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1. Introduction

Gross anatomy of the hippocampus

The hippocampus is a fascinating structure in the medial temporal lobe of the brain. 

It is thought to underlie certain forms of learning and memory, by mediating the 

acquisition and processing of information into abstract concepts, and relegating 

its long-term storage. The name “hippocampus” derives from the Greek word for 

seahorse, reflecting its curved shape. The hippocampus is part of the hippocampal 

formation, which is a group of structures within the temporal lobe that also includes the 

dentate gyrus, the subiculum, the pre- and parasubiculum, and the entorhinal cortex.

Figure 1A shows the three-dimensional position of the hippocampus in the rat 

brain. The hippocampus extends rostrally from the septal nuclei, sweeps behind 

the diencephalon, and descends into the temporal lobe. A transverse slice of the 

hippocampus (Figure 1B) shows the different hippocampal fields and its main intrinsic 

connections. Based on differences in size and connection, the mouse hippocampus is 

divided into four regions: the dentate gyrus, CA1, CA2, and CA3 fields. The principal 

cells of the CA3 field are larger than those of the CA1 field, and they receive input from 

the dentate gyrus, whereas the CA1 principal cells do not {Amaral 1989}.

Figure 1. Anatomical position and structure of the hippocampus.
(A) See-through view of the rat brain, revealing the three-dimensional position of the hippocampus. 
Modified from {Amaral 1989}. (B) Transverse slice showing the fields of the hippocampal 
formation and the connections of the network. Abbreviations: S-T = septotemporal axis of the 
hippocampus, TRANS = transverse axis of the hippocampus, DG = dentate gyrus; CA3, CA1 = 
fields of the hippocampus; S = subiculum, pp = perforant path fibers; mf = mossy fibers; sc = 
Schaffer collaterals. From {Amaral 1989}.
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Hippocampal projections

A schematic representation of the hippocampal network is shown in Figure 2A. The 

entorhinal cortex receives input from higher cortical areas, such as the sensory cortices. 

Information from the entorhinal cortex enters the hippocampal formation through 

the perforant path, which projects mainly to the dentate gyrus and the CA3 field of 

the hippocampus. The dentate gyrus projects to the CA3 field of the hippocampus 

through the mossy fibers, and the CA3 field projects to the CA1 field through the 

Schaffer collaterals. The CA1 field projects mainly to the subiculum, which in turn 

projects back to the entorhinal cortex. The interconnected fields of the hippocampal 

circuit thus form a one-directional trisynaptic loop (although outside of this loop there 

are also direct entorhinal inputs to CA1, intrahippocampal septotemporal projections, 

and commissural fibers). The trisynaptic loop allows information to pass through 

the entire hippocampal formation and ultimately return (via entorhinal cortex and 

subiculum) to the cortical area from which it originated (as well as to subcortical targets 

such as ventral striatum). It is thought that the transformations that this information 

undergoes while traversing the hippocampal formation enable it to be stored in the 

form of memory. 

Microscopic anatomy of the hippocampus

The hippocampus has a very distinct structure composed of orderly layers of neurons 

and their connections. Figure 2B depicts a stained transverse slice of the hippocampus, 

illustrating its cytoarchitectonic divisions. The principal excitatory neurons of the 

hippocampus are the pyramidal cells, which are named after the triangular shape of 

their cell bodies. These cells mediate their signal transduction through glutamate 

release. The pyramidal cell bodies sit in the pyramidal cell layer. Pyramidal cells in CA3 

connect with other pyramidal cells in CA3, both ipsilaterally (associational connections) 

and contralaterally (commissural projections). They also connect to CA1 pyramidal 

cells through the Schaffer collaterals. Finally, some of the axons of CA3 pyramidal cells 

exit the hippocampus through the alveus and enter the fimbria/fornix, terminating in 

the lateral septal nucleus. 

The basal dendrites of hippocampal pyramidal cells are found in stratum oriens. Here, 

they receive connections from other pyramidal cells (from the ipsi- and contralateral 

hippocampal fields), as well as from the medial septal nucleus, which provides the 

major subcortical input to the hippocampus. The apical dendrites of hippocampal 

pyramidal cells extend into the stratum lucidum, the stratum radiatum and the stratum 

lacunosum-moleculare. The apical dendrites receive the same connections as the 

basal dendrites, but in stratum lacunosum-moleculare the apical dendrites also receive 
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input from the entorhinal cortex through the perforant path fibers  {Amaral 1989}. 

Multiple types of inhibitory neurons (GABAergic interneurons) are found in 

hippocampus, whose bodies lie in stratum oriens (VIP interneurons, O-LM cells), 

stratum pyramidale (basket and chandelier cells), stratum radiatum (IS-1 interneurons), 

and stratum lacunosum moleculare (LM interneurons) {Danglot 2006}. The bodies of 

so-called basket cells are found in stratum pyramidale. Hippocampal interneurons 

receive connections from local pyramidal cells, Schaffer collaterals and commissural-

associational fibers, and synapse not only onto pyramidal cells, but also onto other 

hippocampal interneurons. These mutual inhibitory connections create networks of 

interconnected interneurons, which allows for the synchronization of interneuron firing.

The hippocampus mediates learning and memory

In humans, the hippocampus is required for declarative memory, which is memory that 

can be communicated explicitly, such as facts (semantic memory) and events (episodic 

memory). Declarative memory can be seen as a conceptualization of information, 

since information from different sensory inputs (sight, sound, context, etc.) is bound 

together to form an abstract representation of what is perceived (semantic facts, 

episodic events).

Interestingly, such an abstract representation of concepts is observable in the 

hippocampus at a single cell-level: hippocampal neurons recorded from epileptic 

human patients have been found to fire exclusively in recognition of certain individuals, 

landmarks, or objects, regardless of the type of image or sensory modality the patient 

was presented with (photos, drawings, letter strings, spoken words) {Quiroga 2005}

{Quiroga 2009}. This type of “concept” neuron might mediate between the perception 

and storage of information by creating the abstract encoding in which it is stored.

Correspondingly, dysfunction of this faculty may lead to pathologies in which 

conceptualization and storage of perceived information is compromised, such as in 

intellectual disability. Indeed, hippocampal damage results in learning and memory 

deficits in both humans {Scoville 1957} and animals {Morris 1982}. In fact, many 

properties of the neuronal activity that underlies these processes have been elucidated 

through hippocampal neuronal recordings in rodents. In these studies, spatial learning 

and memory paradigms are used as animal models of declarative memory.
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Figure 2. Anatomy of the mouse hippocampus.
(A) Schematic representation of the mouse hippocampal network. Abbreviations: CA3, CA1 = fields of 
the hippocampus; EC = entorhinal cortex; II, III = layers of the entorhinal cortex; LPP, MPP = lateral and 
medial perforant path. From {Deng 2010}. (B) Cytoarchitectonic divisions of the hippocampus in a stained 
transverse hippocampal slice. The cell bodies of the principal cells of the hippocampal formation are 
contained in the lighter stained layers of this image, i.e. the pyramidal and granule cell layers. The darker 
stained regions contain the principal cells’ dendrites, as well as axons from intrinsic and extrinsic sources. 
The hippocampus is made up of a number of layers, and divided into the CA3 and CA1 regions. On the 
surface of the hippocampus lies a thin sheet of outgoing and incoming fibers called the alveus (a). The 
cell bodies of the principal cells of the hippocampