solid understanding of the role the hippocampus plays in spatial memory function, 

the next question becomes: what are the cellular mechanisms that mediate spatial memory 

processes? One mechanism is through the activity of the abundant glutamatergic receptors found 

within the hippocampus. N-Methyl-D-aspartate receptors (NMDAr) are a subtype of ionotropic 

glutamate receptors whose involvement in spatial memory processes within the hippocampus has 



 34 

been extensively studied. The pore of this voltage-gated channel is blocked by a Mg+2 ion, which 

requires a sufficient depolarization event to be displaced (Fleischmann et al., 2003). Following 

depolarization of the cell, and subsequent release of the Mg+2 ion, the pore opens to allow Ca+2 

ions to enter the cell, creating an influx which triggers the induction of LTP, a crucial component 

to synaptic strengthening and memory processes. The influx also creates a cascade of 

intracellular signaling events, which lead to the activation of immediate early genes, such as c-

Fos, which function to regulate synaptic protein synthesis (Fleischmann et al., 2003; Tzakis and 

Holahan, 2016).  

Shapiro and Caramanos (1990) assessed NMDAr to hippocampal function and learning 

and memory. They administered MK-801 to antagonize NMDAr prior to subjecting rats to a 

water maze task. They reported that NMDAr antagonism resulted in impaired acquisition of the 

task and attributed that impairment to an ability to induce hippocampal LTP (Morris et al., 1989; 

Shapiro and Caramanos, 1990). The same findings have been confirmed with the use of other 

NMDAr antagonists, suggesting that NMDAr function is crucial to the acquisition of spatial 

memories (Stringer et al., 1983; Monaghan et al., 1989; Nakazawa et al., 2004).  

In addition to spatial memory acquisition, NMDAr also seem to contribute to the 

consolidation of spatial memories. Initial investigations into the role of NMDAr in spatial 

consolidation examined the effects of infusing NMDAr antagonist 1 or more days after training 

on a spatial memory task. To their surprise, they found that the same doses of the drugs that were 

shown to impair spatial memory acquisition had no effect on learning if administered after 

training. Naturally, they concluded that NMDAr were required for memory acquisition, but not 

for consolidation (Morris et al., 1990; Norris and Foster, 1999; Nakazawa et al., 2004). Packard 

and Teather (1997a, 1997b) revisited these findings and shortened the timeframe of NMDAr 
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antagonist administration to a few minutes following training on a Morris water maze then tested 

them on the following day. They reported spatial memory impairments during the probe trial on 

the following day. They offered the suggestion that the NMDAr-dependent time window for 

consolidation was less than 2 hours following completion of the training (Packard and Teather, 

1997a, 1997b).  

Despite its involvement in both spatial memory acquisition and consolidation, evidence 

suggests that NMDAr do not play a role in spatial memory retrieval. Liang et al. (1994) infused 

AP5 into the hippocampus prior to a probe test on the Morris water maze. They reported that 

pretest infusion of AP5 had no effect on spatial memory retrieval (Liang et al., 1994). There is 

evidence that NMDAr antagonism has little effect on α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAr)-mediated fast synaptic transmission. Assuming, 

therefore, that NMDAr blockade could completely abolish the existing pattern of synaptic 

weights within the hippocampus, AMPAr function would still allow for cells to fire and transmit 

the established network pattern. This would likely explain the omission of NMDAr functioning 

in spatial memory retrieval processes (Collingridge et al., 1983; Martin et al., 2000; Martin and 

Morris, 2002; Nakazawa et al., 2004).   

 While NMDAr mediate the slow, delayed postsynaptic response, AMPAr, another 

ionotropic glutamate receptor subtype, are responsible for the fast, immediate postsynaptic 

response to glutamate release (Riedel et al., 2003). As previously mentioned, once NMDAr are 

activated, they signal the induction of a series of intracellular signalling cascades that act as 

secondary messengers. These second messengers include cAMP-dependent protein kinase A 

(PKA), cAMP-dependent protein kinase C (PKC), and calcium/calmodiulin-dependent protein 

kinase II (CAMKII), all of which go on to phosphorylate different serine/threonine residues on 



 36 

AMPAr. Phosphorylation of AMPAr increases their sensitivity to glutamate, potentiates the 

responses of the channel, which ultimately facilitates synaptic plasticity and their related 

cognitive functions (Greengard et al., 1991; McGlade-Mcculloh et al., 1993; Riedel et al., 2003; 

Tzakis and Holahan, 2016).  

Compared to the overwhelming amount of data outlining the detailed understanding of 

NMDAr function and their contribution to a variety of memory processes, investigations into 

AMPAr function have been relatively scarce. One reason for this is that pharmacological 

AMPAr agonists are extremely difficult to use in vivo given their excitotoxic nature. 

Antagonizing AMPAr, on the other hand, prevent fast excitatory transmission, which essentially 

mimic the effect of a local anaesthetic or a γ-aminobutyric acid (GABA) agonist. The resulting 

behavioural effects is more so a representation of structural silencing or inactivation and outlines 

the involvement of that brain region but not the specific contribution of AMPAr within that 

region. Additionally, AMPAr antagonism impairs postsynaptic depolarisation, which reduces the 

activation of NMDAr (Riedel et al., 2003).  

Of the four subunits that compose AMPAr (GluR1-4), evidence has shown that the 

GluR1 and GluR2 receptor subunit play the most prominent role in cognitive processes. GluR1 is 

directly phosphorylated by CAMKII, PKC, and PKA, which potentiates AMPAr function. 

Increased phosphorylation has been associated with the continued expression of LTP, indicating 

a role in the strengthening of synapses and the memory trace following its acquisition (Reisel et 

al., 2002; Riedel et al., 2003; Kessels and Malinow, 2009; Huganir and Nicoll, 2013). To test if 

GluR1 phosphorylation is, in fact, necessary for learning and memory, Lee et al. (2003) 

generated and tested a line of mutant mice that lacked the two major GluR1 phosphorylation 

sites serine 831 (Ser831) and serine 845 (Ser845), substituting them for alanine. They reported 
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that this knockin mutation prevented phosphorylation of GluR1, inhibiting both LTP and long-

term depression (LTD). In terms of cognitive capabilities, these mice showed normal acquisition 

on a Morris water maze task; that is, their performance in finding the hidden platform improved 

with each successive training trial and was no different from the performance of their wild-type 

counterpart. Interestingly, their probe trial performance also showed no indication of impaired 

spatial memory retention, since they spent more time in the target quadrant following a short 2-

4-hour delay (Lee et al., 2003). They then increased the delay between training and testing to as 

much as 24 hours, and surprisingly, found that the mutant mice were no longer spending greater 

than chance time in the target quadrant, indicating that their spatial memory retention was 

impaired (Lee et al., 2003). Bernabeu et al. (1997) reported that the levels of the GluR1 subunit 

increased within the first 3 hours after training. Together, these findings suggest that GluR1 

activity is necessary for memory formation during the first few hours following acquisition and 

show clear involvement of the GluR1 receptors in spatial memory consolidation. 

The GluR2 subunit performs a more regulatory role in AMPA function and normal brain 

function. GluR2 confers many of the major biophysical properties of the receptor, including 

receptor kinetics, single-channel conductance, and Ca+2 permeability, and influences receptor 

assembly and trafficking (Isaac et al., 2007). The majority of GluR2 mRNA exist in an edited 

form, changing the amino acid sequence from a neutral glutamine to positively charged arginine 

at position 607, rendering any heteromeric GluR2-containing AMPAr Ca+2-impermeable 

(Tanaka et al., 2000; Henley and Wilkinson, 2016). This Ca+2-impermeability results in a subunit 

possessing low single-channel conductance and a linear, outwardly rectifying current-voltage 

relation, while channels lacking or containing unedited versions of GluR2 are Ca+2-permeabile, 

and possess a higher channel conductance with an inwardly rectifying current-voltage relation 
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(Burnashev et al., 1992a, 1992b; Lerma et al., 1994; Jia et al., 2001; Isaac et al., 2007). However, 

AMPAr present in mature neurons either lacking GluR2 or containing unedited GluR2 are Ca+2-

permeable and are essential to synaptic plasticity and NMDAr-independent learning and memory 

processes, not to mention prevent excitotoxicity, neuronal death, and pathogenicity (Tanaka et 

al., 2000; Kwak and Kawahara, 2005; Wright and Vissel, 2012; Henley and Wilkinson, 2016).  

Unlike GluR1, which is essential for LTP induction and expression, GluR2 is not 

required to induce LTP. Rather, it is involved in another form of synaptic plasticity, known as 

homeostatic synaptic scaling. This form of plasticity functions to scale synaptic transmission 

through a negative feedback mechanism. It resets the neuronal firing rate and has been suggested 

to counteract LTP to maintain network stability and prevent runaway excitation. In essence, it 

provides necessary negative feedback signaling while preserving the encoded information within 

the individual synapses (Turrigiano et al., 1998; Gainey et al., 2009; Siddoway et al., 2014). 

Further investigations into the GluR2 subunit and its variants have provided greater insights into 

the contribution of Glur2 to memory processes. Kolleker et al. (2003) reported on a GluR1-

independent form of synaptic plasticity within the hippocampus mediated by C-terminal splice 

variant of the GluR2 subunit, GluR2(long). While GluR1-lacking mice failed to elicit LTP, their 

hippocampal circuitry and spatial reference memory remained intact, suggesting a form of LTP-

inducing synaptic plasticity that is not dependent on GluR1 (Zamanillo et al., 1999; Kolleker et 

al., 2003). This form of plasticity was mediated by GluR2(long) trafficking, which was shown to 

maintain about 35% of the steady-state AMPAr-mediated responses and was responsible for 

50% of the resulting potentiation within the CA3-CA1 synapses following LTP induction 

(Kolleker et al., 2003). Furthermore, GluR2-deficient mice showed impaired spatial and non-

spatial learning performance in the water maze, along with several other aspects of abnormal 
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behavior, suggesting that impaired GluR2 transmission leads to deficits associated with the 

hippocampus, among other brain regions (Gerlai et al., 1998).   

Given this lack of understanding and fragmentation of knowledge compared to NMDAr, 

it should come as no surprise that a growing interest into these receptors and their role in 

memory formation has occurred. After administering the AMPAr antagonist CNQX within the 

dorsal hippocampus of rats prior to training on a water maze task, Liang et al. (1994) reported 

impaired spatial memory acquisition, i.e. the latency to find the platform was significantly longer 

compared to their control counterparts. These same impairments were reported in other 

investigations that employed an AMPAr antagonist prior to acquisition of a spatial memory task, 

while others reported an enhancement in acquisition following administration of an AMPAr 

agonist prior to training. These results ostensibly suggest that AMPAr are crucial to the 

acquisition of spatial memories (Granger et al., 1993; Cain et al., 1996; Filliat et al., 1998; Riedel 

et al., 1999; Micheau et al., 2004; Tzakis et al., 2016). This, however, is not necessarily the case. 

While they do provide evidence that AMPAr activation may be necessary for spatial memory 

acquisition, they also may reflect the aforementioned sensorimotor or cellular deficits resulting 

from AMPAr blockade (Riedel et al., 2003; Tzakis et al., 2016). Therefore, while there is 

evidence to suggest that AMPAr play a role in spatial memory acquisition, it has not yet been 

conclusively determined. 

 Newly acquired memories induce changes in both the density and binding of AMPAr, 

which produce learning-induced increases in excitation within the neuronal pathways, allowing 

for the formation and strengthening of the memory trace (Riedel et al., 2003). Within 2 hours 

post-acquisition, both the density of novel AMPAr and the affinity of their binding sites 

increased in the CA1 region of the hippocampus, making it apparent that AMPAr are involved in 
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memory consolidation processes (Tocco et al., 1991, 1992; Cammarota et al., 1995; Bernabeu et 

al., 1997; Riedel et al., 2003). Jerusalinsky et al. (1992) reported that bilateral infusion of 

AMPAr antagonist CNQX within the dorsal hippocampus following training resulted in impaired 

memory retention on a probe test given 24 hours later. These impairments occurred whether 

CNQX was administered within 0, 90, or 180 minutes following training, suggesting a sensitive 

time period during which AMPAr activation is necessary for memory consolidation and 

retention (Jerusalinsky et al., 1992). Micheau et al. (2004) reported similar results following 

administration of an AMPAr antagonist after the final day of water maze training, whereby the 

rats spent less time in the target quadrant during a probe test given 16 days later. Consistent with 

this finding, Tzakis et al. (2016) reported that posttraining administration of an AMPAr 

antagonist impaired spatial memory retention in rats when they were tested on a water maze task 

3 weeks after training. This impairment, however, was not observed following each successive 

day of training, indicating that the procedural and sensorimotor aspects of the task were not 

affected by AMPAr blockade, and that the consolidation of newly acquired spatial memories is 

dependent on AMPAr functioning (Tzakis et al., 2016). 

 Expression of previously acquired memories appears to be heavily reliant on proper 

AMPAr functioning. Riedel et al. (1999) reported an impairment in memory retrieval during a 

probe test after administering an AMPAr antagonist 1 hour prior to the test. While the rats 

exhibited the appropriate search strategy, they failed to execute it in the target location. These 

findings suggest that proper AMPAr functioning is necessary to retrieve spatial information 

about the environment, but unnecessary to retrieve the swimming strategy (Riedel et al., 1999). 

This finding has been replicated by numerous studies examining the effect of AMPAr 

antagonism on memory retrieval, indicating a general consensus on the involvement of AMPAr 
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functioning during memory retrieval processes (Liang et al., 1994; Szapiro et al., 2000; Bast et 

al., 2005; Tzakis et al., 2016). Bast et al. (2005) observed that AMPAr blockade reduced fast 

excitatory transmission at perforant-path dentate gyrus, and possibly other intrinsic synapses 

within the hippocampus, and this reduction in excitatory synaptic transmission may account for 

the impaired memory retrieval. This effect appears to be long-standing. Bianchin et al. (1993) 

observed impaired memory expression after intrahippocampal infusions of CNQX before a probe 

test that was conducted 20 days after training, indicating that proper AMPAr functioning is 

required for memory retrieval up to at least 20 days following its acquisition.     

 

4.7. Hippocampal development and the emergence of spatial memory 

processes 

 Given the evident contribution of the hippocampus to spatial memory processes, the 

question then becomes: does the emergence of spatial memory processes coincide with 

hippocampal development? During neural development, the hippocampus undergoes a high 

degree of connectivity-based changes that have been shown to influence spatial memory 

processes. One such change is the increase in neurogenesis within the dentate gyrus, which peaks 

between P15 and P18 (Altman and Das, 1965; Bayer, 1980b; Zhang et al., 2009; Curlik et al., 

2014; Tzakis et al., 2016). These granule cells begin to form connections with pyramidal neurons 

within the stratum lucidum of the CA3 region via mossy fibers from P18 to P20. By P24, the 

projections proliferate into the distal stratum oriens of the CA3, where they remain stable into 

adulthood (Holahan et al., 2006). Mossy fiber projections to the CA3 tend to establish their 

synaptic contacts within the apical stratum lucidum, with sparse contacts in the basal stratum 

oriens (Ben-Ari and Represa, 1990; Ramírez-Amaya et al., 2001). Ramírez-Amaya et al. (1999) 
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substantiated the importance of this mossy fiber synaptogenesis in spatial learning by reporting a 

significant increase of mossy fiber terminals in the stratum oriens of the CA3, which was 

induced by 3 days of water maze training. Undertraining (training for only 1 day) or 

overstressing the rats resulted in no such increments of mossy fiber terminals within the CA3, 

indicating that this synaptogenesis is related to the formation of spatial memory (Ramírez-

Amaya et al., 1999). Ramírez-Amaya et al. (2001) then compared the degree of synaptogenesis 

while impairing acquisition of a spatial memory via NMDAr blockade. NMDAr blockade prior 

to acquisition resulted in impaired performance during the probe trial, and a subsequent lack of 

Timm’s staining within the stratum oriens, indicating that mossy fiber projections had not 

proliferated into that layer. NMDAr blockade following acquisition resulted in both normal 

performance on the water maze probe test and an increased Timm’s staining within the stratum 

oriens (Ramírez-Amaya et al., 2001). They concluded that mossy fiber synaptogenesis is related 

to remote spatial memory formation (Ramírez-Amaya et al., 2001).  

This blocked outgrowth resulting from NMDAr antagonism has also been reported by 

Holahan et al. (2007), who found that application of an NMDAr antagonist from P17 to P20 

inhibited the proliferation of mossy fiber projections into the stratum oriens. They concluded that 

the propagation of mossy fiber terminals, along with the target selection of those terminals 

depend on NMDAr regulation of input-dependent processes during development. Furthermore, 

pharmacological insults administered during this developmental timepoint create long-lasting 

changes in the hippocampal remodeling process that persist into adulthood, as is evident by the 

lack of proliferation at P40 following NMDAr blockade from P17 to P20 (Holahan et al., 2007). 

Given the correlational relationship between mossy fiber synaptogenesis and spatial 

memory, it can be hypothesized that the emergence of spatial memory processes coincides with 
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the period for hippocampal development. Keeley et al. (2010) trained rats from P16 to P26 on 

the Morris water maze. They reported moderate improvements from P16 to P19, with dramatic 

improvement on the task from P19 to P20, where the daily latencies began to significantly 

decrease. These improvements continued on into the last day of training on P26 and had not been 

observed prior to P20 (Keeley et al., 2010). Furthermore, they observed shorter latencies to 

locate the platform when retrained on the task 14 days following their last training day (P40) 

compared to P40 rats that were naïve to the task. These cognitive improvements paralleled the 

hippocampal axonal remodeling. The stratum oriens:stratum lucidum ratio of synaptophysin 

staining was larger in the rats that were trained from P16-26 compared to that rats that had 

initially been exposed to the water maze at P40. These results indicate the existence of a period 

from P16 to P21, during which time the hippocampus undergoes neurodevelopmental changes 

and extensive axonal remodeling that coincide with the emergence of spatial function (Keeley et 

al., 2010).  

Further research into the ontogeny of spatial navigation behaviors in rats has yielded 

similar and consistent results, confirming the overlapping timelines of both hippocampal 

remodeling and the emergence of spatial processes (Rauch and Raskin, 1984; Wartman et al., 

2012; Comba et al., 2015). Rudy et al. (1987) reported on the emergence of both proximal- and 

distal-cue-based behaviors in rats. They provided evidence to suggest that rat pups of at least 19-

days-old were capable of using proximal orientation cues to navigate to the platform, while 17-

day-old pups showed no indication of such capabilities (Rudy et al., 1987). They surmised that 

the platform was not visible to these younger pups and given that their swimming behavior had 

not yet fully matured, could impede their ability to use proximal cues to navigate the maze. After 

raising the platform slightly above the surface of the water, they found that the performance of 
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the younger pups improved, suggesting that pups as young as 17-days-old have acquired the 

ability to use proximal cues to navigate the maze, provided that the cues can be seen (Rudy et al., 

1987). In terms of distal-cue navigation, Rudy et al. (1987) reported little improvement in escape 

latencies in 18- and 19-day-old pups compared to 21- and 23-day old pups. Additionally, the 19-

day-old pups spent an equivalent amount of time in all four quadrants during a probe test, while 

the 21- and 23- day-old pups spent over 50% of their search time in the target quadrant. They 

concluded that 19-day-old rat pups are unable to use distal cues to locate the platform and that 

the ability to do so emerges sometime between 21- and 23-days-old, after the emergence of the 

ability to use proximal cues (Rudy et al., 1987). Chapillon and Roullet (1996) further confirmed 

these results in mice and concluded that the capability of using both proximal- and distal-cue-

based navigation is evident as early as 22-days-old, given that their performance at that age 

parallels, and even surpasses, the performance of adult mice. Guskjolen et al. (2017) further 

assessed the developmental timeline of spatial memory retention capabilities by training and 

testing mice on a spatial memory task from P15 to P150. They reported that spatial navigation 

capabilities emerged as early as P15, as evident by a decrease in swim pathlengths over the three 

training days for each age group. Performance on the probe test, however, suggests a different 

developmental pattern for the retention of that spatial information. While P15 and P17 mice 

spent a greater amount of time in the target quadrant 24 hours following their last day of training, 

they were not as selective 30 days following training. After P20, however, mice retained the 

acquired spatial information for at least 30 days, suggesting that, while the ability to acquire 

spatial memories is evident as early as P15, the ability to retain that information remotely may 

not appear until after P20 (Guskjolen et al., 2017). 
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Comba et al. (2015) attempted to link the ontogeny of spatial memory capabilities with 

the developmental changes within the hippocampus. Their behavioral findings were consistent 

with the literature. They reported shorter latencies to locate a hidden platform in the Morris 

water maze task for 20-day-old rats compared to 16- and 18-day old rats, suggesting the 

emergence of spatial function by P20. After examining the development of mossy fiber 

connectivity patterns, they reported developmental changes within the mossy fiber terminal field 

distribution. Specifically, they observed an increase in synaptophysin staining within the stratum 

oriens of the CA3 from P16 to P20, with the greatest staining observed at P20. They concluded 

that these changes in mossy fiber terminal distribution may support the emergence of spatial 

behavior by shifting input away from inhibitory interneurons, reducing the number of synapses 

on inhibitory interneurons within the stratum lucidum, which may lead to an increase in 

excitatory input on CA3 pyramidal neurons (Comba et al., 2015). Given that these changes in 

presynaptic mossy fiber terminals are dependent on neural activity that occurs during 

development, they also examined c-Fos activation within the hippocampus. They reported 

increased c-Fos activation within the dentate gyrus and CA1 at P20 compared to the younger age 

groups. They suggested that this increased network activity may facilitate the emergence of 

spatial behaviors. Furthermore, they reported an increase in labeling within the dentate gyrus and 

CA3 region at P18 compared to P16, which may provide the necessary increase in neural activity 

required for the developmental changes in mossy fiber connectivity.  

 

4.8. The fate of newly acquired spatial memories 

   What is the fate of spatial memories after acquisition? Does the hippocampus simply 

function as a repository for recent memories, after which it is no longer needed for the 
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expression of these memories? Or is it constantly involved in all processes involving that 

memory trace? And if hippocampal contribution is transient in nature, what region takes over the 

remote processing of these memories? These questions have initiated a myriad of investigations 

that have produced the formation of three main hypotheses surrounding the neural underpinnings 

of remote spatial memory: the cognitive map theory, the standard consolidation theory, and the 

multiple trace theory. Remote memory involves the creation of traces in remote memory circuits 

mediated by short-term processes that can last between seconds to a few days. Traces that outlast 

these processes form the basis of a remote memory (Dudai, 2004; Frankland and Bontempi, 

2005; Moscovitch et al., 2006). The one common characteristic that all hypotheses agree upon is 

that the hippocampus receives and integrates information initially registered in the sensory 

cortices, and from that, forms a memory trace consisting of an ensemble of interconnected 

hippocampal-neocortical circuits. These hypotheses diverge when it comes to the fate of these 

memory traces as they gradually become remote.  

 The cognitive map theory first described by O’Keefe and Nadel (1978) has already been 

discussed. In short, it proposes that the hippocampus represents the immediate environment of an 

individual, their location within that environment, and the sensory cues contained within that 

environment. These spatial representations provide the context in which episodic events are 

embedded (O’Keefe and Nadel, 1978; Burgess et al., 2002; Moscovitch et al., 2006; Spiers and 

Maguire, 2007). This hypothesis does not distinguish between cognitive maps acquired recently 

or remotely. According to the cognitive map theory, the hippocampus is constantly involved in 

the retention and expression of spatial memories, whether they were acquired recently or 

remotely. As such, any form of hippocampal damage should result in impaired spatial memory 

regardless of when it was acquired (Moscovitch et al., 2006).  
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Nadel and MacDonald (1980) trained rats on a radial arm maze after lesioning the 

hippocampus and reported an impairment in performance that they attributed to the hindered 

place learning aspect of the task. Even after the rats underwent at least twice the number of 

retraining trials postoperatively that they had required preoperatively, they were still unable to 

acquire and express the spatial memory (Nadel and MacDonald, 1980). Bolhuis et al. (1994) 

trained rats on a water maze task and then lesioned their hippocampus either 3 days or 14 weeks 

following acquisition and tested them two weeks after surgery. The rats that received the lesions 

performed at chance on both retention intervals compared to the sham controls. Lesioned rats 

also exhibited severely impaired memory during the probe test, while the sham rats showed 

facilitated learning, suggesting a reactivation of memory rather than relearning (Bolhuis et al., 

1994). They concluded that the hippocampus was required for spatial memory retrieval, and that 

lesioning the hippocampus impaired memory consolidation at all time intervals (Bolhuis et al., 

1994).  

Skeptics of this hypothesis reference studies showing that the hippocampus is required 

for the acquisition of spatial information, but remote spatial memories are shown to survive large 

hippocampal lesions (Teng and Squire, 1999; Rosenbaum et al., 2000, 2005; Moscovitch et al., 

2006). These studies have provided evidence that extra-hippocampal regions, and not the 

hippocampus, may be required for spatial memory expression. Patients with damage exclusively 

to the hippocampus retain the ability to navigate throughout their environment and perform well 

on a variety of spatial memory tests. Conversely, lesions to regions such as the parietal, 

parahippocampal and posterior cingulate or retrosplenial cortex have been reported to impair 

navigation on spatial tests (Aguirre and D’Esposito, 1999; Moscovitch et al., 2006). Given that 

these structures share reciprocal, anatomical connections with each other and the hippocampus, it 
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is possible that the hippocampus is involved in integrating information from these spatial 

networks with information from other sources. Thus, the hippocampus would serve to facilitate 

the ability to express recent or remote spatial memories by providing detailed memory 

representations, rather than being directly involved in their remote storage (Cammalleri et al., 

1996; Rockland and Van Hoesen, 1999; Lavenex et al., 2002; Suzuki and Amaral, 2004; 

Moscovitch et al., 2005, 2006). 

 The standard consolidation model posits a series of prolonged processes that occur at 

both the cellular and systems level that function to strengthen the memory trace and could last 

months or even decades (Moscovitch et al., 2006). Cellular consolidation involves the synthesis 

of new proteins that strengthen synapses and stabilize memory representations through persistent 

modifications in synaptic transmission (Debiec et al., 2002; Rudy and Sutherland, 2008; 

Mednick et al., 2011; Tzakis and Holahan, 2016). The process occurs during and immediately 

after memory acquisition, at which point the activation of glutamatergic receptors activates a 

series of intracellular signal transduction cascades, including the cyclic adenosine 

monophosphate (cAMP) cascade following the activation of adenylate cyclase. From there, 

isoforms of cAMP-response element binding proteins (CREBs) are phosphorylated by cAMP-

dependent kinases, which allow for the modification of cAMP response element (CRE)-

regulated genes. These genes include transcription factors that regulate expression of genes 

whose products are induced after a few hours and are known as late-response genes (Dudai, 

2004; Tzakis and Holahan, 2016). Synaptic protein synthesis also induces modifications of the 

synapse by tagging the activated synapse, attracting new proteins from the cell through a 

reorganization of the synapse. These new proteins strengthen synaptic tagging and act as 

retrograde messengers to inform the nucleus of the modification (Frey and Morris, 1997, 1998). 
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Regulation of gene expression within the nucleus also provides the tagged synapses with newly 

synthesized messenger RNAs and proteins, further enhancing the specificity of the consolidation 

process (Dudai, 2004; Tzakis and Holahan, 2016).  

 Consolidation at the systems level involves a series of processes that ultimately modify 

the memory trace from being hippocampus-dependent to hippocampus-independent. The initial 

involvement of the hippocampus, and the neocortical regions that it projects to, is exclusive to 

the storage and recovery of the memory trace. The initially weak memory trace is stored and 

strengthened within the hippocampal-neocortical network, with the hippocampus initially 

possessing the stronger trace (Rudy and Sutherland, 2008; Wang and Morris, 2010; Mednick et 

al., 2011). The trace is activated and reactivated following memory recall, strengthening the 

existing neocortical memory. This strengthening is a result of cellular consolidation-mediated 

modifications of neocortical connections or through the establishment of new connections within 

the neocortex, after which point the memory trace is now integrated with pre-existing memories 

within the neocortex (Dudai, 2004; Frankland and Bontempi, 2005). In short, the hippocampus is 

involved in the ‘teaching’ of information stored in the neocortex, after which point the trace 

degrades, leaving space for the rapid learning of new information without disturbing the memory 

stores within the neocortex (Dudai, 2004; Wartman et al., 2012).  

 According to this model, spatial memories become independent from the hippocampus 

over time, and as such, hippocampal lesions should result in amnesia for events prior to the 

lesion, while functional neuroimaging should show diminished activation of hippocampal 

activity over time (Moscovitch et al., 2006). The case study of patient E.P. provided evidence for 

the standard consolidation model. E.P. was infected with a virus that lead to encephalitis, which 

resulted in bilateral hippocampal damage and subsequent amnesia. As a result, E.P. was unable 
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to recall the spatial layout of his neighborhood, to which he moved following his infection. He 

was, however, able to describe the spatial layout of the neighborhood he grew up in over 50 

years prior to his infection (Teng and Squire, 1999). These results suggest that the hippocampus 

is required for the acquisition of remote spatial memories, but not for the retrieval of remote 

spatial memories (Teng and Squire, 1999; Spiers and Maguire, 2007). Comparable findings have 

been reported in amnesiac patients with extensive hippocampal damage (Rosenbaum et al., 2000, 

2005). fMRI studies have shown an increase in hippocampal blood flow during recall of recent 

news events (within the past 3 years) compared to older news events (Smith and Squire, 2009; 

Wang and Morris, 2010). Takashima et al. (2006) also reported reduced hippocampal activity 

when participants were asked to recall memories that were 90 days old compared to those that 

were 1 day old. Opponents to this hypothesis question whether the memories retained by 

amnesiac patients are as vivid and detailed as they would be in healthy individuals and argue that 

the hippocampus may be somewhat necessary in the expression of these memories, if only to 

provide detailed memory representations (Frankland and Bontempi, 2005).  

 The multiple trace theory has elements of both the cognitive map and standard 

consolidation theories. According to this model, the hippocampus is involved in the encoding of 

information and binds neocortical neurons that represent that information into a memory trace, 

much like the standard consolidation model. A distributed network of hippocampal neurons 

encodes this information, after which it functions as an index to the neurons in which the 

attended information is encoded. This bound ensemble of hippocampal-neocortical neurons 

forms the memory trace of an episode and represents the memory of the consciously experienced 

event (Nadel and Moscovitch, 1997; Moscovitch et al., 2005). Once these memory traces are 

recalled, they are re-encoded into the hippocampal-neocortical network, resulting in the 
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formation of multiples traces mediated by bundles of hippocampal-neocortical neurons 

(Moscovitch et al., 2006). The creation of this new trace allows for old memories to be 

represented by more or stronger traces within the network, making them less susceptible to 

disruption from brain damage relative to more recent memories (Moscovitch et al., 2005). There 

is no prolonged strengthening of memory traces within the neocortex and the formation and 

consolidation process lasts on the order of seconds to, at most, days (Moscovitch et al., 2005). In 

this respect, the multiple trace theory is reminiscent of the cognitive map theory, and deviates 

from the standard consolidation model, as the memory trace will always be dependent on the 

hippocampus to retain its vividness and detail, regardless of when it was acquired (Moscovitch et 

al., 2006). Based on this hypothesis, the extent and severity of retrograde amnesia resulting from 

hippocampal damage is dependent on the age of the memory, along with the extent and location 

of the damage. Hippocampal damage would also hinder the vividness of recollection, impairing 

the ability to remember detailed spatial information or to richly re-experience the environment, 

while leaving general semantic-like spatial information intact (Moscovitch et al., 2005, 2006; 

Spiers and Maguire, 2007).  

 Evidence largely favors the multiple trace theory over the consolidation model, though it 

is still not conclusive (Moscovitch et al., 2006). Maguire et al. (2006) reported a case study 

conducted on patient T.T., a taxi driver in London who, following a rare form of limbic 

encephalitis, was left with bilateral hippocampal damage, and amnesia. T.T. was able to 

recognize London landmarks, make proximity and distance judgments, locate places on a 

London map, and show spared direction-pointing (Maguire et al., 2006; Spiers and Maguire, 

2007). Despite these intact spatial functions, he was impaired when it came time to navigate a 

virtual, interactive environment; he took significantly longer routes and was sometimes unable to 
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reach his destinations. These impairments were not all-or-nothing; he was error-free on some 

routes and extensively impaired on others. One significant variable stood out from the others: if 

the route was composed of a high number of minor, side streets, then he was impaired, yet he 

was able to successfully navigate using main roads. Since main roads are generally used more 

often than side streets, and are thus experienced more often, they may have acquired a semantic-

like status, becoming independent of the hippocampus (Maguire et al., 2006; Spiers and 

Maguire, 2007). The side streets, however, are less traveled, more numerous, and are comprised 

of a complex and dense layout. As such, they require a more detailed representation of 

topography, which, according to the multiple trace theory is dependent on hippocampal function. 

Thus, the hippocampal damage incurred by T.T. resulted in a loss of, or inability to access, fine-

grained as opposed to coarse spatial representations (Maguire et al., 2006; Spiers and Maguire, 

2007).  

 Rosenbaum et al. (2000) provided further evidence for the multiple trace theory 

following their investigation on patient K.C. K.C. presented with widespread hippocampal 

damage following a closed head injury that resulted in amnesia. Like T.T., K.C. exhibited no 

impairments on a variety of spatial memory processes; he was able to describe alternate routes to 

a location when the most direct route was blocked, judge the proximity between locations, and 

order landmarks in the same sequence they would be passed when navigating the area 

(Rosenbaum et al., 2000; Spiers and Maguire, 2007). His spatial impairments manifest when it 

came to sketching landmarks of his neighborhood, demonstrating geographical knowledge, and 

recognizing superfluous neighborhood landmarks (Rosenbaum et al., 2000; Spiers and Maguire, 

2007). They concluded that he showed impaired remote memory for detailed spatial information 

and argued that the results support the prediction from the multiple trace theory that memory for 
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detailed spatial memory is impaired following hippocampal damage (Rosenbaum et al., 2000; 

Spiers and Maguire, 2007).  

 

5. Remote Memory 

5.1. Memory storage in the anterior cingulate cortex 
 

Once memories are received and processed in the hippocampus, they undergo a process 

whereby those recently encoded memories solidify and stabilize in the brain in order to persist, a 

process known as memory consolidation. Memory consolidation involves two levels of 

processing: the cellular level, which involves regulating gene expression and protein synthesis in 

localized circuits through intracellular signaling cascades, and the brain systems level, which 

involves more gradual changes in brain structures spanning over a much longer time frame 

(Einarsson and Nader, 2012; Wartman et al., 2014). The remote memory consolidation process is 

mediated by various intricate and complex neural connections between the cingulate cortex, the 

entorhinal cortex, and the hippocampus (Insel and Takehara-Nishiuchi, 2013). 

The anatomical connectivity between the hippocampus and anterior cingulate cortex may 

support the transfer of memories initially encoded by the hippocampus for remote storage in the 

anterior cingulate cortex. One pathway that that may support this is the superficial layer of the 

entorhinal cortex that receives input from the sensory and association cortices and projects to 

areas of the hippocampus and the cingulate cortex. From there, the hippocampus and the 

cingulate cortex send output to the deep layer of the entorhinal cortex, which then projects back 

to the sensory and association cortices (Insel and Takehara-Nishiuchi, 2013; Takehara-Nishiuchi, 

2014). A more direct pathway between the hippocampus and cingulate cortex has also been 

observed, whereby neurons in the ventral CA1 region project to the rostral cingulate, while 
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neurons in the dorsal CA1 region project to the retrosplenial granular A cortex, a posterior region 

of the cingulate cortex (Insel and Takehara-Nishiuchi, 2013). The subiculum has the same 

projections as those in the CA1 region, while also projecting to the retrosplenial granular cortex 

B, a more anterior, caudal region of the cingulate cortex. Activation of both pathways 

simultaneously has been shown to strengthen synaptic connections in both the cingulate cortex 

and the entorhinal cortex, which in turn increases the capacity for remote memory storage 

capabilities (Insel and Takehara-Nishiuchi, 2013). 

Following the medial temporal-lobe resection, H.M. was unable to retain any of his 

recent memories, suggesting that the hippocampus played a role in the acquisition and retention 

of recent memories. He was, however, able to remember his earlier, remote memories, those that 

were encoded several years prior to his surgery. This indicates that there is some hippocampus-

independent mechanism that allows for the retention, storage, and reconsolidation of “remote” 

memories. To examine this hypothesis, (Izquierdo et al., 1997) trained rats in an inhibitory 

avoidance task and tested them after 1 day, 30 days, or 60 days. They used CNQX to antagonize 

AMPA receptors in the hippocampus, the amygdala, the entorhinal cortex, or the parietal lobe 

prior to testing. They found that AMPA receptor blockade in all four regions at the 1-day interval 

impeded performance, while blockade only in the entorhinal and parietal cortices after 30 days 

affected performance. After 60-days, however, only injections in the parietal cortex impeded 

performance, suggesting that, initially, the memories were stored in and retrieved from the 

neocortex and hippocampus, however as the time increased after learning, the neocortex 

sustained retrieval on its own (Izquierdo et al., 1997; Meeter and Murre, 2004).  

In a follow-up to these findings, Bontempi et al. (1999) infused a (14C)2-deoxy-glucose 

tracer into mouse brains to assess metabolic activity in different brain regions over time during a 
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spatial working memory task. They discovered an inverse relationship between the training and 

testing interval and metabolic activation in the hippocampus. As the training and testing interval 

increased, metabolic activity in the hippocampus decreased. This indicated that the hippocampus 

was no longer needed to recall those memories. Conversely, metabolic activity in other cortical 

areas, specifically the anterior cingulate cortex, increased during recollection of those memories, 

suggesting that the remote storage and retrieval depended on activity in that region (Bontempi et 

al., 1999). Damage to the cingulate cortex has also proven to impede the retention/retrieval of 

remote memories, further demonstrating a role of the cingulate cortex in the remote memory 

storage process (Insel and Takehara-Nishiuchi, 2013; Wartman et al., 2014).  

 During the early stages of recent memory formation, spine density on hippocampal cell 

dendrites increases, allowing for rapid synaptic rearrangement. It has been demonstrated that 

these same structural changes, specifically dendritic spine growth, develop in the anterior 

cingulate cortex during remote memory acquisition (Restivo et al., 2009). In mice, recent 

memory formation was associated with an increase in spine density on hippocampal neurons, but 

not on cortical neurons. During remote memory formation, however, the inverse was seen, where 

the spine density on anterior cingulate cortical neurons, but not on hippocampal neurons, 

increased (Restivo et al., 2009). These differences in temporal changes suggest that the 

formation and expression of remote memories is a result of gradual structural changes in 

hippocampal-cortical network connectivity (Restivo et al., 2009). Taxing the demand placed 

upon the hippocampus expedites the rate of synaptic and systems consolidation processes. After 

rats underwent training on two hippocampal-dependent spatial tasks, Wartman and Holahan 

(2014) reported increased dendritic complexity in neurons within the anterior cingulate cortex 

and the hippocampus at both a recent and remote timepoint relative to rats trained on one spatial 
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task, or none at all. Specifically, there was a greater degree of branch density and length, along 

with a greater number of spines and spine density, on both apical and basal dendrites in the 

anterior cingulate cortex and the hippocampus of rats that were trained on two hippocampal-

dependent spatial tasks compared to those trained on only one, or not trained on any behavioral 

tasks at all. The increased dendritic complexity in this group was even significantly greater at a 

recent timepoint compared to control rats at a remote timepoint, which suggests that the rate of 

consolidation in the anterior cingulate cortex is accelerated to account for the increase of 

incoming spatial information to the hippocampus (Wartman and Holahan, 2014).     

 Activation of c-Fos can be used as a marker of neuronal activity and as evidence that 

functional changes have occurred in the anterior cingulate cortex with the expression of remote 

memories. Teixeira et al. (2006) assessed the retention of spatial memory in mice either 1 day 

(recent test) or 30 days (remote test) after their last day of training on the Morris water maze. 

They found that the mice in both groups spent more time in the area associated with the platform 

compared to other areas, indicating that mice in both groups retained that memory. They 

compared their behavioral results to c-Fos expression in the anterior cingulate cortex and found 

there to be significantly higher c-Fos expression in the remote test group compared to the recent 

test group, suggesting that the anterior cingulate cortex was preferentially involved in the 

retrieval of remote spatial memories (Teixeira et al., 2006). An increase in c-Fos expression has 

also been reported in the anterior cortex following multiple, recently-formed hippocampal-

dependent memories (Wartman and Holahan, 2013). The pattern of c-Fos activation observed at 

the recent timepoint resembled the pattern of staining generally observed in remotely-tested 

groups and was different from that seen following the formation of a single, recently-formed 

hippocampal-dependent memory. This would suggest that taxing the demand placed upon the 
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hippocampus expedites the rate at which cortical network recruitment is seen (Wartman and 

Holahan, 2013). 

 Inactivation of the anterior cingulate cortex also impairs the expression of remote spatial 

memories. Mice treated with infusions of lidocaine directly into their anterior cingulate cortex 

showed no difference in time spent in the area associated with the platform versus other areas 

during a remote (30 days post-training) probe test using the Morris water maze (Teixeira et al., 

2006). This disruption in performance was not seen in mice that underwent the same 

pharmacological treatment but were tested more recently (1-day post-training), which would 

indicate that the anterior cingulate cortex plays an important role in the storage of remote, but not 

recent, spatial memories and its inactivation impedes the expression of those memories (Teixeira 

et al., 2006). Wartman et al. (2014) reported similar findings after training rats on a radial arm 

maze task and/or a water maze task and then inactivating the anterior cingulate cortex prior to a 

probe test given 37 days following the last day of training. They observed a performance deficit 

during the probe test, the extent of which depended on the processing demand of the 

hippocampus; rats trained and tested on both the radial arm maze and water maze tasks showed a 

more substantial impairment in performance relative to those trained and tested on a water maze 

task only. They suggested that remote spatial memories become more reliant on the anterior 

cingulate cortex when hippocampal processing demands are increased (Wartman et al., 2014). 

 

5.2. Ontogeny of remote memory capabilities 

 Investigations into remote memory storage capabilities have predominantly focused on 

adults, with little information as to when they emerge during earlier developmental stages. While 

the exact developmental timeline is somewhat ambiguous, investigators have attempted to offer 
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some insight into when these remote memory capabilities emerge. (Foster and Burman, 2010) 

tested the emergence of remote fear memory of an environment by training rats on a contextual 

fear conditioning task on P17, and then testing that memory either 1 day or 1 week following the 

training day. They reported that the rats exhibited significant fear when tested a week later, but 

not 24 hours later, indicating that the ability to acquire and consolidate a context-based fear 

memory, and to form fearful associations, is evident by P17, while the ability to use a contextual 

representation in a fearful association has not yet emerged. They posited that the associative 

mechanisms continue to develop between P18 and P23, such that the hippocampal connections 

to the amygdala and other relevant brain structures had not yet fully developed by P17 (Foster 

and Burman, 2010). Akers et al. (2012) trained mice on a contextual fear memory task at one of 

three different developmental timepoints: infancy (P15), adolescence (P30), or adulthood (P60). 

The rats were then tested at 1, 7, 14, or 28 days following training to assess remote memory 

storage. They reported that mice trained on P15 exhibited little or no freezing in the presence of 

a cue following delays of more than one day, suggesting the ability to transfer the recent fear 

memory into remote stores had not yet developed at this age. Mice trained on P30 or P60, 

however, showed high levels of freezing for at least 28 days following training, indicating that 

the emergence of remote memory processes emerged at least by P30 (Akers et al., 2012). Taking 

results from both studies into consideration, a developmental timeline can be hypothesized, 

whereby the ability to process recent memories into remote stores develops sometime between 

P17 and P30 (Foster and Burman, 2010; Akers et al., 2012). Though there are few reports 

assessing spatial memory function at longer time intervals, Tzakis et al. (2016) provided some 

preliminary evidence regarding the emergence of remote spatial memory stores. They reported 

that, when unimpaired by pharmacological insults, rats trained on a water maze task at P18 
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managed to retain the memory for the hidden platform location up to 3 weeks following their last 

training day, suggesting that remote spatial memory processes may emerge as early as P18 

(Tzakis et al., 2016). Further investigations comparing those processes at different increments of 

development are required to provide a more accurate timeline for the precise emergence of 

remote spatial memory capabilities. 

 

6. Current Thesis 

6.1. Objectives and hypotheses 

Objective 1: Investigate the factors that influence the processing of juvenile-acquired spatial 

memories from a remote memory standpoint during a crucial period of hippocampal 

development.  

 Late postnatal development marks a critical period for hippocampal development, 

whereby the hippocampus undergoes a series of structural and morphological changes that are 

thought to facilitate memory processes. This hippocampal remodeling has been hypothesized to 

mediate the transition from juvenile-like to adult-like remote memory processing. However, the 

time during this period at which adult-like remote memory processing emerges has yet to be 

established. To assess this, juvenile rats were trained and tested either recently or remotely on the 

Morris water maze during a critical period of hippocampal development, and their performance 

was compared to adult rats. Additionally, massed-type water maze training was compared to 

spaced-type training to determine whether training type facilitates the transition to adult-like 

capabilities. Neuronal activation (c-Fos) was quantified within the hippocampus and anterior 

cingulate cortex to determine the pattern of activation during remote testing for each age group 

and correlated with their performance on the water maze.  
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Hypotheses and predictions 

It was hypothesized that performance on the spatial task and remote retrieval will 

improve as the hippocampus becomes more fully developed, reaching adult-like levels near the 

end of this hippocampal developmental timeframe. The processing and remote storage would 

likely be enhanced by a spaced-training protocol in the early developmental time points. It was 

also hypothesized that more advanced hippocampal development would lead to better recall of 

remote spatial memories, which would come to rely on ACC activity and less on hippocampal 

activity, as evident by elevated c-Fos labeling in the ACC and reduced c-Fos labeling in the 

hippocampus following a remote spatial memory test.   

 

Objective 2: Assess the developmental variations in expression of AMPAr subunits GluR1 and 

GluR2 within the hippocampus and ACC during the critical period hippocampal remodeling and 

compared to that seen in adults.  

 Understanding the development of spatial memory abilities requires insight about the 

development of cellular underpinnings that mediate the transition from juvenile-like to adult-like 

spatial processing capabilities. The cellular components of interest include AMPAr subunits 

GluR1 and GluR2, which are involved in the activation of signaling cascades that mediate 

memory processes. Western blotting was performed on the ACC and hippocampus of rats at 

developmental ages before, during, and after the critical period of hippocampal remodeling and 

compared to adults. These analyses will provide insight into any variations in AMPAr subunit 

expression during this critical period that may further the understanding into the synaptic 

changes that occur as a result of this remodeling, and when their expression stabilizes into 



 61 

adulthood. Additionally, immunohistochemistry was performed on the hippocampus in order to 

further delineate the changes in AMAPr subunit expression that may occur over time. 

 

Hypotheses and predictions 

 It was hypothesized that expression of the GluR1 and GluR2 subunits will vary as a 

function of increased hippocampal remodeling. That is, we expected to see an increase in 

expression of both subunits during this critical period, reaching adult levels during the late phase 

of hippocampal remodeling, or shortly thereafter. Furthermore, we expected to see 

immunohistochemical labeling that parallels the degree of expression observed at each 

developmental timepoint from the Western blotting analyses. 

 Objective 3: Investigate the hippocampal remodeling-mediated transition from juvenile- to 

adult-like remote memory processing, and the cellular underpinnings that influence that 

transition. 

 Furthering the investigations performed in Objectives 1 and 2, Objective 3 aimed to 

assess the developmental processing of juvenile-acquired remote memories during a critical 

period of hippocampal development, and how this remodeling facilitates the transition to adult 

remote memory processing. Furthermore, GluR1 and GluR2 activity was determined to ascertain 

the variation in expression as result of hippocampal remodeling and correlate this variation to 

performance on the spatial task. To do this, juvenile rats were assessed during a period of 

hippocampal remodeling in an open field task, where they were allowed to explore a novel 

environment surrounded by spatial cues. They were then be tested at either a recent (24 hours) or 

remote (3 weeks) timepoint in the same environment to determine the extent to which they 

recognize it as being familiar using the spatial cues provided. Their performance was compared 
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to that of adults to determine when during the period of hippocampal remodeling do juveniles 

process remote memories similar to adults. This objective also attempted to remedy any potential 

confounds encountered by the water maze task used in Objective 1, such as swimming abilities 

and fatigue.  

 

Hypotheses and predictions 

 Upon initial exposure to a novel environment, rats show increased exploration, denoted 

by the total distance traveled throughout the trial. Ostensibly, as they familiarize themselves with 

the environment, their inclination to explore decreases, such that re-exposure to that same 

environment will result in a shorter total distance traveled. As such, we hypothesized a net 

reduction in total distance traveled between training and testing trials as a function of increased 

hippocampal remodeling. Furthermore, we expected to see “impaired” performance, i.e. an 

increase in total distance traveled during testing, in younger (> ~P24) rats as the interval between 

training and testing increases, furthering the notion that they have yet to acquire the ability to 

process memories into remote stores. GluR1 and GluR2 levels are expected to correlate with 

performance on the spatial task, with increased expression in rats who have acquired the ability 

to consolidate the acquired memories into remote stores, and the greatest variation in expression 

expected to occur within the ACC at each age point.
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Abstract 
 
 

Postnatal, preadolescent development is characterized by a reorganization of connectivity 

within and between brain regions that coincides with the emergence of more complex behaviors. 

The hippocampus is one such region that undergoes extensive postnatal remodeling including 

neuron proliferation, synaptogenesis and dendritic arborization. As this process of remodeling 

continues, spatial memory processing functions have been shown to emerge. The current work 

investigated whether preadolescent spatial memories acquired during this period of hippocampal 

synaptic modification persist beyond 24 hours and stabilize into the postadolescent period. Rats 

were trained on the Morris water maze at different time frames from postnatal day (P) 18-26. 

Testing occurred at either a recent (24 hours) or remote (3 weeks) timepoint. Performance of 

preadolescent rats was compared to postadolescent rats (P50). Postadolescent rats (P50) showed 

asymptotic spatial learning within the 3-day training period and showed intact retention at 24 

hours and 3 weeks. Spaced training in the P18 group did not improve acquisition or retention at 

either 24-hour and 3-week testing intervals. The P22 and 24, but not P20, groups showed 

asymptotic spatial learning within the 3-day period but none of these groups showed intact 

retention 3 weeks after training. The P18 and P50 groups tested at 24 hours showed more CA1 

hippocampal c-Fos labeling than groups tested at 3 weeks. The P50 group tested at 3 weeks 

showed elevated c-Fos labeling in the anterior cingulate (ACC) compared to the P18 group tested 

at 3 weeks and the P50 group tested at 24 hours. Spaced training in the P18 group was associated 

with elevated c-Fos labeling in the ACC at the 3-week test. Groups trained at P20, 22, and 24 

showed more c-Fos labelling in the ACC than in the CA1. Results suggest that while spatial 

information processing emerges around P20, remote spatial retention and the neural substrates 

that support retention are not in place until after P26. While the ability to process recent spatial 
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information was evident at P18, it was not until the later period of development (P26) that the 

ability to strengthen a labile memory engram into remote storage started to emerge. 

 
Keywords: Spatial memory; hippocampus; ACC; development; massed training; spaced training
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1. Introduction 

The consolidation of spatial memories into remote storage may rely on changes in 

network connectivity such that there is a gradual disengagement of hippocampal function and a 

gradual strengthening of cortical connections (Wiltgen et al., 2004; Frankland and Bontempi, 

2005, 2006). The animal literature has supported the view that after initial information 

processing, hippocampal networks become less prominent, while intra-cortical connections come 

to represent a memory (Bontempi et al., 1999; Frankland et al., 2004; Maviel et al., 2004; 

Teixeira et al., 2006; Lopez et al., 2012). The processing of multiple hippocampal-dependent 

memories can accelerate the speed of cortical recruitment such that spatial remote memories 

come to rely more fully on cortical networks when hippocampal processing requirements are 

increased (Wartman and Holahan, 2013, 2014; Wartman et al., 2014).  

One cortical region hypothesized to be involved in remote memory storage is the anterior 

cingulate cortex (ACC). Evidence for this comes from investigations showing increased activity 

and structural changes within the ACC following remote memory testing (Bontempi et al., 1999; 

Teixeira et al., 2006; Weible et al., 2012). Inactivation of the ACC results in poor performance 

on remote spatial memory tests (Wartman et al., 2014). These data suggest that the initial spatial 

memory representation may be acquired, processed, and stored for a short period within the 

hippocampus, after which it is encoded into remote stores in the ACC. 

During hippocampal development, there is an increase in neurogenesis within the dentate 

gyrus (DG) between postnatal day (P) 15 and 18 (Altman and Das, 1965; Bayer, 1980; Zhao et 

al., 2006; Curlik et al., 2014). From P18 to 20, mossy fiber connectivity from DG granule cells to 

CA3 pyramidal neurons shows widespread connectivity changes so that by P24, these 

projections show adult-like connectivity patterns (Amaral and Dent, 1981; Gaarskjaer, 1985, 
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1986; Holahan et al., 2006, 2007). These morphological changes coincide with improved 

performance on spatial memory tasks (Comba et al., 2015). It is hypothesized that, as a result of 

this extensive hippocampal remodeling, hippocampal-cortical connections are strengthened, 

facilitating the remote processing and storage of spatial information. 

The main objective of this study was to determine the system dynamics that mediate 

recent and remote spatial memory processing in juvenile rats during a time when the 

hippocampus undergoes remodeling. The goal was to assess whether juvenile spatial processing 

and remote storage resembled that of adults and to investigate the contribution of both the 

hippocampus and ACC to recent and remote processing of spatial information.  

To further assess the ability of juvenile rats to store remote spatial memories, two 

different water maze training procedures were used: massed and spaced training. Spaced training 

was defined as a longer intertrial interval (~5-8 minutes between each trial) within a day 

compared with massed training where no intertrial interval was given. The work of Commins et 

al. (2003) demonstrated the beneficial effects of spaced training in adult rats. In that 

investigation, spaced-trained rats had lower escape latencies during acquisition relative to 

massed-trained rats and spent significantly more time in the platform area 7 days after 

acquisition compared to the massed-trained rats. Other investigations have reported similar 

benefits of spaced training (Bello-Medina et al., 2013; Bercovitz et al., 2017; Vlach et al., 2019). 

The present study examined whether remote memory storage of spatial information acquired 

during the juvenile period could be facilitated by using a spaced training procedure. 

To compare recent and remote memory, a probe test was given either 24 hours or 3 

weeks following water maze training. To assess the contribution of the hippocampus and ACC to 

these memory stages, immunohistochemical examination of c-Fos was used to label recently 
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activated neural populations. It was hypothesized that performance on the spatial task and remote 

retrieval would improve as the hippocampus became more fully developed, reaching adult-like 

levels near the end of this hippocampal developmental timeframe. The processing and remote 

storage would likely be enhanced by a spaced-training protocol in the early developmental time 

points. It was also hypothesized that more advanced hippocampal development would lead to 

better recall of remote spatial memories, which would come to rely on ACC activity and less on 

hippocampal activity, as evident by elevated c-Fos labeling in the ACC and reduced c-Fos 

labeling in the hippocampus following a remote spatial memory test.   

 

2. Materials and methods 
 
2.1. Subjects 
 

Male Long-Evans rats (LERs) were used throughout the experiment. Rats were born in 

the temperature and humidity-regulated animal facility at Carleton University. The day the pups 

were born was marked as P0. Pups were weaned on P18. Newly weaned rats were provided with 

solid food pellets soaked with some water and placed in a ceramic dish in the cage, along with a 

dish containing fortified water gel. Unsoaked food pellets were also placed in the cage. For all 

experiments, rats were group-housed in polycarbonite cages with a 12-hour light-dark cycle: 

lights on 8h00, lights off 20h00 with food and water provided ad libitum. Animal care was 

conducted in accordance with the Canadian Council on Animal Care (CCAC) guidelines and 

approved by the Carleton University Animal Care Committee.  
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2.2. Apparatus 

Water maze  

The pool was opaque, white polypropylene with a submerged platform 2 cm below the 

water surface. Water temperature averaged 25±1℃ throughout behavioral testing. The water 

maze was a white, circular, polypropylene pool measuring 124 cm in diameter, 31 cm in height 

and filled with water to a depth of 25 cm. The platform was made of clear Plexiglas and 

measured 11 cm in diameter. Three 6’ tall banners with black shapes (circles, squares, or 

triangles) on a white background were placed near the outer edge of the pool at different sides 

and were present during all trials. Rat movements in the pool were tracked using the HVS Image 

2100 Tracking System (HVS Image, Buckingham, UK). The water was quickly cleaned after 

each trial and the pool was drained and refilled every other day.  

 

2.3. Water maze training 

 All subjects were given eight, one-minute trials each day over three training days. Each 

trial began from a different start point on the perimeter of the pool and the same sequence of start 

locations was used each day. The platform remained in the same quadrant for all eight trials 

during each of the three training days. Latency and pathlength to reach the platform were 

recorded for all trials. If an animal did not reach the platform within 60 seconds, they were 

guided to it. After each trial, the animals remained on the platform for 15 seconds before being 

removed, dried, and placed back into the water maze for the next trial. Following the final trial 

on each day, every animal was dried with a towel and placed in another holding cage on a 

heating pad in the housing room for 15 to 20 minutes before being returned to their home cage. 
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2.4. Water maze testing 

The rats underwent a probe test in the water maze at a certain time following their last 

training day. Each rat was subject to a single 60-second trial, and each trial began from a 

different start point on the perimeter of the pool. For all probe tests, the platform was removed 

from the water maze. The amount of time spent in the different quadrants and predefined 

platform locations were recorded for all trials. After each probe test, the rats were returned to 

their home cage. Each rat was then injected with 1 ml sodium pentobarbital one hour following 

their probe test until they were no longer responsive to a toe pinch. The rats were then 

transcardially perfused with 50 ml 0.9% sodium chloride, followed by 50 ml 4% 

paraformaldehyde and their brains collected. 

 

2.5. Conditions 

 To compare memory acquisition, consolidation, and retention capabilities of juvenile and 

adult rats, rats were separated into 4 different groups. Each group differed in the age at which the 

rats were trained and tested on the water maze. Rats in the juvenile:recent group (n = 7) were 

trained from P18-20 and tested at P21. Rats in the juvenile:remote group (n = 9) were trained 

from P18-20 and tested at P41. Rats in the adult:recent group (n = 9) were trained from P50-53 

and tested at P54. Rats in the adult:remote group (n = 7) were trained from P50-53 and tested at 

P74.  

To determine whether a different water maze training procedure would facilitate remote 

spatial memory processing, P18 rats were either massed-trained or spaced-trained on the water 

maze. Rats that were massed-trained underwent each of the 8 trials in successive order on each 

training day. Rats that were spaced-trained were given an inter-trial interval between each trial 
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until all rats in the group completed the same trial then proceeded to the next trial until all 8 trials 

were completed. Rats were tested either 24 hours or 3 weeks following their last training day. 

Rats in the massed:recent group (n = 10) were massed-trained from P18-20 and tested at P21. 

Rats in the massed:remote group (n = 10) were massed-trained from P18-20 and tested at P41. 

Rats in the spaced:recent group (n = 9) were spaced-trained from P18-20 and tested at P21. Rats 

in the spaced:remote group (n = 9) were spaced-trained from P18-20 and tested at P41.  

To determine more accurately when the emergence of remote spatial memory capabilities 

in preadolescent rats resembles those of adults, rats were sorted into 3 different age groups when 

they underwent water maze training. All rats were then tested on the water maze 3 weeks 

following their last training day. Rats in the first group (n = 8) were trained on the water maze 

from P20-22 and tested on P43 (P20-22:remote). Rats in the second group (n = 8) were trained 

on the water maze from P22-24 then tested on P45 (P22-24:remote). Rats in the third group (n = 

9) were trained on the water maze from P24-26 and tested on P47 (P24-26:remote). 

 

2.6. Immunohistochemistry 

One hour after the end of the probe test, brains were removed from the skull and each 

condition immersion-fixed in 4% paraformaldehyde in 0.1M phosphate-buffer (PB) overnight at 

4℃. This solution was replaced with 30% sucrose in 0.1M PB the following day and brains were 

stored at 4℃	until sectioning. Brains were sectioned through the anterior cingulate cortex and the 

dorsal hippocampus at 60µm on a Leica CM1900 cryostat (Weztler, Germany). Sections were 

stored in a 0.1% sodium azide solution in 0.1M phosphate buffer (PB) at 4℃. 

The ACC (P18-20: n = 6 for recent, n = 4 for remote; P50-52: n = 5 for recent, n = 5 for 

remote; massed: n = 4 for recent, n = 4 for remote; spaced: n = 3 for recent, n = 4 for remote; 
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P20-22: n = 4; P22-24: n = 6; P24-26: n = 4) and CA1 (P18-20: n = 7 for recent, n = 7 for 

remote; P50-52: n = 3 for recent, n = 6 for remote; massed: n = 3 for recent, n = 3 for remote; 

spaced: n = 4 for recent, n = 4 for remote; P20-22: n = 4; P22-24: n = 3; P24-26: n = 3 ) were 

stained for c-Fos. Sections were placed in phosphate-buffered saline with Triton X (PBS-TX) for 

three, 7-minute washes. They were then incubated in 0.3% hydrogen peroxide (H2O2) in PBS-TX 

for 30 minutes, followed by three, five-minute washes in PBS-TX. Sections were transferred to 

1x animal free blocker (AFB; Vector) in PBS-TX for 30 minutes at room temperature. 

Incubation in the primary antibody (rabbit anti-c-Fos from Santa Cruz, 1:10000) occurred for 48 

hours at room temperature. The tissue was washed in PBS-TX for three, 10-minute washes 

followed by a 2-hour incubation in the secondary antibody (anti-rabbit biotinylated from Vector 

Laboratories, 1:500). Tissue was washed for three, 10-minute washes in PBS-TX before being 

placed into an ABC solution (Vector) for one hour. The tissue was rinsed in three, 5-minute 

washes using PBS before being placed into a nickel-enhanced DAB solution. Sections were then 

mounted on glass slides, dehydrated, and cover slipped. 

 

2.7. Quantification 

For unbiased stereology, the CA1 and anterior cingulate areas were traced at 2.5X 

magnification. Cell counts were performed at 60X magnification using parameters of 60µm by 

60µm and an optical fractionator of 20µm. Two sections from each rat were counted and the 

estimated total by mean measured thickness was analyzed. 
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2.8. Statistical analyses 

Training indices for the first two investigations were analyzed using a fixed factor 

multivariate test (age and testing interval as the fixed factors, day as the repeated measure). Main 

effects were followed up with Tukey post-hoc tests. Probe test data were analyzed by comparing 

time in target quadrant and time in platform area (counter) against chance performance using a 

one-sample T test (quadrant chance = 25%; counter chance = 6.48%). Another analysis was a 

fixed factor univariate ANOVA (training group and testing interval as the fixed variables, time in 

target quadrant/counter as the dependent variables) followed up with Tukey post-hoc tests. 

Immunohistochemistry results were analyzed using a fixed factor univariate ANOVA (training 

group and testing interval as the independent variables, cell count as the dependent variables) 

and Tukey post-hoc. Data are graphically represented as mean + SEM. 

Training indices for the third investigation were analyzed using a fixed factor multivariate 

test (age as the fixed factor, day as the repeated measure) and Tukey post hoc tests. Main effects 

were followed up with Tukey post-hoc tests. Probe test data were analyzed by comparing time in 

target quadrant and time in platform area (counter) against chance performance using a one-

sample T test (quadrant chance = 25%; counter chance = 6.48%). Another analysis was a one-

way ANOVA (age group as the independent variable, time in target quadrant/counter as the 

dependent variables) followed up with Tukey post-hoc tests. Immunohistochemistry results were 

analyzed using a one-way ANOVA (age group as the independent variable, cell count as the 

dependent variables) and Tukey post-hoc. Data are graphically represented as mean + SEM. 
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3. Results 

3.1. Juvenile vs adult 

This study aimed to investigate whether juvenile spatial memories acquired during the 

period of hippocampal synaptic modification persist beyond 24 hours and stabilized into the 

post-juvenile period and compare this to adult-like processing. Rats were trained over 3 days on 

the water maze task from P18-20 (juvenile) or P50-52 (adult) and tested at either a recent 

timepoint (24 hours after the last water maze training day) or a remote timepoint (3 weeks after 

the last water maze training day).  

 

3.1.1.  Average latency  

Average latency data for the P18-20 and P50-52 groups are shown in Figure 1A. These 

data show that the average latencies for the P50 group were lower compared to the P18 group on 

each training day. The data also show that each group was consistently lower than the previous 

day though the P50-52 group showed superior performance (Fig 1A). A fixed factor ANOVA 

revealed main effects of day (F(2, 56) = 96.005, p < 0.001), and age group (F(1, 28) = 239.872, p < 

0.001), but no main effect of testing interval (F(1, 28) = 0.353, p = 0.557). The analysis also 

revealed a significant day by age group interaction (F(2, 56) = 10.590, p < 0.001), but no other 

interactions. Tukey’s post-hoc tests on the main effect of age revealed lower latencies in the P50-

52 group than the P18-20 group (p < 0.001).
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Figure 1A. Latency to reach the hidden platform averaged across eight trials of daily training for P18-20:recent, P18-20:remote, P50-

52:recent and P50-52:remote groups. (***) indicates main effect of training day (p < 0.001). (###) indicates main effect of age group 

(p < 0.001). The average latency of both P50-52 groups was significantly lower than both P18-20 groups (p < 0.001), suggesting that 

the older rats acquired the memory more efficiently relative to their younger cohorts. By the second training day, the older rats appear 

to have reached asymptotic performance, while the latencies of the younger rats continue to decline into the third training day.
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3.1.2.  Average pathlength  

Average pathlength data for the P18-20 and P50-52 groups are shown in Figure 1B. 

Pathlength data resemble the latency data in that the P50-52 groups showed superior 

performance but that the P18-20 groups showed improvement over days (Fig 1B). A fixed factor 

ANOVA revealed a main effect of day (F(2, 56) = 59.698, p < 0.001), age group (F(1, 28) = 263.377, 

p < 0.001), but no main effect of testing interval (F(1, 28) = 0.549, p = 0.465). A significant day by 

age group interaction (F(2, 56) = 7.559, p < 0.01), day by testing interval interaction (F(2, 56) = 

4.099, p < 0.05), and age group by testing interval interaction (F(1, 28) = 5.908, p < 0.05). Tukey’s 

post-hoc tests on the main effect of age revealed shorter pathlengths in the P50-52 group than the 

P18-20 group (p < 0.001).
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Figure 1B. Pathlength to reach the hidden platform averaged across eight trials of daily training for P18-20:recent, P18-20:remote, 

P50-52:recent and P50-52:remote groups. (***) indicates main effect of training day (p < 0.001). (###) indicates main effect of age 

group (p < 0.001). The analyses revealed that the average pathlength of both P50-52 groups was significantly lower than both P18-20 

groups (p < 0.001). Significant differences were observed on the first, second and third training days where the average pathlength of 

both P50-52 groups was significantly lower than both P18-20 groups (p < 0.01). These results show that the older rats acquired the 

spatial location of the platform more efficiently than their younger cohorts. This suggests that by P18, rats are capable of processing 

some spatial information and retaining that information for at least 24 hours yet have not reached adult-level processing capabilities.
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3.1.3.  Target quadrant  

The percent of time spent within the target quadrant for the P18-20 and the P50-52 

groups is shown in Figure 1C. This figure shows that the older groups tested recently or remotely 

spent more time in the target quadrant than the younger groups (Fig 1C). A one-sample t-test 

revealed that the time spent in the target quadrant for the P18-20:recent (t(6) = 1.110, p = 0.310), 

P18-20:remote (t(8) = 0.170, p = 0.869) groups were not significantly greater than chance. The 

time spent in the target quadrant for the P50-52:recent (t(8) = 2.656, p < 0.05) and the P50-

52:remote (t(6) = 2.746, p < 0.05) groups was significantly greater than chance. A fixed factor 

ANOVA revealed a main effect of age group (F(1, 28) = 5.937, p < 0.05), but no main effect of 

testing interval (F(1, 28) = 0.007, p = 0.935), or age by testing interval interaction (F(1, 28) = 1.170, 

p = 0.289). Tukey’s post-hoc tests on the main effect of age revealed significantly longer time 

spent in the target quadrant for the P50-52 group than the P18-20 group (p < 0.05).
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Figure 1C. Percent time spent in the quadrant associated with the former platform location during the probe test for P18-20:recent, 

P18-P20:remote, P50-52:recent and P50-52:remote groups. (!) indicates significant difference from chance and from the P18-20 group 

(p < 0.05).  
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3.1.4.  Target counter  

Figure 1D shows that both adult groups spent more time in the target counter relative to 

the juvenile groups, with the P18-20:remote group showing the least amount of time in the target 

counter. A one-sample t-test revealed that the P18-20:recent (t(6) = -2.625; p < 0.05) and the P18-

20:remote (t(8) = -5.390; p < 0.01) groups performed significantly less than chance, while the 

P50-52:recent (t(8) = 3.011, p < 0.05) and P50-52:remote group (t(6) = 2.524, p < 0.05) performed 

significantly greater than chance. A fixed factor ANOVA revealed a main effect of age group 

(F(1, 28) = 27.990, p < 0.001), but no main effect of testing interval (F(1, 28) = 0.041, p = 0.841), or 

age by testing interval interaction (F(1, 28) = 2.881, p = 0.101). Tukey’s post-hoc tests on the main 

effect of age revealed significantly longer time spent in the target counter for the P50-52 group 

than the P18-20 group (p < 0.001).
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Figure 1D. Percent time spent in the counter associated with the former platform location during the probe test for P18-20:recent, 

P18-20:remote, P50-52:recent and P50-52:remote groups. (#) indicates significant difference from chance (p < 0.05). (##) indicates 

significant difference from chance (p < 0.01). (***) indicates significant difference from the P18-20 group (p < 0.001). Despite 

showing signs of learning the task, rats trained from P18-20 and tested 3 weeks later were unable to retain the acquired information.  
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3.1.5. Immunohistochemistry  
 

Mean c-Fos labeled cell density for the CA1 region of the hippocampus for the four 

groups is shown in Figure 1E. A fixed factor ANOVA revealed no main effect of age group (F(1, 

19) = 3.337, p = 0.083), or age group by testing interval interaction (F(1, 19) = 3.264, p = 0.087), 

but there was a main effect of testing interval (F(1, 19) = 38.257, p < 0.001).  

Mean c-Fos labeled cell density in the ACC for the four groups is shown in Figure 1F. A 

fixed factor ANOVA revealed a main effect of age group (F(1, 16) = 308.706, p < 0.001), and 

testing interval (F(1, 16) = 30.681, p < 0.001), as well as a significant age group by testing interval 

interaction (F(1, 16) = 274.730, p < 0.001). A Tukey post-hoc test revealed that the P18-20:recent 

group had significantly more activation in the ACC compared to the P18-20:remote (p < 0.001) 

group. The analysis also revealed significantly more activity in the ACC for the P50-52:recent 

group compared to the P18-20:remote (p < 0.001) group. Finally, the analysis revealed 

significantly more activity in the ACC for the P50-52:remote group compared to all other groups  

(p < 0.001).
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Figure 1E-F. (E) Quantification and (F) representative images of c-Fos staining in the CA1 region of the hippocampus.
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Figure 1G-H. (G) Quantification and (H) representative images of c-Fos staining in the ACC for the P18-20:recent, P18-20:remote, 

P50-52:recent and P50-52:remote groups. (!!!) indicates significant differences between the P18-20:recent and the P18-20:remote 

groups (p < 0.001). (+++) indicates significant differences between the P50-52:recent and the P18-20:remote group. (^^^) indicates 

significant differences between the P50-52:remote and all other groups (p < 0.001). The performance during the probe test parallels 

the level of activity observed in each brain region.
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3.2. Massed vs. spaced training 
 

Rats were sorted into 2 different training groups (massed-trained or spaced-trained) and 

underwent water maze training from P18-20, followed by a single-trial probe test either 24 hours 

or 3 weeks following their last training day. The massed-trained group underwent trials 1-8 in 

successive order, while the spaced-trained group received an intertrial interval from trials 1-8. 

This was done to identify whether spaced training would facilitate the stabilization of juvenile-

acquired memories at the remote time point. 

 

3.2.1. Average latency  

Average latency data for the massed-trained and spaced-trained groups are shown in 

Figure 2A. These data revealed that latencies across all groups decreased over the three training 

days but there was no benefit of spaced training (Fig 2A). A fixed-factor ANOVA revealed main 

effects of day (F(2, 68) = 134.921, p < 0.001), but no main effect of training group (F(1, 34) = 1.694, 

p = 0.202) or testing interval (F(1, 34) = 0.003, p = 0.958) and no interactions. 
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Figure 2A. Latency to reach the hidden platform averaged across three training days for massed:recent, massed:remote, spaced:recent, 

and spaced:remote groups. (***) indicates main effect of training day (p < 0.001). These results suggest that, while performance on 

the water maze improved with each passing training day, spaced trials do not increase the efficiency of spatial memory acquisition.
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3.2.2.  Average pathlength  

Average pathlength data for massed-trained and spaced-trained groups are shown in 

Figure 2B. These data revealed no observable differences in pathlength between spaced and 

massed trials (Fig 2B). A multivariate fixed factor ANOVA revealed main effects of day (F(2, 68) 

= 61.967, p < 0.001), but no main effect of training group (F(1, 34) = 1.479, p = 0.232) or testing 

interval (F(1, 34) = 0.093, p = 0.762). There was a significant day by training group interaction 

(F(2, 68) = 6.421, p < 0.01), but no other interactions. Tukey’s post-hoc on the day by training 

group interaction revealed shorter pathlengths in the massed-trained relative to the spaced-

trained group on the first training day (p < 0.05), and significantly lower pathlengths in the 

spaced-trained relative to the massed-trained groups on the third training day (p < 0.05).
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Figure 2B. Pathlength to reach the hidden platform averaged across three training days for massed:recent, massed:remote, 

spaced:recent, and spaced:remote groups. (***) indicates main effect of training day (p < 0.001). (!) indicates significantly lower 

pathlength in the massed-trained group. (^) indicates significantly lower pathlength in the spaced-trained group. These results suggest 

that, while performance on the water maze improved over time, increasing the inter-trial interval during training did not increase 

spatial acquisition rates.  
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3.2.3.  Target quadrant  

The percent time spent in the target quadrant for the massed- and spaced-trained groups is 

shown in Figure 2C. A one-sample t-test revealed that the percent time spent in the target 

quadrant for the massed:recent (t(9) = -0.669, p = 0.521), massed:remote (t(9) = -2.015, p = 0.075), 

spaced:recent (t(8) = 0.387, p = 0.709), and the spaced:remote (t(8) = 0.116, p = 0.910) was not 

greater than chance. A fixed factor ANOVA revealed no main effect of training group (F(1, 34) = 

1.644, p = 0.208), testing interval (F(1, 34) = 0.305, p = 0.584), or training group by testing 

interval interaction (F(1, 34) = 0.064, p = 0.801).
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Figure 2C. Percent time spent in the quadrant associated with the former platform location during the probe test for massed:recent, 

massed:remote, spaced:recent, and spaced:remote groups. 
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3.2.4. Target counter  

The percent time spent in the target counter for the massed- and spaced-trained groups is 

shown in Figure 2D. A one-sample t-test revealed that the massed:recent (t(9) = -0.590, p = 

0.570), spaced:recent (t(8) = 1.315, p = 0.225), and the spaced:remote (t(8) = 0.236, p = 0.819) 

spent no significant difference from chance time in the target quadrant, while the massed:remote 

group spent significantly less than chance time in the target counter (t(9) = -4.346, p < 0.01). A 

two-way ANOVA revealed no main effect of training group (F(1, 34) = 3.813, p = 0.059), testing 

interval (F(1, 34) = 1.274, p = 0.267), or training group by testing interval interaction (F(1, 34) = 

0.003, p = 0.956). 
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Figure 2D. Percent time spent in the counter associated with the former platform location during the probe test for massed:recent, 

massed:remote, spaced:recent, and spaced:remote groups. (**) indicates significant difference from chance (p < 0.05). 
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3.2.5.  Immunohistochemistry  
 

Mean c-Fos labelled cell density for the CA1 region of the hippocampus for the massed- 

and spaced-trained groups is shown in Figure 2E. A fixed factor ANOVA revealed a main effect 

of training group (F(1, 10) = 6.582, p < 0.05) and testing interval (F(1, 10) = 7.228, p < 0.05), but no 

significant training group by interval interaction (F(1, 10) = 0.623, p = 0.448). 

Mean cell density for the ACC of massed- and spaced-trained groups is shown in Figure 

2F. A fixed factor ANOVA revealed no main effect of training group (F(1, 11) = 4.505, p = 0.057), 

but a main effect of testing interval (F(1, 11) = 14.979, p < 0.01) and a significant training group 

by interval interaction (F(1, 11) = 11.969, p < 0.01). Tukey’s post hoc revealed significantly more 

staining in the spaced:remote group compared to all other groups (p < 0.01). 
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Figure 2E-F. (E) Quantification and (F) representative images of c-Fos staining in the CA1 region of the hippocampus for the 

massed:recent, massed:remote, spaced:recent, and spaced:remote groups. (**) indicates significant differences between the 

spaced:remote group and all other groups (p < 0.01). These data, combined with the probe test data, suggest that spaced training may 

have stabilized the memory trace into remote stores more effectively than massed training, as evidenced by the increased ACC 

labeling during remote testing.
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Figure 2G-H. (G) Quantification and (H) representative images of c-Fos staining in the ACC for the massed:recent, massed:remote, 

spaced:recent, and spaced:remote groups. (**) indicates significant differences between the spaced:remote group and all other groups 

(p < 0.01). 
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3.3. P20-22:remote vs. P22-24:remote vs. P24-26:remote 
 

Rats were sorted into 3 different juvenile age groups (P20-22:remote; P22-24:remote; 

P24-26:remote) and underwent water maze training, followed by a single-trial probe test 3 weeks 

following their last training day. This was done to determine at what point in juvenile 

development the ability to stabilize juvenile-acquired memories persists to remote storage similar 

to adults. 

 

3.3.1.  Average latency  

Average latency data for the P20-22:remote, P22-24:remote and P24-26:remote groups 

are shown in Figure 3A. These data show that latencies across all groups decreased over the 

three training days but that latencies on Day 3 for the P20-22:remote group were elevated (Fig 

3A). A fixed-factor ANOVA revealed main effects of day (F(2, 44) = 84.962, p < 0.001), but no 

main effect of age group (F(2, 22) = 2.540, p = 0.102). The analysis also revealed a significant day 

by age group interaction (F(4, 44) = 3.845, p < 0.01). Tukey’s post-hoc test revealed significant 

differences on the third training day where the average latency of both the P22-24:remote and the 

P24-26:remote groups were significantly lower than the P20-22:remote group (p < 0.001).  
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Figure 3A. Latency to reach the hidden platform averaged across eight trials of daily training for the P20-22:remote, P22-24:remote, 

and P24-26:remote groups. (***) indicates main effect of training day (p < 0.001). (###) indicates significant difference on the third 

training day, where the latency of the P22-24:remote and P24-26:remote groups were significantly lower than that of the P20-

22:remote group (p < 0.001). While each age group appeared to acquire spatial information over each training day, it appeared as 

though the P22-24:remote and P24-26:remote groups were more developed in terms of their spatial processing capabilities, as 

evidenced by the asymptotic performance by the third training day.
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3.3.2.  Average pathlength  

Average pathlength data for the P20-22:remote, P22-24:remote and P24-26:remote 

groups are shown in Figure 3B. These data reflect what was observed with the latencies (Fig 3A 

and 3B). A fixed factor ANOVA revealed a main effect of day (F(2, 44) = 80.102, p < 0.001) but 

no main effect of age group (F(2, 22) = 1.958, p = 0.165). A significant day by age group 

interaction (F(4, 44) = 6.147, p < 0.01) was observed. Tukey’s post-hoc tests revealed significant 

differences on the first training day, where the average pathlength of both the P22-24:remote and 

P24-26:remote groups was significantly higher than the P20-22:remote group (p < 0.05), and on 

the third training day where the average pathlength of both the P22-24:remote and P24-

26:remote groups was significantly lower than the P20-22:remote group (p < 0.01).  
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Figure 3B. Pathlength to reach the hidden platform averaged across eight trials of daily training for the P20-22:remote, P22-

24:remote, and P24-26:remote groups. (***) indicates main effect of training day (p < 0.001). (#) indicates significant difference on 

the first training day, where the pathlength of the P22-24:remote and P24-26:remote groups were significantly higher than that of the 

P20-22:remote group (p < 0.05). (!!!) indicates significant difference on the third training day, where the pathlength of the P22-

24:remote and P24-26:remote groups were significantly higher than that of the P20-22:remote group (p < 0.05). While groups at each 

age acquired spatial information, the P22-24:remote and P24-26:remote groups were better than the P20-22:remote group as 

evidenced by the asymptotic performance by the third training day. This suggests that at some point between P22 and P26, rats have 

attained adult-like spatial processing capabilities.
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3.3.3. Target quadrant  

The percent of time spent in the target quadrant for the P20-22:remote, P22-24:remote, 

and P24-26:remote groups is shown in Figure 3C. The performance of all groups was equivalent 

to chance (Fig 3C) as confirmed by one-sample t-tests that revealed no significant difference 

between the time spent in the target quadrant and chance for the P20-22:remote (t(7) = -0.049, p = 

0.963), the P22-24:remote (t(7) = -0.286, p = 0.783), or the P24-26:remote (t(8) = -1.314, p = 

0.225) groups. A one-way ANOVA also revealed no significant difference in time spent in the 

target quadrant between the age groups (F(2, 22) = 0.275, p = 0.762). 
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Figure 3C. Percent time spent in the quadrant associated with the former platform location during the probe test for the P20-

22:remote, P22-24:remote, and P24-26:remote groups. While the training provided evidence that each age group acquired spatial 

information, their remote probe test performance indicates that the acquired information was not transferred into remote stores. As 

such, it is evident that the ability to consolidate memory traces into remote stores has not fully reached adult-like levels until after P26.
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3.3.4. Target counter  

The percent of time spent within the target counter for the P20-22:remote, P22-

24:remote, and P24-26:remote groups is shown in Figure 3D. A one-sample t-test revealed that 

the P20-22 (t(7) = -2.408, p < 0.05) group spent significantly less than chance time in the target 

counter. There was no significant difference between the time spent in the target counter and 

chance for the P22-24:remote group (t(7) = -0.361, p = 0.729) or the P24-26:remote group (t(8) = -

0.416, p = 0.688). A one-way ANOVA revealed no main effect of age group (F(2, 22) = 0.189, p = 

0.829). 
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Figure 3D. Percent time spent in the counter associated with the former platform location during the probe test for the P20-22:remote, 

P22-24:remote, and P24-26:remote groups. (*) indicates significant difference in time spent in the target counter between the P20-

22:remote and P24-26:remote groups (p < 0.05). The P24-26:remote group outperformed the two other groups, suggesting that some 

of the information was processed into remote stores. As such, it is evident that while the ability to consolidate memory traces into 

remote memory has not fully reached adult-like levels by P26, it likely develops shortly after. 
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3.3.5. Immunohistochemistry  
 

Mean c-Fos-labeled cell density for the CA1 region of the hippocampus is shown in 

Figure 3E. A one-way ANOVA revealed no significant difference in CA1 activity between the 

three conditions (F(2, 9) = 1.908, p = 0.218). 

Mean c-Fos-labeled cell density for the ACC is shown in Figure 3F. A one-way ANOVA 

revealed no significant difference in ACC activity between the three conditions (F(2, 13) = 1.966, p 

= 0.186). 
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Figure 3E-F. (E) Quantification and (F) representative images of c-Fos staining in the CA1 region of the hippocampus for the P20-

22:remote, P22-24:remote, and P24-26:remote groups. 
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Figure 3G-H. (G) Quantification and (H) representative images of c-Fos staining in the ACC for the P20-22:remote, P22-24:remote, 

and P24-26:remote groups. Combined with their probe test performance, these results suggest that the ability to store remote memories 

is not apparent by P26. Variations in activity between the hippocampus and ACC throughout the three age groups shows a trend of 

increased ACC activation and concurrent decrease in hippocampal activation during the remote test. 
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4. Discussion  

One main purpose of this study was to investigate whether juvenile spatial memories 

acquired during a period of hippocampal development persisted beyond 24 hours and stabilized 

as a remote memory. A second purpose was to examine the neural activity profiles, using c-Fos, 

in the hippocampus and ACC to determine whether remote spatial memories are processed 

similarly in juveniles and adults. 

Water maze training results revealed that the juvenile- (P18, P20, P22 and P24) and adult 

(P50)-trained groups showed evidence of learning the water maze task, as indicated by a 

decrease in both latency and pathlength across days. The P22 and P24 groups showed similar 

acquisition profiles as the P50 group suggesting adult-like spatial learning behavior. The P18 

group showed significantly worse learning than the P50 group and spaced training trials did not 

improve their spatial learning ability. The P20 group showed close to adult-like spatial 

acquisition but deficits were noted on the third training day. These results indicate a 

developmentally linked improvement in spatial learning that reaches adult-like levels around P20 

to P22. 

For rats, P15 to P24 is reportedly a period during which the hippocampus undergoes 

extensive remodeling, denoted by an increase in neurogenesis and morphological alterations that 

coincide with the emergence of spatial processing (Altman and Das, 1965; Bayer, 1980; Holahan 

et al., 2006; Curlik et al., 2014; Holahan et al., 2019). Thus, the emergence of spatial processing 

may reflect a dependency on hippocampal maturation and the changes in neuronal numbers, 

dendritic arborization, and synaptic plasticity (Altman and Bayer, 1975; Harris and Teyler, 1984; 

Rahimi and Claiborne, 2007; Akers et al., 2012). Results reported in this investigation 
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corroborate the notion that a fully mature hippocampus contributes to the strengthening and 

initial processing of spatial information.  

During the probe tests, the P50 group showed intact recent (24 hours) and remote (3 

week) spatial memory as evidenced by above chance time spent in the target quadrant and 

platform location. Neither the massed- nor spaced-trained P18 groups did not show a reliable 

recent or remote spatial memory for the target quadrant or platform location. Likewise, the P20, 

P24 and P26 groups did not show evidence of a remote spatial memory for the target quadrant 

nor platform location. Despite evidence suggesting that they had acquired the spatial information 

necessary to complete the task, given their daily improvements in performance during training, 

the probe test revealed that the information was poorly retained when tested at a remote 

timepoint. These results suggest that remote spatial memory abilities emerge after P26, and that 

spaced-training did not facilitate the formation of remote memories. 

Taking all these results together, we can surmise a general developmental emergence of 

spatial memory processing whereby from about P20 to P22, rats are able to process and utilize 

spatial information in the short term (Holahan et al., 2019). However, the ability to recall this 

information at remote time points (3 weeks) likely emerges after P26. Other studies investigating 

remote memory processing capabilities using the retention and extinction of contextual fear 

memories support this developmental trajectory. Campbell and Campbell (1962) performed a 

developmental study in rats on the retention and extinction of learned fear as a function of age. 

They conditioned five different age groups of rats (P18, 23, 38, 54, and 100 days) then tested 

their avoidance either 0 (immediately following conditioning), 7, 21, or 42 days after 

conditioning. When all of the age groups were tested at the shorter interval, they moved from the 

“shock” side to the “safe” side of the cage within the first 6 minutes of the test and stayed there 
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for the remainder of the test indicating an intact memory. Increasing the testing interval to 7 days 

resulted in only a moderate avoidance of the fear side in the P18 and P23 groups compared to the 

P38 and older groups. Increasing the test interval to 42 days resulted in an absence of memory 

for the shock side in the P18 and P23 groups, while the older groups showed an intact memory 

that was similar to that displayed at the immediate test time (Campbell and Campbell, 1962). In 

another study, rats trained at P15 showed little to no freezing at delays longer than 1 day, while 

rats trained at P30 and P60 showed high levels of freezing at delays of 28 days (Akers et al., 

2012). Guskjolen et al. (2017) reported similar findings after assessing spatial retention in mice 

that ranged in age from 15 to 150 days-old at the beginning of water maze training. While all age 

groups exhibited intact spatial memories when tested one day after training, only the mice that 

were trained at 20 days or older were capable of retaining the acquired memory when tested one 

month later.  

 Systems consolidation hypotheses posit that the initial acquisition and retention of a 

recently-acquired memory is largely dependent on the hippocampus (Frankland and Bontempi, 

2005). As time passes, the memory is  transferred to cortical regions via hippocampal “teaching”, 

i.e. integrating the information from hippocampus to the cortex and the cortico-cortical 

connections are strengthened through recall, eventually leading the memory to become 

hippocampus-independent (Squire and Alvarez, 1995; Nadel and Moscovitch, 1997; Dudai, 

2004). As such, during remote memory tests, the ACC has been a region of interest showing 

elevated levels of activity (Weible et al., 2012; Einarsson et al., 2015; Pezze et al., 2017). 

Relating our behavioral data during the probe test with the c-Fos staining revealed that in the P50 

group, the hippocampal-cortical connections had been established allowing for spatial 

information to be consolidated into and recalled from the remote stores within the ACC, 
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resulting in increased ACC activity and improved performance when tested remotely. The P18 

group showed a lack of remote memory recall that coincided with a lack of ACC activation. This 

suggests that while the P18 group showed spatial learning, there was a lack of remote memory 

formation indicating the possibility that the ACC had not fully developed at this developmental 

time period. 

 With this in mind, we sought to determine if changing the training method would 

facilitate remote memory storage during this period of hippocampal development. Whether the 

rats were massed-trained or spaced-trained did not impact the acquisition of the spatial 

information. These results parallel some findings in the literature (Spreng et al. (2002) and 

Kraemer and Randall, (1995)), but not all. Some reports have shown an advantageous effect of 

spaced-training such that spaced-trained groups show either lower latencies or reduced errors 

during training relative to their massed-trained counterparts (Commins et al., 2003; Bello-

Medina et al., 2013; Wingard et al., 2015). An explanation for the discrepancy between the 

current findings and these reports may lie in the parameters used to define massed and spaced 

training. Massed-training in the other reports involved sequential training within the same day, 

whereas the spaced-training protocol distributed the training trials over multiple days. As 

Wingard et al. (2015) note, this may potentially create a bias towards spaced-training, as it would 

allow for remote consolidation processes during sleep which would not be present in massed-

trained animals. Their design, similar to that of the current study, avoids this potential confound 

by providing an equal amount of training days between the massed- and space-training 

manipulations (Wingard et al., 2015).  

The spaced-trained P18 group performed at chance on both testing indices, similarly to 

their massed-trained counterparts, when tested both recently and remotely, even though rats at 
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this age are reportedly capable of maintaining a viable memory for 24 hours (Campbell and 

Campbell, 1962; Rudy et al., 1987; Akers et al., 2012). These results conflict with the 

advantageous effects of spaced-training that have been reported (Kraemer and Randall, 1995; 

Spreng et al., 2002; Commins et al., 2003; Bello-Medina et al., 2013; Wingard et al., 2015). One 

likely possibility for this discrepancy may be that the intertrial interval given to the spaced-

trained group was not long enough to merit any beneficial effect from this type of training. 

Furthermore, the state of hippocampal development at this time may be such that it requires a 

longer interval than that which was provided in order to facilitate the processing of spatial 

information, along with ensuring the retention of that information. Although the spaced-trained 

group did not outperform the massed-trained group, their performance was still marginally 

better, suggesting that spaced-training could provide some benefit to memory processing during 

this time of hippocampal remodeling, i.e. facilitating the emergence of adult-like memory 

processing, but that the intertrial interval necessary to facilitate such processes needs to be longer 

than the one provided in order to do so. 

 We also wanted to identify a time frame when juvenile-like remote retrieval more closely 

matched the adult-like remote processing. To accomplish this, rats were trained on the water 

maze during three developmental timepoints (P20-22; P22-24; P24-26). All groups were tested 3 

weeks (remote test) following their last training day. Results revealed that by Day 3, the P22 and 

P24 groups showed adult-like spatial processing. The P20-22 group showed slightly higher 

latencies and longer pathlengths on Day 3 compared to the P22 and P24 groups. This suggests 

that sometime between P22 and P26, the efficiency to acquire spatial information increases such 

that it resembles that seen in adults.  
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While performance on spatial tasks improves incrementally during the P18 – P24 

postnatal period of hippocampal remodeling, a more drastic improvement can be seen after P22, 

well into the remodeling process (around P24 and P26) (Rudy et al., 1987; Keeley et al., 2010; 

Wartman et al., 2012). Thus, it is possible that the progression of hippocampal connectivity and 

functionality observed by P24 may mediate the transition from juvenile- to adult-like spatial 

memory acquisition (Holahan et al., 2006; Comba et al., 2015).  

The time spent in the target quadrant for the P20, P22 and P24 groups remained at chance 

at the remote test suggesting their performance was not adult-like. The time spent in the region 

associated with the platform (counter) was also below chance for the P20 and P22 groups though 

showed an increase in the P24 group. However, their performance still did not reach adultlike 

levels suggesting the remote memory retrieval capacity had not yet fully developed in these 

groups. 

Compared to the P50 group, the c-Fos staining patterns for the P20, P24 and P26 groups 

during the remote memory test revealed fewer c-Fos positive cells in the CA1 region and a 

higher number of c-Fos positive cells in the ACC. It is not exactly clear why this pattern 

emerged, but it may be the case that the P20-P26 period reflects a sensitive period for the ACC 

to develop. From approximately P24 to P30, there is a reduction in the colocalization of 

astrocytes with dendritic markers in the infralimbic (medial prefrontal) cortex (Testen et al., 

2019). Markers of pre- and post-synaptic maturation show prolonged development in the 

prefrontal cortical areas (including the ACC) that reach adult like levels around P36 for the pre-

synaptic index (starting around P29) and P30 for the post-synaptic index (starting around P22; 

Pinto et al. (2013)). Levels of immediate early genes, c-Fos, zif268 and Arc are elevated in P17 

and P24 rats compared to adults (P80; Jia et al. (2018)). An RNA-sequencing (RNA-seq) study 
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of the rat medial prefrontal cortex (mPFC) at five developmental time points revealed a change 

in gene expression patterns from regulation of network formation to maintenance around 

P21(Kroeze et al., 2018). The authors suggest that this change in gene expression patterns may 

contribute to the formation of a mature PFC that underlies the performance of cognitive and 

emotional tasks less susceptible to the environmental factors during development (Kroeze et al., 

2018). These studies suggest that the timepoints we used in the present study (P20, P22 and P24 

for training and P43, P45, P47 for testing) represent a time period when significant changes 

occur in the development of frontal-cortical circuits including the ACC (Drzewiecki et al., 2016). 

Therefore, the higher activity levels as indicated by c-Fos labeling seen in the present work may 

be indicative of a continually developing ACC that overshadows any labeling that may be 

specific to the remote memory task. The P50 group showed fewer c-Fos-positive cells than these 

groups but in the case of the P50 group, elevated labeling was specific to the remote memory 

test. Interestingly, spaced-training, while associated with intact recent and remote memory, 

resulted in elevated c-Fos positive cells that was also specific to the remote memory test. This 

suggests that possibility that spaced-training may facilitate the developmental switch in the ACC 

from regulation to maintenance. These hypotheses will require further testing to validate. 
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5. Conclusion 

 The current work investigated whether juvenile spatial memories acquired during a 

period of hippocampal synaptic modification persist beyond 24 hours and stabilized into the 

post-adolescent period as a remote memory. By P18, the state of hippocampal development 

appears to underline the initial emergence of spatial information processing with rapid 

improvements until P24 when spatial information processing matches that of adults. During this 

same timeframe, the ability to store that spatial information into a remote memory is not 

apparent, likely due to underdeveloped hippocampal-cortical (ACC) connections and a reduced 

processing capacity of cortical networks. This ability begins to emerge after P26 when the 

hippocampus is developed and hippocampal-cortical connections are formed, allowing for the 

persistence of a memory trace into the remote time frame. The spaced-training provided could 

not remedy the remote processing impairment observed during the early stages of hippocampal 

development. This effect is likely due to the necessity of a longer intertrial interval than the one 

provided at this stage of hippocampal development in order to facilitate the emergence of adult-

like memory processing earlier in development. 
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Abstract 

Understanding the emergence of cognitive functions like spatial learning requires insight 

about the development of cellular underpinnings that mediate the transition from juvenile-like to 

adult-like spatial processing capabilities. In adults, the hippocampus and anterior cingulate 

cortex (ACC) interact for the remote storage of memories. The emergence of this function during 

development has not been established. A link between changes in the duration of α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAr)-mediated synaptic responses in 

the hippocampus and the emergence of spatial navigation has been shown. AMPAr are made up 

of 4 subunits, of which GluR1 and GluR2 have been shown to play the most prominent role in 

cognitive processes. In this study, we sought to determine whether levels of these two subunits 

changed during the course of late pre-adolescent development in the hippocampus and ACC. To 

investigate the developmental changes in AMPAr subunits, Western blotting and 

immunohistochemistry were performed on the ACC and hippocampus during development (P18-

30) and compared to adult rats (P50) to determine the quantitative difference in GluR1 and 

GluR2 levels. Within the hippocampus, protein levels of GluR1 and GluR2 peaked around P26-

30 whereby localized staining in the dentate gyrus reflected this pattern. GluR1 and GluR2 levels 

within the ACC showed little variation during this developmental period. These results indicate 

that while changes in AMPAr subunits may contribute to the emergence of spatial processing 

capabilities that underlie the shift from juvenile- to adult-like capabilities, they might not mediate 

functional coupling between the hippocampus and ACC for remote memory storage. 
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1. Introduction 

Hebbian theory postulates that coincident presynaptic and postsynaptic excitation leads to 

an increase in synaptic efficacy which results in synaptic plasticity leading to the encoding and 

storage or information within neurons (Fox and Stryker, 2017). Long-term potentiation (LTP) 

refers to a long-lasting strengthening of the relationship between pre- and post-synaptic elements 

following repeated stimulation that is thought to be related to learning and remote memory (Bliss 

and Gardner‐Medwin, 1973; Bliss and Lomo, 1973; Malinow, 2003). LTP is maintained by 

persistent modifications of the glutamatergic receptors, α-amino-3-hydroxy-5-methyl-4-

isoxazoleproprionate (AMPA), including an increase in their binding affinity, number of binding 

sites, or a change in their ion channel kinetics (Maren et al., 1993). Perforant-path LTP induction 

results in an increase in hippocampal AMPAr binding sites suggesting that AMPAr binding 

properties may regulate LTP-induced enhanced synaptic transmission observed at hippocampal 

synapses (Maren et al., 1993). 

 AMPAr are concentrated at synapses where they mediate fast excitatory post-synaptic 

currents. They are composed of a combination of four subunits, GluR1-4, with each combination 

of subunits dictating the distinct functional properties of the receptor (Hollmann and Heinemann, 

1994; Schoepfer et al., 1994; Dingledine et al., 1999; Murphy et al., 2012; Henley and 

Wilkinson, 2016). The majority (~80%) of synaptic AMPAr in CA1 hippocampal neurons are 

composed of GluR1 and GluR2 heteromers, while subunits containing GluR3 occur at much 

lower rate (~10%). GluR4 is developmentally regulated, with expression peaking during early 

postnatal development and decreasing thereafter, such that glutamatergic synapses in principal 

neurons in adult brains sparsely express the GluR4 subunit (Henley and Wilkinson, 2016). In 

fact, GluR4-containing AMPAr delivered into synapses following spontaneous neural activity 
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are reportedly exchanged with non-synaptic GluR2-containing AMPAr (Zhu et al., 2000). The 

remaining GluR4-containing AMPAr play a role in mediating transmission in interneurons, 

especially parvalbumin-containing inhibitory interneurons (Henley and Wilkinson, 2016). 

 The GluR1 subunit has been extensively studied for its role in spatial memory processing. 

Several phosphorylation sites, particularly serine 831 (S831) and serine 845 (S845), have been 

shown to be crucial for LTP and activity-dependent GluR1 trafficking (Barria et al., 1997; Lee et 

al., 2000, 2010; Esteban et al., 2003). Genetically modifying these phosphorylation sites results 

in reduced LTP and impaired hippocampus-dependent spatial working memory (Lee et al., 2003; 

Sanderson et al., 2008). GluR2 confers many of the major biophysical properties of the receptor, 

including receptor kinetics, single-channel conductance, Ca+2 permeability, and receptor 

assembly and trafficking (Isaac et al., 2007). The majority of GluR2 mRNA exists in an edited 

form, changing the glutamine to arginine at position 607 and rendering any heteromeric GluR2-

containing AMPAr Ca+2-impermeable (Tanaka et al., 2000; Henley and Wilkinson, 2016). 

AMPAr present in mature neurons that lack GluR2 or contain the unedited GluR2 form are Ca+2-

permeable and are essential to synaptic plasticity underlying learning and memory processes 

(Wright and Vissel, 2012; Henley and Wilkinson, 2016). GluR2 has been shown to be involved 

in homeostatic synaptic scaling. This form of plasticity functions to scale synaptic transmission 

through a negative feedback mechanism. It resets the neuronal firing rate and has been suggested 

to counteract LTP to maintain network stability and prevent runaway excitation. In essence, it 

provides necessary negative feedback signaling while preserving the encoded information within 

the individual synapses (Turrigiano et al., 1998; Gainey et al., 2009; Siddoway et al., 2014). 

 GluR1 and GluR2 expression vary considerably throughout development. GluR2 

expression is low relative to GluR1 expression around postnatal (P) days 3-5, consistent with 
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prior reports that attribute GluR2-lacking AMPAr to neonatal synaptic function (Pickard et al., 

2000; Henley and Wilkinson, 2016). Expression of GluR1 continues to increase between P5 and 

P21, after which there is a shift whereby GluR1 expression levels decline and GluR3 levels 

increase (Pellegrini-Giampietro et al., 1992b; Pickard et al., 2000; Henley and Wilkinson, 2016). 

This results in a reduction in the threshold for postsynaptic LTP induction and concurrent 

increase in the presynaptic LTP induction threshold (Dumas, 2012; Blair et al., 2013). By P14, 

almost all AMPAr synapses express GluR2, suggesting a developmental “switch” from Ca+2-

permeable to -impermeable AMPAr during early development (Pellegrini-Giampietro et al., 

1992b; Pickard et al., 2000; Henley and Wilkinson, 2016). 

 The developmental time course for GluR1 and GluR2 expression coincides with a phase 

of hippocampal remodeling and morphological modifications that occur during the late 

preadolescent period. Neurogenesis within the dentate gyrus reportedly peaks in density between 

P15 and P18 (Altman and Das, 1965; Bayer, 1980; Zhao et al., 2006; Curlik et al., 2014). Mossy 

fibres, which form connections between granule cells in the dentate gyrus and CA3 pyramidal 

cells extend from the stratum lucidum to the stratum oriens of the CA3 from P18 to P24 where 

they remain stable into adulthood (Amaral and Dent, 1981; Gaarskjaer, 1985, 1986; Holahan et 

al., 2006, 2007). This phase of hippocampal modification is hypothesized to underlie a “switch” 

from juvenile- to adult-like spatial memory processing (Holahan et al., 2019). What has not been 

investigated is the variation in GluR1 and GluR2 levels during this time of connectivity changes 

within the hippocampus.  

The initial processing of spatial memories is reliant on hippocampal activity, but there 

remains some ambiguity concerning its contribution to the remote storage of those memories 

(Morris et al., 1982, 1986; Riedel et al., 1999; Broadbent et al., 2004). One hypothesis suggests a 
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gradual strengthening of cortical connections and concurrent disengagement of the hippocampus 

for the remote storage of information (Wiltgen et al., 2004; Frankland and Bontempi, 2005, 

2006). According to this view, the involvement of the hippocampus is limited to the initial 

information processing, after which point the memory trace is represented by strengthened intra-

cortical connections (Bontempi et al., 1999; Frankland et al., 2004; Maviel et al., 2004; Teixeira 

et al., 2006; Lopez et al., 2012). Reports have pointed to the possibility that remote memory 

stores are found within the anterior cingulate cortex (ACC), given the increased metabolic 

activity and structural changes within this region following remote memory testing (Bontempi et 

al., 1999; Teixeira et al., 2006; Weible et al., 2012; Wartman and Holahan, 2013, 2014; Wartman 

et al., 2014).  

The ACC is thought to undergo a series of remodeling and structural modifications that 

occur slightly later in development than the hippocampus. The colocalization of astrocytes with 

dendritic markers are reduced between P24 to P30, while markers of pre- and post-synaptic 

maturation show prolonged development that reach adult like levels around P36 for the pre-

synaptic index (starting around P29) and P30 for the post-synaptic index (starting around P22; 

Pinto et al., 2013; Testen et al., 2019). Given the contribution of GluR1 and GluR2 to memory 

processing and LTP, it is possible that the late synaptic remodeling of the ACC is reflected in 

levels of GluR1 and GluR2 expression. The coincident changes in GluR1 and GluR2 in the 

hippocampus and ACC may provide the necessary substrates for the transfer of recent to remote 

memory storage functions. 

In the current investigation, Western blotting was performed on the hippocampal 

formation and ACC region to evaluate the variation in expression levels of GluR1 and GluR2 

AMPAr subunits within the hippocampus and ACC from P18 - 30 and compare them to adult 
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(P50) levels. Immunohistochemical analyses were also performed on the hippocampus to 

localize GluR1 and GluR2 levels during development. 

 

2. Materials and methods 

2.1. Subjects 

Male Long-Evans rats (LERs) were used throughout the experiment. Rats were born in 

the temperature and humidity-regulated animal facility at Carleton University. The day the pups 

were born was marked as P0. Pups were weaned on P18. Newly weaned rats were provided with 

solid food pellets soaked with some water and placed in a ceramic dish in the cage, along with a 

dish containing fortified water gel. Unsoaked food pellets were also placed in the cage. For all 

experiments, rats were group-housed in polycarbonite cages with a 12-hour light-dark cycle: 

lights on 8h00, lights off 20h00 with food and water provided ad libitum. Animal care was 

conducted in accordance with the Canadian Council on Animal Care (CCAC) guidelines and 

approved by the Carleton University Animal Care Committee.  

 

2.2. Western blotting 

Rats were injected with 3 ml urethane at one of seven ages (P18, P20, P22, P24, P26, 

P30, P50). When they were no longer responsive to a toe pinch, rats were decapitated, and brains 

were removed from the skull and hemisected. Tissue punches were collected from the ACC and 

hippocampus from one hemisphere and used to for Western blotting quantification. The other 

hemisphere was immersion-fixed in 4% paraformaldehyde. Hemispheres were counterbalanced 

for the two analyses. 
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Whole cell lysates from the hippocampus were homogenized in Radio Immuno 

Precipitation Assay (RIPA) buffer [50 mM Tris (pH 8.0), 150 mM sodium chloride, 0.1% 

sodium dodecyl sulphate (SDS), 0.5% sodium deoxycholate and 1% Triton X-100] mixed with 1 

tablet of Complete Mini ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor (Roche 

Diagnostics, Laval, QC, Cat #11 836 170 001) per 10 mL of buffer then sonicated for 10 seconds 

in ice cold water. The lysed cells were centrifuged at 5000 RPM for 10 minutes at 4˚C. The 

supernatant was extracted, and protein concentration was determined using bicinchoninic acid 

(BCA) method (Thermo Scientific). Following protein concentration determination, the 

supernatant was placed in 5x loading buffer (containing 5% glycerol, 5% β-mercaptoethanol, 3% 

SDS and 0.05% bromophenol blue) and the protein was denatured by placement in a 5-minute 

heating block at a temperature of 105˚C. Following this step, samples were stored at -20˚C.   

  Proteins were separated using sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). The SDS-PAGE gel (7.5%) containing the separating buffer (370 

mM Tris-base (pH 8.8), 3.5 mM SDS) and the stacking buffer (124 mM Tris-base (pH 6.8), 3.5 

mM SDS) were placed in running buffer (25 mM Tris-base, 190 mM glycine, 3.5 mM SDS) and 

samples, along with the Precision Plus ProteinTM Standards Dual Color (Bio-Rad, Hercules, 

CA, Cat#161-0374), were loaded into the Arcylamide gel (7.5 %) for molecular weight 

determination at 140 volts. After electrophoresis, proteins were transferred for one hour at 4˚C at 

100 volts in transfer buffer solution (25 mM Tris-base, 192 mM Glycine, 20% methanol) onto a 

polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Cat# 162-0177). Thereafter, membranes 

were dried overnight. The following day, membranes were reactivated using methanol and total 

protein load concentration was determined.  
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After a brief methanol rinse (5 seconds), membranes were incubated in REVERT total 

protein solution for a period of 5 minutes followed by placement into a REVERT wash solution 

(6.7% Glacial Acetic Acid, 30% Methanol, in water) two times 2 minutes each. Membranes were 

quickly rinsed with distilled water and imaged on a LI-COR Odyssey imaging system on the 700 

channel for an exposure period of 2 minutes. Membranes were then rinsed immediately post 

imaging in tris-buffered saline [(TBS) pH 7.5 (2 X 5min.)]  followed by a block with 0.5% fish 

gelatin (Sigma) in TBS for 60 minutes. Membranes were incubated with rabbit anti-GluR1 

(1:1000; EMD Millipore, Cat# AB1504) or rabbit anti-GluR2 (1:4000; EMD Millipore, Cat# 

AB1768-I) overnight in 0.05% fish gelatin in TBS with 0.1% tween. Membranes were washed 

with 15 mL of TBS-T/membrane at room temperature three times five minutes each. Membranes 

were then incubated for one hour in infrared conjugate secondary (AlexaFluor 680 goat anti-

rabbit; Invitrogen, Cat# AB175773) at a concentration of 1:4000 in 0.5% fish gelatin solution 

containing 0.2% tween and 0.01% SDS. Membranes were then washed in TBS-T (1 X 5 

minutes) followed by 2 X 5 minutes washes in TBS and read on a Licor Odyssey system on the 

700-channel for 6 minutes.  

Total protein expression from each sample on each membrane was determined using the 

total protein stain method in order to provide normalization across each specific membrane. To 

determine protein expression, bands at the appropriate molecular weight were determined with 

the Odyssey software. Presented data represents the ratio of target protein signal strength to 

normalized total protein signal strength. 

 

 

 



 148 

2.3. Immunohistochemistry 

The hemisphere not used for Western blot analysis was immersion-fixed in 4% 

paraformaldehyde in 0.1M phosphate-buffered saline (PBS) overnight at 4℃. This solution was 

replaced with 30% sucrose in 0.1M PBS the following day and brains were stored at 4℃	until 

sectioning. Brains were sectioned through the anterior cingulate cortex and the dorsal 

hippocampus at 60µm on a Leica CM1900 cryostat (Weztler, Germany). Sections were stored in 

a 0.1% sodium azide solution in 0.1M phosphate buffer (PB) at 4℃. 

For GluR1 and GluR2 immunohistochemistry, sections were placed in phosphate-

buffered saline with Triton X (PBS-TX) for three, 5-minute washes. They were then incubated in 

0.3% hydrogen peroxide (H2O2) in PBS-TX for 30 minutes, followed by three, five-minute 

washes in PBS-TX. Sections were transferred to 1x animal free blocker (AFB; Vector) in PBS-

TX for 30 minutes at room temperature. Incubation in the primary antibody anti-GluR1 (rabbit; 

1:1000; EMD Millipore, Cat# AB1504) or anti-GluR2 (rabbit; 1:4000; EMD Millipore, Cat# 

AB1768-I) occurred for 24 hours at room temperature. The tissue was washed in PBS-TX for 

three, 10-minute washes followed by a 2-hour incubation in the secondary antibody (anti-rabbit 

biotinylated from Vector Laboratories, 1:500, Cat# BA-9200). Tissue was washed for three, 10-

minute washes in PBS-TX before being placed into an ABC solution (Vector) for one hour. The 

tissue was rinsed in three, 5-minute washes using PBS before being placed into a DAB solution. 

Sections were then mounted on glass slides, dehydrated, and cover slipped. 

 

2.4. Statistical analyses 

For Western blotting and immunohistochemical counts, a one-way ANOVA was run with 

age of the rat as the independent variable and protein signal strength (Western blotting) or cell 
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count (immunohistochemistry) as the dependent variable. Comparisons between each age groups 

were conducted using Tukey test post hoc analysis when a main effect of age was present. Data 

are graphically represented as mean + SEM. 

 

3. Results 

3.1. Western blotting 

3.1.1. GluR1 

Western blot results for the GluR1 subunit in the ACC are shown in Figure 1 for P18 (n = 

3), P20 (n = 6), P22 (n = 5), P24 (n = 5), P26 (n = 5), P30 (n = 5), and P50 (n = 5). These data 

show that GluR1 expression in the ACC remained relatively consistent throughout the 

developmental ages, with a slight decrease at P22 and P24 (Fig 1). A one-way ANOVA revealed 

no significant difference in ACC GluR1 levels across the seven age groups (F(6, 27) = 0.977, p = 

0.482).   

Western blot results for the GluR1 subunit in the HPC are shown in Figure 2 for P18 (n = 

5), P20 (n = 4), P22 (n = 5), P24 (n = 5), P26 (n = 5), P30 (n = 5), and P50 (n = 5). These data 

show that GluR1 levels in the hippocampus sharply increased from P18 to 20, and then gradually 

increased and peaked at P30 and remained stable into adolescence (Fig 2). A one-way ANOVA 

revealed a main effect of age (F(6, 27) = 2.890, p < 0.05). Tukey post-hoc tests revealed that 

hippocampal GluR1 levels at P30 were significantly higher than at P18 (p < 0.05).  
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Figure 1. (A) Western blot analyses and (B) representative bands of GluR1 in the ACC of rats in the P18, 20, 22, 24, 26, 30, and 50 

age groups. The consistent level of expression throughout the early developmental ages in the ACC may indicate that maturation of 

GluR1 occurs either earlier of later in development. Data are presented as mean + SEM. 
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Figure 2. (A) Western blot analyses and (B) representative bands of GluR1in the hippocampus of rats in the P18, 20, 22, 24, 26, 30, 

and 50 age groups. (*) indicates significant differences between P18 and P30 groups (p < 0.05). This not only indicates a period of 

GluR1 development from P18-30, but also provides evidence that by P30, GluR1 expression has reached adult levels. Data are 

presented as mean + SEM.
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3.1.2. GluR2 

Western blot results for the GluR2 subunit in the ACC are shown in Figure 3 for P18 (n = 

3), P20 (n = 4), P22 (n = 3), P24 (n = 5), P26 (n = 5), P30 (n = 5), and P50 (n = 5). These data 

show that GluR2 levels in the ACC remained consistent throughout the developmental ages, with 

a slight increase at P50 (Fig 2A). A one-way ANOVA revealed no significant difference in ACC 

GluR2 across the seven age groups (F(6, 23) = 0.518, p = 0.789).   

Western blot results for the GluR2 subunit in the HPC are shown in Figure 4 for P18 (n = 

3), P20 (n = 4), P22 (n = 3), P24 (n = 5), P26 (n = 5), P30 (n = 5), and P50 (n = 5).. These data 

show that GluR2 levels in the hippocampus gradually increased throughout development, 

peaking at P30 and remaining stable into adolescence. A one-way ANOVA revealed a significant 

main effect of age (F(6, 26) = 2.899, p < 0.05). Tukey post-hoc tests revealed that hippocampal 

GluR2 levels at P30 were significantly higher than at P18 (p < 0.05).  
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Figure 3. (A) Western blot analyses and (B) representative bands of GluR2 expression in the ACC of rats in the P18, 20, 22, 24, 26, 

30, and 50 age groups. The consistent level of expression throughout the early developmental ages in the ACC may indicate that 

maturation of GluR2 occurs later in development relative to the hippocampus. Data are presented as mean + SEM.
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Figure 4. (A) Western blot analyses and (B) representative bands of GluR2 expression in the hippocampus of rats in the P18, 20, 22, 

24, 26, 30, and 50 age groups. (*) indicates significant differences between P18 and P30 groups (p < 0.05). This not only indicates a 

period of GluR2 development from P18-30, but also provides evidence that by P30, GluR1 expression has reached adult levels. Data 

are presented as mean + SEM.
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3.2. Immunohistochemistry 

 Dense staining within the CA1 and CA3 proved to be difficult to provide an accurate 

count within those regions (Fig 5). As such, counts were localized exclusively within the dentate 

gyrus area of the hippocampus (Fig 5) which showed punctate cellular staining. 

Immunohistochemical results for the GluR1 subunit in the HPC are shown in Figure 6 for 

P18 (n = 4), P20 (n = 3), P22 (n = 3), P24 (n = 2), P26 (n = 4), P30 (n = 4), and P50 (n = 4). 

These data show that GluR1-stained cells in the dentate gyrus increased throughout development 

and stabilized into adulthood by P24 (Fig 6). A one-way ANOVA revealed a significant main 

effect of age (F(6, 17) = 8.204, p < 0.001). Tukey post-hoc test revealed that dentate GluR1 

staining at P30 was significantly higher than P18 (p < 0.05). P50 were significantly lower 

compared to all P20, 22, 24, 26, and 30 (p < 0.05).  

Immunohistochemical results for the GluR2 subunit in the HPC are shown in Figure 7 for 

P18 (n = 3), P20 (n = 4), P22 (n = 6), P24 (n = 4), P26 (n = 3), P30 (n = 4), and P50 (n = 4). 

These data show that GluR2 staining in the dentate increased throughout development and 

stabilized into adulthood by P24 (Fig 6). A one-way ANOVA revealed a significant main effect 

of age (F(6, 21) = 12.961, p < 0.001). Tukey post-hoc test revealed that dentate GluR2 staining at 

P24, 26, 30, and 50 were significantly higher than P18, and at P24, 26, and 30 compared to P20 

and 22 (p < 0.01). 
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Figure 5. Representative staining within the hippocampus, and CA1, CA3, and dentate gyrus (DG) subregions for (A) GluR1 and (B) GluR2. Dense 

staining within the CA1 and CA3 proved to be difficult to provide an accurate count within those regions. As such, counts were localized within the 

dentate gyrus area of the hippocampus. 
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Figure 6. (A) Immunohistochemical analyses and (B) representative staining of GluR1 within the dentate gyrus of the hippocampus in 

the P18, 20, 22, 24, 26, 30, and 50 age groups. (*) indicates significant difference between P18 and P30 (p < 0.05). (!) indicates 

significant difference between the P50 group and all other age groups (p < 0.05). Data are presented as mean + SEM.
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Figure 7. (A) Immunohistochemical analyses and (B) representative staining of GluR2 within the dentate gyrus of the hippocampus in 

the P18, 20, 22, 24, 26, 30, and 50 age groups. (***) indicates significant differences between the P24, 26, 30, and 50 groups and the 

P18, 20, and 22 groups (p < 0.001). (!!) indicates significant differences between the P18 and P50 groups (p < 0.01). Data are 

presented as mean + SEM.
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4. Discussion 

The current investigation evaluated developmental changes in levels of GluR1 and GluR2 

AMPAr subunits within the hippocampus and ACC from P18 - 30 and compared them to adult 

(P50) levels. This developmental period coincides with the emergence of spatial processing so 

we hypothesized that changes in GluR1 or GluR2 levels in the hippocampus would parallel this 

cognitive milestone. Shortly after the emergence of spatial processing, the ability to store 

memories into cortical networks may emerge. We hypothesized that levels of GluR1 and GluR2 

in the anterior cingulate cortex (ACC) would parallel this cognitive ability. Consistent with the 

first hypothesis, GluR1 levels increased from P18 to P30 coinciding with changes in 

hippocampal-dependent spatial functions. GluR1 protein level changes across development were 

reflected in immunohistochemical localization to the dentate gyrus. GluR2 hippocampal levels 

showed a more linear increase from P18 to 30 while immunohistochemical staining in the 

dentate revealed an abrupt increase from P22 to P24. Levels of GluR1 and GluR2 in the ACC 

showed little variation across the developmental timepoints investigated.  

  Hippocampal GluR1 levels evaluated during the first four postnatal weeks dramatically 

increased after 3 weeks of age, with an expression pattern similar to that found in the adult 

appearing around P21 (Durand and Zukin, 1993; Ryo et al., 1993; Martin et al., 1998; Ibaraki et 

al., 1999; Hagihara et al., 2011). A gradual increase in hippocampal GluR1 expression has been 

reported across P0, 7, 14, and 30, with the highest levels detected at P30 (Bian et al., 2012). Sans 

et al. (2000) reported a similar developmental increase in GluR1 levels between P2 and P10 and 

P10 and P35, which remained stable into adulthood. A detailed timeline of changes in GluR1 

levels during pre-adolescent development shows a peak sometime after P18, where levels then 

stabilize into adulthood. This developmental timeline coincides with a period of hippocampal 
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remodeling (reviewed in Holahan et al., 2019), indicating that GluR1 levels may somehow 

contribute to this remodeling and facilitate the transition from juvenile to adult-like cognitive 

functions. 

We noted a distinct pattern of GluR1 staining on cells within the dentate gyrus that more 

or less paralleled the overall protein levels in the hippocampus. The regional expression of 

GluR1 within the hippocampus has been reported to vary dramatically during postnatal 

development. From P0 to P5, GluR1 is enriched in apical dendrites and the soma of pyramidal 

cells in the CA2, CA3, and subiculum while the dentate gyrus and CA1 pyramidal cells show 

low GluR1 expression (Ryo et al., 1993). By P14, GluR1 levels remain elevated in the CA2 and 

CA3 regions with increasing levels in the CA1, the dentate gyrus, and the subiculum/entorhinal 

cortex (Ibaraki et al., 1999). After P21, GluR1 levels were highest in the CA1, followed by the 

dentate gyrus, the CA2 and CA3 regions (Martin et al., 1998; Palomero-Gallagher et al., 2003). 

The strata of the CA1 also show differential distribution of GluR1 with the stratum oriens 

labeling emerging before the stratum radiatum (Ryo et al., 1993; Martin et al., 1998). This aligns 

with the later maturation of the dendritic system, including the branching of apical dendrite 

lateral fibers into the stratum radiatum and preterminal fibers branching in the stratum 

lacunosum between P15 and P24. These morphological events coincide with the development of 

synaptic transmission within the CA1 during which time LTP within this region increases 

substantially (Pokorný and Yamamoto, 1981; Ryo et al., 1993; Martin et al., 1998).  

In the present work, GluR1 levels were significantly lower at P50 than P30. This is in line 

with previous investigations reporting a similar peak in GluR1 during early development, 

followed by a decrease into adulthood (Pellegrini-Giampietro et al., 1991, 1992a; Durand and 

Zukin, 1993; Martin et al., 1998; Ibaraki et al., 1999; Bian et al., 2012; Blair et al., 2013; McHail 
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and Dumas, 2015). After the third postnatal week, GluR3 expression overtakes and replaces 

GluR1 expression, which may serve to explain the decrease in GluR1 levels observed in adults 

(Durand and Zukin, 1993; Martin et al., 1998; Blair et al., 2013; McHail and Dumas, 2015).  

 Levels of GluR2 are low compared to GluR1 during postnatal development, but high 

levels have been noted during the first postnatal week (Monyer et al., 1991; Wisden and Seeburg, 

1993; Isaac et al., 2007). The developmental trajectory of GluR2 has shown an incremental 

increase from P0 to P15 with adult-levels reached by P35 (Sans et al., 2000; Pandey et al., 2015). 

Results from our study indicate that GluR2 protein reached adult levels around P26-30. Other 

reports have shown that almost 96% of AMPAr contained the GluR2 subunit by P20 (Pickard et 

al. (2000). Assessment of GluR2 mRNA expression showed peak levels around P14 (Pellegrini-

Giampietro et al. (1991) and Durand and Zukin (1993)), and it is possible that protein reaches 

adult levels shortly after mRNA peaks, following a series of post-translational modifications (Liu 

et al., 2016).  

 Between P7 and P35, GluR2 levels increase in the dentate gyrus and are almost 

exclusively expressed in mature granule cells (Standley et al., 1995; Hagihara et al., 2011). 

GluR2 levels within the CA1 and CA3 are slightly lower relative to the dentate gyrus from P0 to 

P21, after which they begin to increase, reaching similar levels as the dentate gyrus by adulthood 

(Pellegrini-Giampietro et al., 1992a; Hagihara et al., 2011). Within the CA3, GluR2 subunits are 

localized to postsynaptic densities on thorny excrescences within the stratum lucidum and on 

distal dendritic spines and shafts within the strata radiatum and lacunosum moleculare. This 

distribution suggests that both the excitatory mossy fiber input to CA3 and the 

associational/commissural input to the stratum radiatum are partly mediated by GluR2 (Siegel et 

al., 1995).  



 172 

 The developmentally-associated changes in GluR1 and GluR2 levels may be a function 

of developmentally-linked changes in the function of synaptic regulatory proteins. The 

membrane-associated guanylate kinases (MAGUKs) associate with the C-terminus and function 

as anchor proteins to stabilize AMPAr at the synapse. They also contribute to synaptic plasticity 

mechanisms through the insertion of AMPAr (Petralia et al., 2005; Henley and Wilkinson, 

2016). The PSD-95 group, including PSD-95, PSD-93, SAP102, and SAP97, are the most widely 

studied MAGUKs, of which PSD-95 and SAP97 interact with and regulate subunit insertion at 

the postsynaptic density (Iwakura et al., 2001; Schnell et al., 2002; Tomita et al., 2003; Petralia 

et al., 2005; Henley and Wilkinson, 2016). Their developmental timeline has been shown to 

correlate with that of the GluR1 and GluR2 levels; PSD-95 and SAP97 levels first emerge 

around P10 and significantly increase up to P35 (Sans et al., 2000; Petralia et al., 2005; Bian et 

al., 2012; Pandey et al., 2015). Transmembrane AMPA receptor regulatory proteins (TARPs), 

such as stargazin, also function to modify and regulate AMPAr density at the synapse throughout 

development by facilitating the binding of AMPA with MAGUKs (Petralia et al., 2005). They, 

too, show a developmental pattern that parallels GluR1 and GluR2; Blair et al. (2013) reported a 

significant increase in TARP from P17-19 to P22-24.  

 The development patterns of GluR1 and GluR2 coincide with the emergence of spatial 

processing capabilities, with multiple reports citing improvements on hippocampal-dependent 

memory tasks during this period (Rudy et al., 1987; Langston et al., 2010; Raineki et al., 2010; 

Akers et al., 2012; Comba et al., 2015). These improved functions may be attributable to 

increased GluR1 and GluR2 levels given their contributions to LTP and synaptic plasticity. 

AMPAr insertion into the synapse during early development is initially low, resulting in 

synapses possessing mainly NMDAr, referred to as “silent synapses” (Rumpel et al., 1998; Liao 
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et al., 1999; McHail and Dumas, 2015). Within the first two postnatal weeks, AMPAr insertion 

increases, reducing the number of silent synapses, and facilitating LTP expression and synaptic 

strengthening, largely mediated by the phosphorylation of GluR1, leading to more GluR1 at the 

synapse (Isaac et al., 1995; Durand et al., 1996; Liao et al., 1999). This cycle of LTP 

expression/GluR1 insertion, coupled with the increased neurogenesis and synaptogenesis 

observed during this time of hippocampal remodeling, would likely saturate the synapse with 

GluR1 and decrease the threshold of LTP expression, increasing the strength and efficacy of the 

synapse, and resulting in the reported improvements in cognitive function.  

 Although GluR2 levels may not be directly involved with LTP expression, its regulatory 

role likely influences improvements in spatial processing seen during this time. GluR2-lacking 

AMPAr are largely Ca+2-permeable and are present earlier in development. While an influx of 

Ca+2 into the cell is crucial for LTP and synaptic plasticity, it also renders the cell vulnerable to 

excitotoxicity and can oversaturate the synapse, leading to a net cessation of LTP expression and 

memory impairments if left unregulated (Barnes et al., 1994; Shimshek et al., 2006). Chronic 

neuronal excitation also leads to a decrease in excitatory synaptic transmission, known as 

synaptic downscaling (Siddoway et al., 2014). As such, an increase in GluR2 levels may help 

regulate Ca+2 influx via synaptic scaling, preventing oversaturation of LTP that may occur during 

this developmental period as a result of increased GluR1 levels. This would allow for a 

preservation of encoded information, while allowing for the continued strengthening of the 

synapse, and the reported improvements in cognitive function.  

 The pattern of GluR1 and GluR2 development within the ACC is similar to what has 

been found in previous investigations showing stagnated levels within the neocortex during this 

time (Pellegrini-Giampietro et al., 1991, 1992b; Orlandi et al., 2011). Despite this lack of 
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developmentally-linked changes in ACC GluR1 and GluR2 levels during the P18 – P50 period, 

GluR1 and GluR2 levels do show changes from P5 to P20, suggesting that the subunits within 

the ACC undergo changes earlier in postnatal development relative to the hippocampus 

(Pellegrini-Giampietro et al., 1991, 1992b; Orlandi et al., 2011). Additionally, by the third 

postnatal week, the cortical layers in the dorsal anterior cingulate have fully matured and the 

number of medial prefrontal cortex (mPFC) neurons have stabilized (van Eden and Uylings, 

1985; Juraska and Willing, 2017). Despite this, the mPFC continues to show developmental 

changes including an increase in synaptic boutons from P35 to 45 (Drzewiecki et al., 2016), a 

spike in basal an apical dendritic spine density at P35 (Juraska and Willing, 2017), and a 

maturation of pre- and post-synaptic makers, like PSD-95 and synaptophysin, by P50 (Pinto et 

al., 2013; Testen et al., 2019). As the timeline used in this investigation falls between the 

timeline of this bimodal developmental pattern, the changes in GluR1 and GluR2 may not be 

detected at this time.  
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5. Conclusion 

The distribution of GluR1 and GluR2 AMPAr subunits within the hippocampus and ACC 

from P18 - 30 were quantified and compared to adult (P50) levels. This allowed for the 

assessment of hippocampal and cortical cellular mechanisms associated with periods of 

remodeling in both regions. Hippocampal GluR1 and GluR2 levels showed variability 

throughout the observed developmental timepoints, reaching adult levels by P30. GluR1 and 

GluR2 levels within the ACC showed little variation during this time, suggesting a 

developmental timeline of maturation occurring earlier in postnatal development. The early 

development of the ACC may provide the basic “machinery” necessary to support cortical 

remodeling that might subserve remote memory function. Once the hippocampus undergoes 

remodeling and stabilizes its cellular mechanisms, an appropriate link would be made between 

these two structures allowing for the transfer of memory representations. Indeed, reports have 

shown the ability of P18 – P20 rats (Tzakis and Holahan, under review) and mice (Guskjolen et 

al., 2017) to form remote spatial memories that might rely on a functional coupling between the 

hippocampus and ACC. Given that the this hippocampal-ACC circuitry is highly influenced by 

experience, the next step would be to characterize GluR1 and GluR2 levels following a spatial 

remote memory task.
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Abstract 
 

The emergence of complex cognitive processes during development coincides with a 

reorganization of connectivity within and between brain regions. The hippocampus is one such 

region that undergoes extensive postnatal morphological and cellular remodeling, which has 

been hypothesized to mediate the emergence of spatial memory processing. The current work 

investigated whether preadolescent spatial memories acquired during this period of hippocampal 

synaptic modification persisted beyond 24 hours and stabilized into the postadolescent period in 

cortical networks. Rats were exposed to an open field task for one, 30 min session on postnatal 

day (P) 16, 18, 20, 25, 30 or 50 and re-exposed for 30 min at either a recent (24 hours) or remote 

(3 weeks) timepoint. A shorter distance traveled during the test was reflective of an intact 

memory. Using this metric, P16, P18 and P20 rats showed no recent memory or remote memory. 

Intact recent and remote memories were noted at P25 and P50 while the P30 group showed an 

intact recent memory but a weak remote memory. In the hippocampus CA1 region, c-Fos levels 

were higher after the remote test than the recent test in the P16 – P20 groups but higher after the 

recent test than remote test in the P25 – P50 groups. c-Fos labeling in the ACC was higher in the 

remote-tested groups compared to the recent across all ages. GluR1 and GluR2 protein in the 

hippocampus was not associated with behavioral changes while GluR1 in the ACC was more 

closely associated with the remote memory test particularly in the P16 – P20 groups. Results 

suggest that spatial information processing and recent memory emerges around P20 and that 

remote memory function emerges around P25. From P16 – P20, hippocampal-cortical networks 

might be too active to allow these networks to store remote memories while after this time, the 

maturation of these networks allows for proper remote memory storage.   
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1. Introduction 

 During late preadolescent development, the hippocampus undergoes a series of cellular 

and morphological changes hypothesized to mediate the transition from juvenile-like to adult-

like spatial memory processing (Holahan et al., 2019). From postnatal day (P) 15 to 18, the 

dentate gyrus (DG) shows an increase in neurogenesis followed by widespread mossy fiber 

connectivity changes between DG granule cells and CA3 pyramidal neurons (Altman and Das, 

1965; Bayer, 1980; Amaral and Dent, 1981; Gaarskjaer, 1985, 1986; Holahan et al., 2006, 2007; 

Zhao et al., 2006; Curlik et al., 2014). These morphological changes correspond with 

improvements in performance on spatial memory tasks (Comba et al., 2015). While these data 

point to an association between hippocampal maturation and emergence of spatial processing 

function, it is not clear whether this hippocampal remodeling coincides with the remote 

processing and storage of spatial information through the strengthening of hippocampal-cortical 

connections.  

 One such cortical region connected with the hippocampus that contributes to the remote 

storage of information is the anterior cingulate cortex (ACC). Following remote memory tests, 

the ACC shows increased activity and structural changes, while inactivation of this region 

impairs performance on remote memory spatial tasks (Bontempi et al., 1999; Teixeira et al., 

2006; Weible et al., 2012; Wartman and Holahan, 2014). During these tests of remote memory, 

hippocampal networks appear to become less prominent and the memory comes to rely on the 

intra-cortical connections, ultimately being encoded into remote stores within the ACC and 

associated cortical regions (Bontempi et al., 1999; Teixeira et al., 2006; Weible et al., 2012; 

Wartman et al., 2014).   
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 The ACC is thought to undergo remodeling that either overlaps or is slightly later in 

development relative to the hippocampus. From approximately P24 to P30, there is a reduction in 

the colocalization of astrocytes with dendritic markers (Testen et al., 2019). Markers of pre- and 

post-synaptic maturation show prolonged development in the prefrontal cortical areas (including 

the ACC) that reach adult-like levels around P36 for the pre-synaptic index (starting around P29) 

and P30 for the post-synaptic index (starting around P22 (Pinto et al., 2013)). Levels of 

immediate early genes, c-Fos zif268 and Arc are elevated in P17 and P24 rats compared to adults 

(P80 (Jia et al., 2018)). An RNA-sequencing (RNA-seq) study of the rat medial PFC (mPFC) at 

five developmental time points revealed a change in gene expression patterns from regulation of 

network formation to maintenance around PND21 (Kroeze et al., 2018). The authors suggested 

that this change in gene expression may contribute to the formation of stable networks within the 

PFC that underlies the performance of cognitive and emotional tasks (Kroeze et al., 2018).   

 Fast, excitatory post-synaptic currents are mediated by synaptic α-amino-3-hydroxy-5-

methyl-4-isoxazoleproprionate (AMPA) receptor activity. These receptors regulate remote 

potentiation (LTP), a prospective neural correlate of learning and memory, through persistent 

modifications, characterized by an increase in their binding affinity, number of binding sites, or a 

change in their ion channel kinetics (Maren et al., 1993; Malinow and Malenka, 2002; Bredt and 

Nicoll, 2003; Andrásfalvy and Magee, 2004; Kessels and Malinow, 2009; Makino and Malinow, 

2009; Penn et al., 2017; Shimshek et al., 2017). AMPARs are composed of four subunits with 

the majority of synaptic AMPARs within the hippocampal CA1 region composed of GluR1 and 

GluR2 heteromers (Henley and Wilkinson, 2016). The pattern of GluR1 and GluR2 expression 

throughout early postnatal development parallels the timeline of hippocampal remodeling and 

emergence of spatial memory function. GluR1 levels are initially higher than GluR2 and GluR1 
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levels continue to increase from P5 to P21, after which levels decline (Pellegrini-Giampietro et 

al., 1992; Pickard et al., 2000; Dumas, 2012; Blair et al., 2013; Henley and Wilkinson, 2016). 

Synaptic AMPAr continue to express GluR2 throughout early postnatal development, such that 

by P14, almost all AMPAr heterotetramers are comprised of GluR2, rendering these AMPAr 

Ca+2-impermeable (Pellegrini-Giampietro et al., 1992; Pickard et al., 2000; Henley and 

Wilkinson, 2016). 

 In the current investigation, rats were exposed (trained) to an open field task at different 

developmental timepoints (P16, 18, 20, 25, 30, or 50) and re-exposed (tested) either 24 hours or 

3 weeks following the first exposure. The objective was to assess the transition from juvenile- to 

adult-like memory processing on both recent and remote tests. To remedy potential sensorimotor 

confounds associated with the use of the water maze task (Vorhees and Williams, 2006; Sharma 

et al., 2010; Wartman et al., 2012; Comba et al., 2015), variants of the open field task have been 

used to assess spatial cognition (Dvorkin et al., 2008; Lipatova et al., 2015). For the purposes of 

this investigation, rats were placed into an open field surrounded by spatial cues for 30 minutes 

(training) and then reintroduced to the open field for another 30-minute trial (testing) either 24 

hours or 3 weeks following the training trial. The difference in distance traveled between testing 

and training was used as a measure of spatial retention. Reduced exploratory behavior at the time 

of testing signified that the subject recognized the environment as familiar leading to habitation 

and less exploratory behavior. The use of the open field task to assess spatial memory was 

thought to complement findings on other spatial tasks used during development (reviewed by 

(Holahan et al., 2019)). Western blotting was also performed on the hippocampus and ACC to 

evaluate the variation in expression levels of GluR1 and GluR2 following open field testing to 

determine possible neural underpinnings that may correlate with the emergence of recent and 
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remote memory processing. c-Fos immunohistochemistry performed on the hippocampus and 

ACC allowed for the determination of recent activation in both regions following testing in order 

to assess the contribution of each region to recent and remote memory processes.  

 
2. Materials and methods 
 
2.1. Subjects 

Male and female Long-Evans rats (LERs) were used throughout the experiment. Rats 

were born in the temperature and humidity-regulated animal facility at Carleton University. The 

day the pups were born was marked as P0. Pups were weaned on P18. Newly weaned rats were 

provided with solid food pellets soaked with some water and placed in a ceramic dish in the 

cage, along with a dish containing fortified water gel. Unsoaked food pellets were also placed in 

the cage. For all experiments, rats were group-housed in polycarbonite cages with a 12-hour 

light-dark cycle: lights on 8h00, lights off 20h00 with food and water provided ad libitum. 

Animal care was conducted in accordance with the Canadian Council on Animal Care (CCAC) 

guidelines and approved by the Carleton University Animal Care Committee.  

 

2.2. Open field 

Rats were divided into one of 6 groups, each undergoing training on a different 

developmental timepoint (P16 [males and females], 18 [males and females], 20 [males and 

females], 25 [males and females], 30 [males only], or 50 [males only]). On the training day, rats 

were placed into the open-field (3’ x 3’ x 3’ box placed on the floor). The open field was 

surrounded by four, 6’ tall banners placed around the outside of the box, serving as distal visual 

cues, which were present on all trials. Each rat was given one, thirty-minute training trial, 
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whereby they were individually placed into the box from the same location and allowed to 

explore freely. Total distance traveled and amount of time spent in the center and perimeter of 

the box were recorded. Following their trial, each rat was returned to their home cage and the 

box was cleaned with ethanol and allowed to dry before the next rat entered.  

The rats were re-exposed to the box for a 24 hour (recent, P16: n = 4; P18: n = 5; P20: n 

= 7; P25: n = 7; P30: n = 9; P50: n = 8) or 3 week (remote, P16: n = 5; P18: n = 5; P20: n = 8; 

P25: n = 9; P30: n = 4; P50: n = 4) retention test following their training day. All rats were given 

one, thirty-minute test, whereby they were placed into the box from the same location and 

allowed to explore freely. Total distance traveled was recorded for all rats. After the test, rats 

were injected with 3 ml urethane until they were no longer responsive to a toe pinch. The box 

was cleaned with ethanol after each trial and dried before the next rat was tested.  

 

2.3. Immunohistochemistry 

Following urethane administration, rats were decapitated, and their brains were removed 

from the skull and hemisected. One hemisphere was immersion-fixed in 4% paraformaldehyde in 

0.1M phosphate-buffered saline (PBS) overnight at 4℃. This solution was replaced with 30% 

sucrose in 0.1M PBS the following day and brains were stored at 4℃	until sectioning. Brains 

were sectioned through the anterior cingulate cortex and the dorsal hippocampus at 60µm on a 

Leica CM1900 cryostat (Weztler, Germany). Sections were stored in a 0.1% sodium azide 

solution in 0.1M phosphate buffer (PB) at 4℃.  

The ACC (P16: n = 4 for recent, n = 4 for remote; P18: n = 5 for recent, n = 5 for remote; 

P20: n = 4 for recent, n = 4 for remote; P25: n = 4 for recent, n = 5 for remote; P30: n = 4 for 

recent, n = 3 for remote; P50: n = 4 for recent, n = 3 for remote) and CA1 (P16: n = 4 for recent, 
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n = 4 for remote; P18: n = 4 for recent, n = 4 for remote; P20: n = 4 for recent, n = 4 for remote; 

P25: n = 4 for recent, n = 4 for remote; P30: n = 3 for recent, n = 4 for remote; P50: n = 3 for 

recent, n = 3 for remote) were stained for c-Fos. Sections were placed in phosphate-buffered 

saline with Triton X (PBS-TX) for three, 5-minute washes. They were then incubated in 3% 

hydrogen peroxide (H2O2) in PBS-TX for 15 minutes, followed by three, five-minute washes in 

PBS-TX. Sections were transferred to BLOXALL (Vector) for 10 minutes at room temperature, 

followed by one wash in PBS for 5 minutes. Incubation in the primary antibody mouse anti-c-

Fos (1:1000; Phosphosolutions, Cat# 309-cFOS) occurred for 24 hours at room temperature. The 

tissue was washed in PBS-TX for three, 10-minute washes followed by a 2-hour incubation in 

the secondary antibody (anti-mouse biotinylated from Vector Laboratories, 1:500, Cat# BA-

9200). Tissue was washed for three, 10-minute washes in PBS-TX before being placed into an 

ABC solution (Vector) for one hour. The tissue was rinsed in three, 5-minute washes using PBS 

before being placed into a DAB solution. Sections were then mounted on glass slides, 

dehydrated, and cover slipped. 

c-Fos staining in each region was quantified using ImageJ software. Cells were counted 

within each region, and the cell count was divided by the counting area in order to determine the 

relative density of c-Fos activated cells within each region. 

 

2.4. Western blotting 

Tissue punches collected from the ACC (for GluR1: P16: n = 4 for recent, n = 5 for 

remote; P18: n = 5 for recent, n = 5 for remote; P20: n = 7 for recent, n = 5 for remote; P25: n = 

6 for recent, n = 8 for remote; P30: n = 6 for recent, n = 4 for remote; P50: n = 8 for recent, n = 4 

for remote; for GluR2: P16: n = 4 for recent, n = 5 for remote; P18: n = 5 for recent, n = 5 for 
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remote; P20: n = 7 for recent, n = 5 for remote; P25: n = 6 for recent, n = 9 for remote; P30: n = 

7 for recent, n = 4 for remote; P50: n = 8 for recent, n = 4 for remote) and hippocampus (for 

GluR1: P16: n = 4 for recent, n = 5 for remote; P18: n = 5 for recent, n = 5 for remote; P20: n = 7 

for recent, n = 8 for remote; P25: n = 7 for recent, n = 9 for remote; P30: n = 9 for recent, n = 4 

for remote; P50: n = 7 for recent, n = 4 for remote; for GluR2: P16: n = 4 for recent, n = 5 for 

remote; P18: n = 5 for recent, n = 5 for remote; P20: n = 7 for recent, n = 8 for remote; P25: n = 

6 for recent, n = 9 for remote; P30: n = 9 for recent, n = 4 for remote; P50: n = 8 for recent, n = 4 

for remote) of the other hemisphere were used to for Western blotting quantification. 

Whole cell lysates from collected from the hippocampus were homogenized in Radio 

Immuno Precipitation Assay (RIPA) buffer (50 mM Tris (pH 8.0), 150 mM sodium chloride, 

0.1% sodium dodecyl sulphate (SDS), 0.5% sodium deoxycholate and 1% Triton X-100) mixed 

with 1 tablet of Complete Mini ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor 

(Roche Diagnostics, Laval, QC, Cat #11 836 170 001) per 10 mL of buffer and then sonicated 

for 10 seconds in ice cold water. The lysed cells were then centrifuged at 5000 RPM with a 

tabletop microcentrifuge for 10 minutes at 4˚C. The supernatant was then extracted, and protein 

concentration was determined using bicinchoninic acid (BCA) method (Thermo Scientific). 

Following protein concentration determination, supernatant was placed in 5x loading buffer 

(containing 5% glycerol, 5% β-mercaptoethanol, 3% SDS and 0.05% bromophenol blue) and the 

protein was denatured when placed in a 5-minute heating block at a temperature of 105˚C. 

Following this step, samples were then placed in a -20˚C freezer until Western blotting 

commenced.   

On day one of analysis, proteins were separated using sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE). The SDS-PAGE gel (7.5%) containing the 
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separating buffer (370 mM Tris-base (pH 8.8), 3.5 mM SDS), and the stacking buffer (124 mM 

Tris-base (pH 6.8), 3.5 mM SDS), were placed in running buffer (25 mM Tris-base, 190 mM 

glycine, 3.5 mM SDS) and samples, along with the Precision Plus ProteinTM Standards Dual 

Color (Bio-Rad, Hercules, CA, Cat#161-0374), were loaded into the Arcylamide gel (7.5 %) for 

molecular weight determination at 140 volts. After electrophoresis, proteins were transferred for 

one hour at 4˚C at 100 volts in transfer buffer solution (25 mM Tris-base, 192 mM Glycine, 20% 

methanol), onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, Cat#162-0177). 

Thereafter, membranes were dried overnight. The following day, membranes were reactivated 

using methanol and total protein load concentration was determined.  

To determine total protein, after a brief methanol rinse (5 seconds), membranes were 

incubated in REVERT total protein solution for a period of 5 minutes followed by placement 

into a REVERT wash solution (6.7% Glacial Acetic Acid, 30% Methanol, in water) two times 2 

minutes each. Membranes were then quickly rinsed with distilled water and imaged on a LI-COR 

Odyssey imaging system on the 700 channel for an exposure period of 2 minutes. Membranes 

were then rinsed immediately post imaging in tris buffered saline ((TBS) pH 7.5 (2 X 5min.)) 

buffer followed by being blocked with 0.5% fish gelatin (Sigma) in TBS for 60 minutes. 

Membranes were incubated with rabbit anti-GluR1 (1:1000; EMD Millipore, Cat# AB1504) or 

rabbit anti-GluR2 (1:4000; EMD Millipore, AB1768-I) overnight in 0.05% fish gelatin in TBS 

with 0.1% tween. Any unbound antibody was removed using 15 mL of TBS-T/membrane at 

room temperature three times five minutes each. Membranes were then incubated in infrared 

conjugate secondary (AlexaFluor 680 goat anti-rabbit; Invitrogen, Cat# AB175773) at a 

concentration of 1:4000 in 0.5% fish gelatin solution containing 0.2% tween and 0.01% SDS. 
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Membranes were then washed in TBS-T (1 X 5 minutes) followed by 2 X 5 minutes washes in 

TBS and read on a Licor Odyssey system on the 700-channel for 6 minutes.  

Total protein expression from each sample on each membrane was determined using the 

total protein stain method in order to provide normalization across each specific membrane. To 

determine protein expression, bands at the appropriate molecular weight were determined with 

the Odyssey software. Presented data represents the ratio of target protein signal strength to 

normalized total protein signal strength. 

 

2.5. Statistical analyses 

Results from the open field test were analyzed using a fixed factor multivariate test 

(testing interval [remote vs recent] as the between-subjects factor and trial [training vs testing] as 

the repeated measures for each age group. An independent samples T-test was conducted to 

assess differences between trials. A fixed factor ANOVA (age and testing interval as the fixed 

factors and difference scores as the dependent variable) was conducted on the difference score 

data. The ratio of distance traveled in center to total distance traveled was analyzed using a fixed 

factor ANOVA (trial as the between -subjects factor and time bin as the repeated measures) for 

each age group and testing interval. 

A fixed factor ANOVA was conducted on the immunohistochemical and Western 

blotting data (age and testing interval as the fixed factors and cell count/signal strength as the 

dependent variable). A one-way ANOVA and Tukey post-hoc comparison were used to assess 

differences in age and/or testing interval when a significant age x testing interval was present. 

Data are graphically represented as mean + SEM. 
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3. Results 

3.1. Open field task 

Total distance traveled during the open field task for rats in each age group is shown in 

Figure 1. The pattern of results shows a linear decrease across age in distance traveled at the 24-

hour, recent test that plateaued at P25 and remained similar to P50. During the remote test, 

distance traveled increased from P16 to P18 then showed a substantial decrease at P20 followed 

by a significant reduction at P25 then an upswing at P30 and a decreased exploration in the P50 

group. 

Distance traveled data for the P16 group is shown in Figure 1A. A fixed factor repeated 

measures ANOVA revealed no main effect of trial (F(1, 7) = 2.153, p = 0.186),  testing interval 

(F(1, 7) = 0.303, p = 0.599) nor trial by testing interval interaction (F(1, 7) = 0.111, p = 0.749). An 

independent samples T-test revealed no difference between the total distance traveled during 

testing and training for this age group at 24 hours (t(6) = -0.531, p = 0.614) or 3 weeks (t(8) = -

1.368, p = 0.208).   

Distance traveled for the P18 group is shown in Figure 1B. A fixed factor ANOVA 

revealed main effects of trial (F(1, 8) = 12.210, p < 0.01), but no main effect of testing interval 

(F(1, 8) = 0.062, p = 0.810) or trial by testing interval interaction (F(1, 8) = 1.203, p = 0.305). An 

independent samples T-test revealed no difference between the total distance traveled during 

testing and training for this age group at 24 hours (t(8) = -1.248, p = 0.247) or 3 weeks (t(8) = -

2.209, p = 0.058).   

Distance traveled for the P20 group is shown in Figure 1C. A fixed factor ANOVA 

revealed main effects of trial (F(1, 13) = 8.211, p < 0.05) and testing interval (F(1, 13) = 10.851, p < 

0.01) but no significant trial by testing interval interaction (F(1, 13) = 0.689, p = 0.422). An 
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independent samples T-test revealed that the total distance traveled during testing was 

significantly higher than during training for the P20:recent group (t(12) = -2.568, p < 0.05) but not 

the P20:remote groups (t(14) = -2.568, p = 0.053). 

Distance traveled for the P25 group is shown in Figure 1D. A fixed factor ANOVA 

revealed no main effects of trial (F(1, 14) = 0.846, p = 0.373), testing interval (F(1, 14) = 0.164, p = 

0.691) or trial by testing interval interaction (F(1, 14) = 0.227, p = 0.641). An independent samples 

T-test revealed no difference between the total distance traveled during testing and training for 

this age group at 24 hours (t(12) = 0.350, p = 0.733) or 3 weeks (t(16) = 1.044, p = 0.312). 

Distance traveled for the P30 group is shown in Figure 1E. A fixed factor ANOVA 

revealed no main effects of trial (F(1, 11) = 1.464, p = 0.252), testing interval (F(1, 11) = 4.453, p = 

0.059), or trial by testing interval interaction (F(1, 11) = 0.189, p = 0.672). An independent 

samples T-test revealed no difference between the total distance traveled during testing and 

training for this age group at 24 hours (t(16) = -0.545, p = 0.593) or 3 weeks (t(6) = -0.950, p = 

0.379). 

Distance traveled for the P50 group is shown in Figure 1F. A fixed factor ANOVA 

revealed no main effects of trial (F(1, 10) = 0.474, p = 0.507) and testing interval (F(1, 10) = 0.629, p 

= 0.446), or trial by testing interval interaction (F(1, 10) = 1.253, p = 0.289). An independent 

samples T-test revealed no difference between the total distance traveled during testing and 

training for this age group at 24 hours (t(14) = -0.118, p = 0.908) or 3 weeks (t(6) = 0.598, p = 

0.572). 

The difference between distance traveled during testing and training for each age is 

shown in Figure 2. A fixed factor ANOVA revealed a main effect of age group (F(5, 63) = 3.468, p 

< 0.01), but no main effect of testing interval (F(1, 63) = 0.578, p = 0.450) or age group by testing 
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interval interaction (F(5, 63) = 0.484, p = 0.787). An independent samples t-test revealed 

significant differences between P20:recent and P25:recent (t(12) = 2.248, p < 0.05). 

The ratio of distance traveled in the center of the field to total distance traveled between 

training and testing, analyzed across three 10-minute time increments (time bins: 0-10 minutes, 

10-20 minutes, 20-30 minutes), for each age group is shown in Figure 3. These data show that 

the P16, 18, and 20 groups increased the distance traveled in the center between training and 

testing within the 24 hour and 3 week intervals, while the P25 and 30 groups did not show any 

change at either interval, and the P50 group spent more time in the center compared to all other 

age groups. 

The ratios for the P16 group are shown in Figure 3A and 3B. A fixed factor ANOVA 

revealed no main effect of time bin (F(2, 12) = 0.775, p = 0.482), trial (F(1, 6) = 0.775, p = 0.482), or 

time bin by trial interaction (F(2, 12) = 0.778, p = 0.481) for the recent group, and no main effect 

of time bin (F(2, 16) = 1.375, p = 0.281), trial (F(1, 8) = 4.394, p = 0.069), or time bin by trial 

interaction (F(2, 16) = 0.238, p = 0.791) for the remote group. 

The ratios for the P18 group are shown in Figure 3C and 3D. A fixed factor ANOVA 

revealed a main effect of time bin (F(2, 16) = 8.362, p < 0.01), but no main effect of trial (F(1, 8) = 

1.881, p = 0.207), or time bin by trial interaction (F(2, 16) = 2.553, p = 0.109) for the recent group, 

and no main effect of time bin (F(2, 16) = 1.158, p = 0.339), trial (F(1, 8) = 2.635, p = 0.143), or time 

bin by trial interaction (F(2, 16) = 0.471, p = 0.633) for the remote group. 

The ratios for the P20 group are shown in Figure 3E and 3F. A fixed factor ANOVA 

revealed no main effect of time bin (F(2, 24) = 6.688, p < 0.01), trial (F(1, 12) = 0.373, p = 0.553), or 

time bin by trial interaction (F(2, 24) = 1.250, p = 0.305) for the recent group, and no main effect 
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of time bin (F(2, 28) = 1.776, p = 0.188), trial (F(1, 14) = 0.006, p = 0.938), or time bin by trial 

interaction (F(2, 28) = 0.283, p = 0.755) for the remote group. 

The ratios for the P25 group are shown in Figure 3G and 3H. A fixed factor ANOVA 

revealed no main effect of time bin (F(2, 24) = 3.226, p = 0.057), but no main effect of trial (F(1, 12) 

= 0.337, p = 0.572), or time bin by trial interaction (F(2, 24) = 1.467, p = 0.251) for the recent 

group, and no main effect of time bin (F(2, 32) = 0.017, p = 0.984), trial (F(1, 16) = 0.003, p = 

0.960), or time bin by trial interaction (F(2, 32) = 1.184, p = 0.319) for the remote group. 

The ratios for the P30 group are shown in Figure 3I and 3J. A fixed factor ANOVA 

revealed a main effect of time bin (F(2, 32) = 10.407, p < 0.001), but no main effect of trial (F(1, 16) 

= 1.316, p = 0.268), or time bin by trial interaction (F(2, 32) = 1.324, p = 0.280) for the recent 

group, and no main effect of time bin (F(2, 12) = 0.156, p = 0.857), trial (F(1, 6) = 0.624, p = 0.460), 

or time bin by trial interaction (F(2, 12) = 0.089, p = 0.916) for the remote group. 

The ratios for the P50 group are shown in Figure 3K and 3L. A fixed factor ANOVA 

revealed no main effect of time bin (F(2, 28) = 1.403, p = 0.263), trial (F(1, 14) = 0.025, p = 0.876), 

or time bin by trial interaction (F(2, 28) = 0.343, p = 0.713) for the recent group, and no main 

effect of time bin (F(2, 12) = 0.955, p = 0.412), trial (F(1, 6) = 0.130, p = 0.731), or time bin by trial 

interaction (F(2, 12) = 2.262, p = 0.147) for the remote group.
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Figure 1. Total distance traveled during training and testing in the open field task. (A) P16, (B) P18, (C) P20; (*) indicates significant 

difference in total distance traveled between the training and testing trial (p < 0.05), (D) P25, (E) P30, (F) P50.  
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Figure 2. Difference scores showing the mean difference between distance traveled during testing and training trials for each age and 

testing group. 
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Figure 3. Ratio of the distance traveled in the center of the field to the total distance traveled during training and testing for each age 

group measured across 10 minute increments.
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3.2. Immunohistochemistry 

3.2.1. CA1 

Representative examples of c-Fos staining in the CA1 region are shown in Figure 4. A 

fixed factor ANOVA on c-Fos staining in the CA1 (Fig 5) revealed a main effect of age (F(5, 33) = 

8.248, p < 0.001), testing interval (F(1, 33) = 12.580, p < 0.01), and age by testing interval 

interaction (F(5, 33) = 52.840, p < 0.001). Post-hoc tests conducted on the recently and remotely 

tested groups revealed significantly more c-Fos staining in the remotely tested groups relative to 

the recently tested groups at P16, 18, and 20 (p < 0.001), and significantly more c-Fos staining in 

the recently tested groups relative to the remotely tested groups at P25 and 30 (p < 0.01). Post-

hoc tests conducted on the recently tested groups revealed significantly more c-Fos staining in 

the P25, 30, and 50 age groups compared to the P18 age groups, in the P25 and 30 age groups 

compared to the P18 and 20 age groups, and in the P25 age group compared to the P16 age group 

(p < 0.05). Post-hoc tests conducted on the remotely tested groups revealed significantly more c-

Fos staining in the P16, 18, and 20 age groups compared to the P25, 30, and 50 age groups (p < 

0.001). 

 

3.2.2. ACC 

Representative c-Fos staining in the ACC is shown in Figure 6. A fixed-factor ANOVA 

on c-Fos staining in the ACC (Fig 7) revealed a main effect of age  (F(5, 37) = 4.330, p < 0.01), 

and testing interval (F(1, 37) = 266.561, p < 0.001), and a significant age by testing interval 

interaction (F(5, 37) = 3.428, p < 0.05). Tukey’s post-hoc tests conducted on the recently and 

remotely tested groups revealed significantly more c-Fos staining in the remotely tested groups 

relative to the recently tested groups across all ages (p < 0.05). Post-hoc tests conducted on the 
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remotely tested groups revealed significantly more c-Fos staining at P18 compared to the P30 

and 50 age groups (p < 0.05). 
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Figure 4. (A) Representative image of the hippocampus stained with NeuN outlining the area of the CA1 used for cell counts. NeuN 

protein is found within the nucleus and perinuclear cytoplasm of neurons (Gusel’nikova and Korzhevisky, 2015). It was used to 

highlight the count region used for the c-Fos count. (B) Representative images of c-Fos levels in the CA1 region of the hippocampus 

following recent and remote testing for the P16 and 50 age groups.
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Figure 5. c-Fos quantification in the CA1 region of the hippocampus. (!!) indicates significant difference between the P16, 18, and 20 

age groups the P25, 30, and 50 age groups tested remotely, and between the recently tested and remotely tested groups within each age 

group (p < 0.01). (*) indicates significant difference between the P25 and 30 age groups and the P18, and 20 age groups tested 

recently, and between the recently tested and remotely tested groups within each age group (p < 0.05). (^) indicates significant 

difference between the P25 and P16 age group (p < 0.05). (#) indicates significant difference between the P50 age groups and the P18 

age groups tested recently (p < 0.05). Data are presented as mean + SEM.
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Figure 6. (A) Representative image of the medial prefrontal cortex stained with NeuN outlining the area of the ACC used for cell 

counts. NeuN protein is found within the nucleus and perinuclear cytoplasm of neurons (Gusel’nikova and Korzhevisky, 2015). It was 

used to highlight the count region used for the c-Fos count. (B) Representative images of c-Fos levels in the ACC following recent and 

remote testing for the P16 and 50 age groups.  
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Figure 7. c-Fos quantification in the ACC. (!!) indicates significant difference between the recently tested and remotely tested groups 

within each age group (p < 0.01). (*) indicates significant difference between the P18 and the P30 and 50 age groups tested remotely 

(p < 0.05). Data are presented as mean + SEM.
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3.3. Western blotting 

3.3.1. GluR1 

 Quantification of GluR1 levels within the hippocampus is shown in in Figure 8A. A fixed 

factor ANOVA on GluR1 levels in the hippocampus revealed no main effect of age (F(5, 62) = 

1.894, p = 0.108), or testing interval (F(1, 62) = 2.254, p = 0.138), but did reveal a significant age 

by testing interval interaction (F(5, 62) = 3.204, p < 0.05). Tukey’s post-hoc revealed significantly 

higher levels of GluR1 at P16 compared to P20, P25, and 30 age groups (p < 0.05) tested at the 

remote time point. 

 Quantification of GluR1 levels within the ACC is shown in in Figure 8C. A fixed factor 

ANOVA on GluR1 levels in the ACC revealed main effects of age  (F(5, 55) = 4.110, p < 0.01), 

testing interval (F(1, 55) = 7.896, p < 0.01), and a significant age by testing interval interaction 

(F(5, 56) = 2.694, p < 0.05). Tukey’s post-hoc revealed significantly higher levels of GluR1 at P50 

compared to P16, 18, 20, and 25 age groups (p < 0.05) tested at the recent time point. These 

results indicate more GluR1 associated with the older ages and more GluR1 in the ACC 

associated with the remote memory test.
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Figure 8. GluR1 expression and representative images in (A-B) the hippocampus and (C-D) the ACC for each age group following 

recent or remote testing in the open field task. (#) indicates significant differences between P16 and P20, 25, and 30 when tested 

remotely (p < 0.05). (*) indicates significant difference between P50 and P16, 18, 20, and 25 age groups when tested recently (p < 

0.05). Data are presented as mean + SEM. 
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3.3.2. GluR2 

Quantification of GluR2 levels within the hippocampus is shown in Figure 9A. A fixed 

factor ANOVA on GluR2 levels in the hippocampus revealed a main effect of age  (F(5, 62) = 

19.899, p < 0.001), but no main effect of testing interval (F(1, 62) = 1.834, p = 0.181) or age by 

testing interval interaction (F(5, 62) = 1.680, p = 0.153).  

Quantification of GluR2 levels within the ACC is shown in Figure 9C. A fixed factor 

ANOVA on GluR2 levels in the ACC revealed a main effect of age (F(5, 57) = 4.595, p < 0.01) 

and testing interval (F(1, 57) = 7.322, p < 0.01), but no age by testing interval interaction (F(5, 57) = 

1.528, p = 0.196). Similar to GluR1 in the ACC, GluR2 protein levels in the ACC were higher in 

the older groups and higher in the remote-tested groups. 
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Figure 9. GluR2 expression and representative images in (A-B) the hippocampus and (C-D) the ACC for each age group following 

recent or remote testing in the open field task. Data are presented as mean + SEM.
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4. Discussion 

 The objective of the current investigation was to assess the transition from juvenile- to 

adult-like recent and remote memory processing using an open field task at different 

developmental timepoints (P16, 18, 20, 25, 30, or 50). Rats underwent a single-trial training 

phase followed by a single-trial test in the same arena either recently (24 hours) or remotely (3 

weeks). The difference in distance traveled between testing and training was used as a measure 

of spatial retention. Reduced exploratory behavior at the time of testing signified that the subject 

recognized the environment as familiar leading to habitation and less exploratory behavior. 

Results showed poor performance in P16 to P20 (young cohort) groups at both testing intervals, 

while the P25 group began to show improved performance akin to that observed at P50. 

Interestingly, while rats at P30 showed intact spatial memory at the recent testing timepoint, 

paralleling the performance of the P25 and P50 age groups, their remote testing performance was 

reminiscent of that seen in the P16-20 groups, i.e. an increase in distance traveled between 

training and testing. Analyses conducted on the ratio of distance traveled in the center to total 

distance traveled in the open field revealed no significant difference between training and testing 

at either 24 hour or 3 week interval across age groups. As such, we do not believe that these data 

account for the changes in exploration. 

There was a gradual improvement in recent spatial memory function from P16 – P20 and 

by P25, recent memory function matched the level seen in adults (P50). Previous investigations 

assessing spatial memory during development corroborate these findings, reporting that rats have 

the capacity to acquire spatial memories by P18, yet cannot retain the information in recent 

stores until P21 (Rudy et al., 1987; Brown and Whishaw, 2000; Akers and Hamilton, 2007; Wills 

et al., 2014).  
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The developmentally-dependent variation in recent spatial memory processing 

capabilities observed aligns with that of postnatal hippocampal development. The hippocampus 

undergoes extensive remodeling between P18 and P25, characterized by increased neurogenesis, 

synaptogenesis, metabolic activity, and complex spine formation (Cotman et al., 1973; Crain et 

al., 1973; Meibach et al., 1981; Pokorný and Yamamoto, 1981; Schenk, 1985; Holahan et al., 

2006, 2007, 2019). Given that spatial memory processing is highly dependent on hippocampal 

function, it is conceivable that  hippocampal maturation is required to support the processing of 

spatial information in the recent timeframe (Scoville and Milner, 1957; Altman and Bayer, 1975; 

Squire and Alvarez, 1995; Frankland and Bontempi, 2005; Hartley et al., 2007; Jeneson et al., 

2011; Akers et al., 2012). Prior to this period of development, spatial memory acquisition and 

retrieval is likely relegated to sensory processing in the form of visual, odor, texture, cues which 

contain general, non-specific information about location in space (Pattwell et al., 2013). Rats 

trained at P16, 18, and 20 and tested recently (P17-21) had acquired the spatial information prior 

to or during the initial onset of hippocampal remodeling, and therefore did not possesses the 

hippocampal framework necessary to support the retention of the information. The state of 

hippocampal maturation by P25 was such that the ability to maintain spatial information for at 

least 24 hours emerged and was stable into adulthood. 

The developmental pattern for remote memory retention was similar for that of recent 

memory processing. By P25, rats had the capacity to consolidate spatial information into remote 

stores as indicated by a decrease in exploratory behavior between training (P25) and testing 

(P46), which paralleled the behavior of the adult group trained on P50 and remotely tested at 

P71. The younger groups (P16-20) showed impaired performance when tested remotely (P37-41) 

based on the increase in exploratory behavior from training to testing. The results parallel other 
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investigations assessing remote memory retention during development. These reports indicate 

the emergence of remote memory processing capabilities to occur sometime after P20 but before 

P30 (Campbell and Campbell, 1962; Akers et al., 2012; Guskjolen et al., 2017; Tzakis and 

Holahan, under review).  

Hypotheses outlining the consolidation of memories from recent to remote stores point to 

hippocampal-cortical connectivity as a means of recent to remote memory transference. These 

hypotheses posit that the hippocampus integrates information into the cortex through the 

strengthening of connections between both regions, after which the intracortical connections 

strengthen through recall and dissociate from the hippocampus (Frankland and Bontempi, 2005). 

This leads to the eventual independence of the remote memory trace from hippocampal activity 

(Squire and Alvarez, 1995; Nadel and Moscovitch, 1997; Dudai, 2004; Frankland and Bontempi, 

2005; Tzakis and Holahan, under review). The ACC reportedly serves as a repository for remote 

memory stores given its increase in activity levels during remote memory recall (Weible et al., 

2012; Einarsson et al., 2015; Pezze et al., 2017; Tzakis and Holahan, under review). This area 

shows a developmental trajectory characterized by an increase in cytoarchitectonic and 

volumetric development, including peak somatic volume and maximal dendritic extension, by 

P24 (Van Eden et al., 1990; Ferguson and Gao, 2015). The developmental pattern reported for 

the hippocampus and ACC may provide an explanation for our behavioral data. Improved 

performance during the remote probe test was first observed in rats trained at P25 which 

coincides with the period of peak hippocampal and cortical development. Prior to this time (P16-

20), rats exhibited poor performance during the probe test indicating that the emergence of 

remote memory processing requires the late maturation of both the hippocampal and cortical 
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regions. The strengthening and maturation of connections between both regions begets the 

capacity to support the transfer of recent spatial memories into remote stores.  

Despite the improvements in remote probe test performance observed in the P25 (tested 

at P46) and P50 (tested at P71) groups, the performance of the P30 group (tested at P51) 

appeared to revert back to that observed during an earlier, pre-hippocampal/cortical maturation 

timepoint. Similar declines in performance during this time have been observed in investigations 

of fear memory. A decrease in fear memory retention in adolescent rats and mice (~P29-33) 

relative to their pre-adolescent and adult cohorts has been reported (McCallum et al., 2010; Kim 

et al., 2011; Pattwell et al., 2011, 2012, 2013). The protracted development of the hippocampus 

and ACC may serve to explain the observed behaviors during this time. The medial prefrontal 

cortex (mPFC) undergoes volumetric changes throughout development which peak at P27 

followed by a reorganization of synaptic connections with a loss of 50% of synapses, resulting in 

a subsequent decline in gray matter (Huttenlocher, 1984; Mrzljak et al., 1990; Van Eden et al., 

1990; Blakemore and Choudhury, 2006; McCallum et al., 2010; Kim et al., 2011). The anterior 

hippocampus in humans undergoes similar volumetric reductions as a function of age that may 

be due to differences in synaptic pruning and myelination during adolescence (Gogtay et al., 

2006; Pattwell et al., 2013). These volumetric reductions could be associated with substantial 

cognitive deficits during this time. The pruning of synapses could potentially cause the loss of 

acquired information, a reduction in hippocampal-cortical connectivity and subsequent 

impairment of recent to remote memory transfer. Given this, it is conceivable that the initial 

hippocampal-cortical framework necessary to support remote memory processing is fully 

functional by P25 but that during the adolescent phase, this network comes “offline” and there as 

an inability for the transfer of memories from recent to remote stores. Sometime thereafter, these 
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regions reach full maturity, bringing the networks required to support the formation of recent to 

remote memories back “online”.  

The pattern of c-Fos labeling in the CA1 showed significantly higher levels in the older 

cohort relative to the younger one during the recent test, which coincided with improved 

performance during testing in the older group. These results highlight the necessity of CA1 

activity for the recall of recent spatial memories and further suggest that the capacity to support 

such processes comes after the period of hippocampal remodeling (Dillon et al., 2008; Comba et 

al., 2015; Tzakis et al., 2016; Tzakis and Holahan, under review). As such, the increased CA1 

activation and coincident improved performance is likely mediated by the progressive 

hippocampal development occurring this time and evidently begins to reach adult-like maturity 

sometime between P21 and P25. ACC activity during the recent testing timepoint was relatively 

low, as indicated by c-Fos levels, and showed little variation across the different age groups. This 

was to be expected and coincides with previous research showing little ACC contribution to 

recent spatial memory processing (Frankland and Bontempi, 2005; Winocur et al., 2010; Nadel 

and Hardt, 2011). These results outline the dependency of CA1 activity for the expression of 

recent memory representations and coinciding behavioral output.  

Following remote testing, the CA1 region in the older cohort showed decreased 

activation relative to the younger one despite showing superior remote memory performance. 

This pattern of CA1 activity aligns with the systems consolidation hypothesis and indicates that 

by P25, hippocampal development has reached the stage where it can support the transference of 

recent information to remote stores, rendering the memory trace hippocampus-independent. The 

increase in hippocampal activity within the younger cohort may be indicative of the processing 

of novel, recently acquired spatial information, despite being in a familiar environment, which 
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would explain their poor performance during the remote test. This further suggests that the 

hippocampus has yet to develop the capacity to transfer information into remote memory stores 

prior to P25.  

Based on the systems consolidation hypothesis, the decreased hippocampal activity 

observed in the older cohort should coincide with an increase in ACC activity during the remote 

test. While there was an overall elevation in ACC c-Fos labeling in the remote tested groups at 

all ages, the younger cohort showed greater ACC activity following remote testing, despite their 

lack of remote spatial memory. This may speak to the novelty of the behavioral task used in this 

investigation. In tasks such as the water and radial arm mazes, animals have to integrate spatial 

information with a goal such as the escape platform or food. As such, increased activity observed 

in the ACC following a remote probe test in a goal-oriented task may subserve the expression of 

both the remotely acquired spatial information in conjunction with the goal memory (Kyd and 

Bilkey, 2003; Hok et al., 2005; Insel and Barnes, 2015). Given that the task used in the current 

investigation had no discernable goal, ACC involvement during the remote test might only be 

slightly elevated relative to the recent test, which would represent its contribution to remote 

memory storage and expression. This is evident in the older, remote-tested cohort whereby ACC 

activity is only slightly elevated relative to the recent test, but it is less than the younger, remote-

tested groups. In the absence of a goal, ACC activity is relegated to the expression of 

consolidated remote spatial memories alone, and as such any activity observed is solely that 

which is necessary to express such information. The increased activity within the ACC seen in 

the younger groups may denote the effortful strain put on the region for remote recall in the 

absence of any consolidated spatial information acquired during training. This lack of 

consolidated information manifested as increased exploratory behavior, likely in search for the 
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goal of the task, in effect “resetting” both regions such that they have to reprocess the spatial 

information and goal memory, as if the familiar environment were novel again. 

Hippocampal GluR1 levels showed a marked decrease after P20, which attenuated at P25 

and remained stable into adulthood. This attenuation at P25 coincided with improved recent and 

remote spatial memory retention. Patterns of hippocampal GluR1 levels undergo developmental 

flux during the early postnatal timepoint, whereby their levels gradually increase and peak by 

around P21 (Pellegrini-Giampietro et al., 1992; Pickard et al., 2000; Henley and Wilkinson, 

2016). During this time, memory processing is in its infancy, and any memory elicited is 

generally remedial in form, i.e. sensory-based memories, and recent (~24 hours) (Hayne et al., 

1986; Wilson and Sullivan, 1994; Glass et al., 2008; Reger et al., 2009; Pattwell et al., 2013). As 

such, hippocampal GluR1 likely mediates an immature form of memory processing early in 

development, forming incongruent, short-lasting memory engrams, and may serve to explain the 

poor performance observed in the young cohort following either recent or remote testing. The 

change in GluR1 levels after P25 onward likely denotes this switch and the resulting 

improvements in performance of the older cohort during both recent and remote testing.  

The pattern of GluR1 levels in the ACC showed overall higher levels in the remote-tested 

groups which was more evident in the P16 – P25 groups. It was by P25 that remote memory 

function was observed behaviorally. Expression and prolongation of LTP within the ACC has 

been demonstrated to require the functional recruitment of postsynaptic GluR1, which occurs 

shortly after LTP induction (Toyoda et al., 2007). The increases in GluR1 levels may outline the 

degree of synaptic plasticity occurring within the ACC, which evidently increases as a function 

of age. This increased propensity of GluR1-mediated synaptic plasticity throughout development 

underscores the developmental synaptic changes necessary for the ACC to begin supporting 
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remote memory processes, given that GluR1 levels show a change during a time that aligns with 

the emergence of remote memory behaviors. Information processed prior to this time could not 

be retained as the ACC likely did not possess the synaptic mechanisms necessary to promote 

remote memory capabilities.  

The pattern of hippocampal GluR2 levels showed an overall attenuation and stabilization 

by P18, with slight variations across development. While this pattern may not necessarily predict 

behavioral performance, it does demonstrate the requirement for consistent hippocampal GluR2 

levels for the stabilization of the synapse and memory processes. The GluR2 subunit regulates 

and dictates many of the biophysical properties of the AMPAr, including receptor kinetics and 

Ca+2 permeability, and is expressed at nearly all AMPAr synapses by P14. Furthermore, they 

regulate homeostatic synaptic scaling, preventing the occurrence of runaway excitation and 

preserving encoded information within the synapses. This function is especially important for a 

region such as the hippocampus that shows a particular proclivity for epileptiform discharges in 

times of hyperexcitability. As such, their pattern of expression may be tightly regulated and 

remain somewhat consistent so as to preserve the integrity of the synapses at all times. Any 

variation in levels may parallel increases or decreases in other Ca+2-permeable AMPAr subunits 

that have the potential to overexcite the synapse if they go unregulated. As previously 

mentioned, GluR1 levels are elevated until around P20. During this time, the threshold to induce 

GluR1-mediated LTP is relatively high. The insertion of GluR2 during this time would be 

required to prevent hyperexcitability. After P20, GluR1 is replaced with GluR3, lowering the 

threshold for LTP induction, resulting in the need for less GluR2 at the synapse. This may 

indicate a point of synaptic maturation, whereby less excitation is required to induce LTP and 

synaptic changes, in turn increasing the synaptic efficiency, thus indirectly influencing the 
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development of spatial memory processes. The increase in GluR2 levels at later developmental 

timepoints may depict the protracted development of GluR2, which has previously been reported 

to continue well into the 20th postnatal week (Sans et al., 2000; Pandey et al., 2015). 

 The pattern of GluR2 levels within the ACC showed an increase from P25 onward and 

was markedly higher at remote timepoints. This coincided with increased ACC involvement in 

remote memory processes and improved performance during remote testing. During this time, an 

increase in GluR1 was also observed, which likely mediated an increased induction of LTP and 

resulting synaptic plasticity, facilitating the emergence of remote memory processes. The 

increase in GluR2 levels was thus likely a response to the increase in GluR1-mediated excitation 

in the region in order to prevent hyperexcitability. As such, their increased levels indirectly 

facilitated the emergence of remote memory processing by preserving the encoded information 

in the synapses. Prior to this, increased excitation would have likely compromised any 

consolidated spatial information, resulting in the inability to express those memories at a remote 

timepoint. This would explain the poor performance in the younger groups as their GluR2 levels 

are evidently lower during training relative to the older groups based on the levels following 

recent testing. As such, the information that was encoded during training would have likely been 

subjected to the excitotoxic reduction in synapses and concurrent loss of information. The 

increase in GluR2 levels from P25 onward preserved the consolidated information acquired 

during training, allowing it to be expressed during remote testing, resulting in the improved 

performance in the older groups. 
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5. Conclusion 

In summary, adult-like performance at either recent or remote testing times emerged at 

P25, which coincided with development of both the hippocampus and ACC. The hippocampal-

cortical network required to support the transfer of recent to remote memory may initially be in 

place by P25 after which such processes are temporarily suspended due to the ongoing 

development within the hippocampus and ACC, as evident by the poor remote testing 

performance observed in the P30 group. By P50, the connections may reform and/or strengthen, 

reinstating the capability to process remote memories. Patterns of c-Fos staining within the CA1 

showed decreased levels following a remote test in the P25-50 groups, indicative of hippocampal 

disengagement during this time. ACC staining in the younger cohort was higher than that in the 

older cohort during remote testing, which may indicate a “strain” placed on that region to express 

information that had not been consolidated. By P25, GluR1 and GluR2 levels were at adult-like 

levels and remained stable, for the most part. This coincides with the emergence of both recent 

and remote memory processes and concurrent improvement of testing performance. They may 

contribute to such processes either by directly mediating LTP and synaptic plasticity, or 

indirectly by regulating activity at the synapse.  
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Chapter 5 

General Discussion 

 
 The aim of the current thesis was to examine the development of spatial memory 

processing capabilities, and underlying regional and cellular correlates, during a period when the 

hippocampus has been shown to undergo extensive remodeling. The phenotypic development of 

memory processing capabilities throughout the remodeling period, from both a recent and remote 

memory processing perspective, was tracked through the use of spatial tasks. Neural activity 

profiles, using c-Fos, were examined in the hippocampus and ACC to determine whether recent 

and remote spatial memories are processed similarly in juveniles and adults. Finally, 

developmental changes of GluR1 and GluR2 subunits within the hippocampus and ACC were 

evaluated to determine if their changes coincided with the emergence of spatial memory 

processing, and if those changes facilitated the transition from juvenile- to adult-like cognitive 

functions.  

Chapter 2 assessed whether juvenile spatial memories acquired during a period of 

hippocampal remodeling persisted beyond 24 hours and stabilized as a remote memory by 

assessing their performance on the Morris water maze at either recent or remote intervals and 

comparing it to adults. Manipulations in training were also used in order to determine if any 

training factors could facilitate the onset of adult-like memory processing during the juvenile 

period. Their performance during testing was then correlated to c-Fos activity in both the 

hippocampus and ACC in order to determine whether remote spatial memories are processed 

similarly in juveniles and adults. While juveniles were able to process recently-acquired spatial 

information, they were unable to consolidate that information into remote stores until the later 
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period of hippocampal remodeling. Spaced-training had no effect on the emergence of remote 

memory processing capabilities earlier in development. Increased c-Fos activity within the ACC 

and concurrent decreased activity within the hippocampus coincided with improved performance 

during remote testing, which was seen either after P26, or earlier in spaced-trained rats. The main 

outcomes from this chapter outlined that the state of hippocampal development between P18 and 

20 appears to be such that it has the capability to support the processing of recently acquired 

spatial memories, which continues to develop and improve until P24, when those processes reach 

adult-like levels. The ability to consolidate juvenile-acquired spatial information into remote 

stores, however, begins to emerge after P26, mediated by the development of both the 

hippocampus and the strengthening of hippocampal-ACC connectivity.  

The distribution of GluR1 and GluR2 protein levels during the period of hippocampal 

remodeling within the hippocampus and ACC were quantified and compared to adult levels in 

Chapter 3. GluR1 and GluR2 levels within the hippocampus varied throughout the hippocampal 

remodeling period, reaching adult levels between P24 and 26, while they showed little variation 

within the ACC during this time. The main outcomes from this chapter identified hippocampal 

GluR1 and GluR2 developmental patterns akin to that seen during hippocampal development, 

gradually increasing over time and reaching adult levels by P24. Given that this timeline 

coincides with the period of hippocampal remodeling, they likely somehow contribute to this 

remodeling and facilitate the transition from juvenile- to adult-like cognitive functions. The lack 

of variability within the ACC suggested a developmental timeline of maturation occurring earlier 

in postnatal development. As such, the ACC is primed for remote memory function earlier in 

development and waits for the strengthening of connections with the hippocampus, mediated by 
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hippocampal remodeling, to allow for the transfer of memory representations into its remote 

stores.  

Chapter 4 was an amalgamation of the previous two chapters, where juvenile rats were 

trained on the open field task and tested in the same arena at either recent or remote intervals. 

The difference in distance traveled between training and testing was used as a measure of spatial 

retention. The use of this novel task was to remedy any potential confounds encountered by the 

water maze task used in Chapter 2, such as swimming abilities and fatigue. Activity within the 

hippocampus and ACC was assessed with c-Fos, along with GluR1 and GluR2 protein levels in 

both regions, following testing. Poor performance was observed at both testing intervals in P16 

to 20 groups, while adult-like performance was observed by P25. Performance during the remote 

test in the P30 group was reminiscent of that seen in the P16-20 groups. Patterns of c-Fos 

staining within the hippocampus decreased following remote testing in the P25-50 groups, which 

coincided with an increase in ACC staining relative to their recently-tested counterparts. ACC 

staining in P16-20 groups was higher, however, than the P25-50 groups. GluR1 and GluR2 

levels had reached adult-like levels and remained stable, for the most part by P25. The main 

outcomes of this chapter aligned with the findings from the previous two chapters, corroborating 

that the emergence of remote processing capabilities occurs after the period of hippocampal 

remodeling, ~P25. This is mediated by the strengthening of hippocampal-ACC connectivity, 

allowing for the transference of information to remote stores within the ACC, and the 

developmental peak in GluR1 and GluR2 levels by P25, which mediate LTP and regulate 

synaptic activity. The increased ACC c-Fos staining in the P16-20 likely denoted a strain put on 

that region to express information that had not been consolidated, while the poor testing 
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performance in the P30 group may be due to the protracted development of the hippocampus and 

ACC. 

The processing and retention of recently acquired spatial information has been shown to 

coincide with the onset of hippocampal remodeling; the increase in mossy fiber synaptogenesis 

and projections to CA3 during this period has been shown to mediate the emergence of such 

processes (Altman and Das, 1965; Bayer, 1980b; Ramírez-Amaya et al., 1999, 2001; Holahan et 

al., 2006; Zhang et al., 2009; Curlik et al., 2014; Tzakis et al., 2016). Indeed, dramatic 

improvements in the water maze task from P19 to 20 onward, where the daily latencies to find 

the hidden platform began to significantly decrease, were observed with a concurrent increase in 

synaptogenesis (Keeley et al., 2010). This, and other investigations, point to an overlapping 

timeline of both hippocampal remodeling and the emergence of recent spatial memory 

processing, which is evident after P20 (Rauch and Raskin, 1984; Rudy et al., 1987; Wartman et 

al., 2012; Comba et al., 2015). We further corroborate previous findings by showing that, while 

the ability to retain recently acquired information began to emerge after P18-19, based on the 

incremental improvements in pathlength and latency measurements across subsequent water 

maze training days, it was not until ~P24 that this capability was fully developed. Open field 

performance furthers this notion by showing that rats were incapable of retaining any recently 

acquired spatial information for 24 hours until P25.  

Performance during training and recent testing on both spatial tasks provides insight into 

the processing capacity of the hippocampus throughout the remodeling period. Prior to the onset 

of hippocampal remodeling, the state of hippocampal development is such that it is inefficient at 

processing incoming spatial information. This is evident from training performance in the pre- 

and early remodeling age groups; rats first trained in the water maze at P18-22 show incremental 
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improvements across training measures with each successive training day, yet show no 

preference for the target platform location when tested 24 hours after their last training day, even 

after being exposed to the task for 8 trials over 3 days. The latter P22-trained group showed 

seemingly greater improvements on each successive training day than those seen in the P18 

group, with the P22-trained group reaching close to asymptotic performance by the last training 

day. Rats that began their training day on P24 showed greater improvements during training, 

reaching asymptotic performance by their last day. From this we can deduce that, even after 

being exposed to the same task over multiple days, rats undergoing training during the early 

phase of hippocampal remodeling are incapable of efficiently processing recently-acquired 

spatial information, compromising the retention of that information. Only during the later period 

of hippocampal remodeling (~P22-24) has the hippocampus reached the developmental capacity 

to efficiently process recently-acquired information, possibly through the development of the 

hippocampus’ ability to tune out irrelevant, nonreinforced stimuli (Moore, 1979; O’Keefe et al., 

1979; Solomon, 1979; Schmajuk, 1984). Performance in the open field test furthers this point; by 

P25, the efficiency of the hippocampus is such that it can process and retain recently-acquired 

spatial information from just a single exposure to the task. Prior to this time, a single exposure is 

not enough to process and retain the novel spatial information. These results underscore the 

importance of hippocampal remodeling to the processing and retention of recently acquired 

spatial information.  

Comparing the outcomes of Chapters 2 and 4 highlights some important concepts as it 

pertains to spatial memory processing throughout development. One general commonality that is 

apparent in both studies is the protracted development of remote memory capabilities, with its 

emergence likely occurring sometime between P25 and 30. Based on these results, one can infer 



 252 

that hippocampal remodeling must be complete, or nearing completion, in order to support the 

transference of remote memory processes, given that these capabilities did not emerge until late 

during the remodeling period. Even a hippocampus in the midst of its developmental changes is 

incapable of supporting such processes, as evident by the lack of remote memories for the rats 

trained between P22 and 24. Prior to this time, the ACC, or at least the synapses within the ACC, 

has reached its developmental apex based on the results in Chapters 3 and 4, and is likely 

“waiting” for the termination of hippocampal remodeling before participating in the 

strengthening of its connections with the hippocampus. This strengthening would thus lead to the 

consolidation of memories into remote stores within the ACC. This highlights the impactful role 

of the hippocampus and the dependence on its development in both recent and remote memory 

processes.  

The consistent behavioral patterns observed across the different age groups and testing 

intervals between both spatial tasks used in the current thesis validate the use of the open field 

task as a novel approach to investigating the development of spatial memory. This task was 

employed with the intent of remedying any potential sensorimotor confounds associated with the 

use of the water maze task (Vorhees and Williams, 2006; Sharma et al., 2010; Wartman et al., 

2012; Comba et al., 2015). Although somewhat novel, variants of the open field task have 

previously been used to assess spatial cognition (Vazdarjanova and Guzowski, 2004; Dvorkin et 

al., 2008; Ramirez-Amaya et al., 2013; Lipatova et al., 2015). The use of this task further 

reaffirms the validity of the behavioral results garnered through the use of the water maze. That 

is, it confirms that the performance observed during training and testing was indicative of the 

state of hippocampal development and spatial information processing capacity at that time, and 

not a result of any extraneous sensorimotor confounds. Future investigations using this task as a 
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measure of spatial memory capabilities may want to consider such modifications as the addition 

of a task goal or training trials that span over a few days as opposed to a single exposure, in order 

to gain further insight into spatial cognitive abilities throughout development. 

Another similarity is the regional contribution, or lack thereof, to remote testing 

performance outcomes. In both studies, an increase in ACC activity and concurrent decrease in 

CA1 activity relative to recent training manifested as superior performance during remote testing 

in the older cohorts (training day < P25), for the most part. Based on these observations, one can 

surmise that the initial acquisition and processing of spatial information is dependent on CA1 

functioning exclusively for the short-term, after which it is consolidated into remote stores within 

the ACC, such that its expression is solely reliant on ACC activity, and independent of the 

hippocampus.  

There remains much uncertainty as to the fate of newly acquired spatial information. 

While hippocampal involvement in the processing of newly acquired information is, for the most 

part, unanimously agreed upon, the question remains if it relinquishes its role in the processing 

of that information afterwards, delegating it to the remote stores of the ACC, or if it is constantly 

involved in the recall of that information. These questions have formulated three main 

hypotheses in terms of hippocampal involvement: the cognitive map theory (constant 

hippocampal involvement; O’Keefe and Nadel, 1978), the multiple trace theory (remote 

hippocampal-neocortical involvement; Nadel and Moscovitch, 1997; Moscovitch et al., 2005, 

2006), and the standard consolidation model (complete hippocampal disengagement; Moscovitch 

et al., 2006).  

The aforementioned results are one of the major tenets of the systems consolidation 

hypothesis and provide credence to the likelihood that information is consolidated in this 
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manner. Such patterns, though evident in the P20-22 and P22-24 rats, are observed to a lesser 

extent, which may contribute to the poorer performance observed. Although poorer, their 

performance trumps that observed in P16-20 rats tested remotely, while eliciting hippocampal 

and cortical activity that more closely resembles successful systems consolidation relative to the 

P16-20 counterparts. These observations point to a hippocampal remodeling-mediated 

progression of remote spatial memory processing capabilities; as remodeling progresses, 

hippocampal-cortical connectivity strengthens and is more capable of stabilizing a labile memory 

engram, such that it can be encoded into remote stores. This ability can first be seen early on in 

hippocampal remodeling, after which it becomes more evident sometime between P24-26, a late 

period in remodeling when the newly formed connections remain stable into adulthood (Altman 

and Das, 1965; Bayer, 1980b, 1980a; Holahan et al., 2006; Zhang et al., 2009; Curlik et al., 

2014). Previous investigations can corroborate this notion, reporting that rats form remote 

contextual fear memories by P30, with some indicating that the onset may be as early as around 

P24 (Campbell and Campbell, 1962; Spear, 1979; Rudy and Morledge, 1994; Raineki et al., 

2010; Schiffino et al., 2011). Akers et al. (2012) brought up an interesting concept in their report; 

it has yet to be determined whether the infantile amnesia observed early on in development 

reflects a failure of storage or a failure of retrieval. As such, it is possible that the intra-

hippocampal and intra-cortical connections are formed early on in development, such that they 

are capable of supporting the storage of recent and remote memories, however, have not yet fully 

formed connections between the regions that allow them to successfully consolidate into and/or 

retrieve from remote repositories. As these hippocampal remodeling-mediated connections 

develop, the propensity to store and recall remote memories becomes evident through remote 

behavioral testing.  
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The synaptic variations that occurred as a result of learning furthers the understanding of 

the synaptic changes that allow for the development of spatial memory processes. Basal levels of 

hippocampal GluR1 showed a developmental pattern that aligned with the period of hippocampal 

remodeling; specifically there is a gradual increase in GluR1 levels from P18-22, coinciding with 

the onset of the hippocampal remodeling period, followed by a peak at P24 which stabilized into 

late adolescence, coinciding with the late-phase of hippocampal remodeling. The difference in 

hippocampal GluR1 levels from P18 to P24 was attenuated after exposure to a spatial learning 

task. This aligns with the notion that activity-induced LTP increases synaptic GluR1 levels, and 

corroborates previous findings stating that hippocampal LTP is evident in juveniles as young as 

P18 (Bekenstein and Lothman, 1991; Lee et al., 2003; Meredith et al., 2003; Ju et al., 2004; 

Malenka and Bear, 2004). While the magnitude in increase of GluR1 levels could be indicative 

of increased synaptic efficacy and concurrent behavioral improvements in spatial tasks, it may 

have had an opposing effect. The surge in GluR1 levels could have resulted in LTP saturation at 

the synapse, which has been shown to occur in juveniles at this time, and may have led to the 

observed disruption in spatial learning in younger rats (Barnes et al., 1994; Meredith et al., 

2003). Around the same time, there is an increase in GluR2 levels, which may serve as a 

compensatory mechanism to reduce action potential firing and decrease LTP saturation, given its 

role in synaptic scaling and LTD (Isaac et al., 2007). Prior to the insertion of GluR2, the 

processing of spatial information by the hippocampus may be compromised due to the 

occurrence of saturated synapses, preventing the retention of new memories, and the 

consolidation of recently acquired information into remote stores. This may explain the 

behavioral deficits observed during this time.  
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As the hippocampus progressively develops, GluR1 subunits are replaced by GluR3, 

which reduce the threshold for postsynaptic potentiation and have been suggested to be an 

underlying factor in the emergence of adult-like memory processing capabilities (Pellegrini-

Giampietro et al., 1992; Dumas, 2012; Blair et al., 2013; Pattwell et al., 2013; Henley and 

Wilkinson, 2016; McHail et al., 2018). This switch may have been inadvertently observed after 

P20, whereby GluR1 levels return back to basal levels and remain consistent throughout 

development. Behaviorally, the emergence of remote memory processes was observed shortly 

after this time (~P25), in spite of these invariable GluR1 levels. This could likely be the 

attributed to the developmental GluR1-GluR3 switch that occurs around this time. While one 

may suppose that this downregulation of GluR1 would lead to a decrease in LTP, reports have 

shown this not be the case, suggesting that other subunits may play a critical role in activity-

dependent synaptic plasticity, providing further evidence for the role of GluR3 in mature 

hippocampal processes (Zamanillo et al., 1999; Malinow, 2003). While GluR1 is downregulated 

during development, it seemingly continues to play a significant role in memory processing, 

given the significant spike observed in levels observed in P50 and P71 relative to basal levels. 

The activity-dependent maintenance and persistence of GluR1 levels is evident at this time, 

maintaining a constant level of the subunit even after the developmental GluR1-GluR3 switch 

and subsequent downregulation, thus allowing for its continued involvement in memory 

processes; perhaps it follows the tenets of the proverbial “use it or lose it”.  

While GluR1 and GluR2 have certainly proven to play a large role in the development of 

memory processes, that credit should also be extended to the more intricate components of the 

synapse which may arguably be the venerable backbone of memory processing. These, of course, 

include the calcium-dependent protein kinases, TARPs, synaptic proteins, etc. all of which 
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interact with AMPAr subunits and function in the trafficking, regulation, and stabilization of 

AMPAr at the synapse; this function is paramount to the development and prolongation of 

synaptic plasticity, and resulting memory process.  

One synaptic protein that deserves special attention, based on its role in remote memory 

maintenance is the atypical PKC isoform, protein kinase Mzeta (PKMζ). This synaptic protein 

has very recently caught the attention of experimental neurobiologists and cognitive 

neuroscientists alike for its role in memory processes, specifically remote memory processes. It 

has been credited for being one of the molecular substrates that sustains remote memory storage 

(Kwapis and Helmstetter, 2014; Wang et al., 2016). While other protein kinases aim to 

consolidate memory shortly after learning, PKMζ maintains the information during the storage 

stage through the maintenance of synaptic potentiation during late-LTP and remote storage. This 

has shifted the attention of researchers from the induction of memory to the remote maintenance 

of memory (Kwapis and Helmstetter, 2014; Wang et al., 2016).  

LTP induction increases the synthesis of PKMζ, which continues to increase during LTP 

maintenance (Serrano et al., 2005; Sacktor, 2008; Kwapis and Helmstetter, 2014). PKMζ 

mediates this late-LTP maintenance by indirectly targeting GluR2 for synaptic potentiation. 

Specifically, it modifies levels of N-ethylmaleimide-sensitive fusion protein (NSF), which 

interacts with GluR2 as part of a homeostatic mechanism maintaining AMPAr at synapses. This 

PKMζ-NSF/GluR2 interaction results in a significant increase in AMPAr trafficking, doubling 

the number of active AMPAr channels, enhancing synaptic transmission and potentiation, and 

maintaining late-LTP (Sacktor, 2008, 2012; Yao et al., 2008; Evuarherhe et al., 2014). Further 

evidence for the importance of this molecule in remote memory processing comes from 

investigations reporting that PKMζ blockade in either the hippocampus or the mPFC resulted in 
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the extinction of remotely-stored memories (Serrano et al., 2008; Hardt et al., 2010; He et al., 

2011; Evuarherhe et al., 2014). As it pertains to the current thesis, it is possible that PKMζ 

facilitated the maintenance of the consolidated memory once the hippocampal-cortical 

connections were developed enough to support such processes, given the increase in GluR2 

within the ACC during remote testing around the time where remote memory was observed 

behaviorally. These results may further give credence to the systems consolidation model, given 

that this variation in GluR2 was seen within the ACC, not the hippocampus, during remote 

timepoints, i.e. increased maintenance of late-LTP only within the ACC at remote timepoints. 

Lastly, PKMζ increases the trafficking of GluR3-containing AMPAr to the synapse which, as 

previously mentioned is important in the stabilization of the synapse and memory engram (Yao 

et al., 2008). Future investigations into remote memory processes should focus on the variations 

in GluR3 and PKMζ throughout development in order to gain insight into how they mediate, if at 

all, the emergence of remote memory processing. It would be interesting to see if the 

upregulation of either in younger animals where remote memory has not been observed 

behaviorally would facilitate those processes, such that they acquire that ability sooner in 

development.  

 Given the developmental timeline during which we conducted our analyses, we would be 

remiss to not discuss the impact of pubertal status on our cellular and behavioral findings. In 

males, the onset of puberty has been demarcated sometime around P40 (~P38 and 40), with a 

peripubertal range defined from ~P38 to P60. This period is marked by a rise in gonadotropin-

releasing hormone, and subsequent increases in sex hormones, luteinizing hormone, and follicle-

stimulating hormone (Schneider, 2013). Neurodevelopmental consequences of the onset of 

puberty include increased myelination, increased pruning of synapses and axons, especially 
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within the ACC, and increased spine density in the CA1, all of which are mediated by the 

increase in estrogen and testosterone during this time (Kovacs et al., 2003; Brenhouse and 

Andersen, 2011; Schneider, 2013; Frick et al., 2015; Drzewiecki et al., 2016; Juraska and 

Willing, 2017). The increase in sex hormones has also been shown to positively modulate 

memory processes, likely through the aforementioned neurodevelopmental changes (Sandstrom 

et al., 2006; Leonard and Winsauer, 2011; Spritzer et al., 2011; Hawley et al., 2013; Moradpour 

et al., 2013; Frick et al., 2015; Yagi and Galea, 2019). Our results seemingly concur with these 

findings, showing an increase in synaptic events within the hippocampus and ACC, along with 

an increase in ACC efficiency following pubertal onset. This may likely come as a result of the 

increased synaptic pruning and myelination, based on the decrease in c-Fos activity relative to 

the pre-pubescent cohorts, in peripubertal rats. These neurodevelopmental alterations during 

puberty have also coincided with the emergence of adult-like spatial memory processing.  

While it may be tempting to attribute the development of such processes to the onset of 

puberty, this may not be the case according to Juraska and Willing (2017). They argue the lack 

of evidence that points to the developmental changes in cognitive behavior being a direct result 

of puberty itself, and the fact that puberty has been shown to alter learning strategies in certain 

spatial tasks has made it difficult to elucidate its role. They further cite studies which have shown 

little to no effect of pubertal status on recent or remote spatial memory (Juraska and Willing, 

2017). Indeed, our results follow this notion based on the fact that we observed evidence of 

adult-like spatial memory processing in rats prior to pubertal onset. Although, pre-pubertal rats 

trained on a spatial task during the late-phase of hippocampal remodeling and then tested during 

the peripubertal period showed improved remote memory performance relative to those trained 

and tested prior to the onset of puberty. From this, we can surmise a two-pronged series of 
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developmental events that mediate the maturation of spatial memory processing: the first prong 

involves the completed remodeling of the hippocampal network and the resulting strengthening 

of the hippocampal-cortical connectivity; this would serve as the catalyst for the development of 

memory processing. The second prong would involve the onset of puberty, which would 

function to fine-tune the cellular and morphological underpinnings of cognition, resulting in 

increased and more stable synapses, allowing them to gain a higher capacity to support memory 

processing, and increased efficiency of regional functionality.  

While these studies were planned with the intent of avoiding any confounds, they do not 

come without their limitations. For one, the potential lack of effect of spaced training in the first 

chapter may suggest that the intertrial interval of ~5-8 minutes given for each rat may not have 

been enough to promote a facilitation of memory retention and/or consolidation, at least not at 

that stage of hippocampal development. The marginal improvement in testing between massed- 

and spaced-trained rats at each interval suggests that there may be a potential facilitation of 

memory processing mediated by spaced-training, but that a longer intertrial interval may be 

necessary to observe drastic improvements in memory retention. Future directions for such 

studies should implement an intertrial interval longer than 5-8 minutes in order to see such an 

effect. It would also be interesting to compare the use of different intertrial intervals over 

development (i.e. 15 minutes vs. 30 minutes vs. 1 hour) in order to gauge the amount of time 

necessary to facilitate memory processing, and may provide further insight into the state of 

hippocampal development during that time; perhaps the intertrial interval necessary to facilitate 

memory processing would decrease with increased hippocampal development.  

 While the use of Western blotting in the second study may have provided insight into the 

levels of GluR1 and GluR2 expression within the hippocampus during development, future 
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studies may consider investigating the localization of those increased levels on the cell. That is, 

determining whether that increase is occurring within the cytoplasmic, synaptic, and/or 

perisynaptic regions. This would provide further insight into the state of synaptic development 

throughout the hippocampal remodeling period, and how these synaptic changes may mediate 

the development of memory processing. 

 Similarly, future studies evaluating GluR1 and GluR2 levels following a spatial memory 

behavioral task may consider assessing phosphorylated GluR1 and GluR2 levels, in addition to 

GluR1 and GluR2 levels. Given that learning-induced synaptic plasticity is a result of the 

phosphorylation of GluR1 and GluR2, any observable improvements in spatial memory 

throughout development could be attributed to variations in phosphorylated GluR1 and/or 

GluR2. Further analyzing the phosphorylated GluR1/GluR1 and phosphorylated GluR2/GluR2 

ratios would provide further insight into synaptic changes that may mediate the improvement of 

spatial memory processing throughout development.  
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Conclusion 
 
 The current thesis examined the development of spatial memory processing, and its 

underlying systems and synaptic correlates, in juveniles during a period of hippocampal 

development. The initial emergence of recent memory processing coincided with the onset of 

hippocampal remodeling and continued to be refined as this remodeling progressed. Remote 

memory processes showed a protracted development, manifesting during late-phase hippocampal 

remodeling. This prolonged development may have been the result of increased hippocampal 

development and concurrent capacity to process memories, along with the strengthening of 

hippocampal-cortical connections that occurred overtime. The pattern of juvenile-acquired 

spatial memory consolidation that coincided with successful performance during testing trials 

indicates that the hippocampus is initially responsible for the processing of recently acquired 

information. After some time, it is stabilized and consolidated into remote stores within the 

ACC, rendering it independent of hippocampal activity. Both recent and remote memory 

processing are likely mediated by the development of synaptic components, particularly GluR1 

and GluR2. GluR1 increases the propensity for LTP-mediated synaptic plasticity, while GluR2 

may have mediatory functions, downscaling the synapse in order to prevent LTP saturation. 

Future investigations into cognitive development should assess the developmental trajectory of 

GluR3, given that there is a developmental shift from GluR1 to GluR3 during a time when adult-

like memory processing emerges. Further investigations into PKMζ development, and its 

contribution to the development of memory processing, would yield insight into the prolongation 

of LTP, and its effect on the emergence of remote memory storage. This would provide a novel 

understanding of remote memory processing, approaching the subject from less of a memory 

induction perspective and more from a memory maintenance perspective. 
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Supplemental Figure 1. Western blot showing target protein for (A) GluR1 and (B) GluR2.

A. B. ~100 kDa ~100 kDa 
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Supplemental Figure 2. Comparison of performance in the open field task between males and 

females for each age group. No significant differences observed between males and females at 

P16 (p = 0.980), P18 (p = 0.916), P20 (p = 0.092), or P25 (p = 0.730). Given that no apparent 

significant differences in performance were noted between males and females, the data from both 

sexes were collapsed across each age group. 

 

 


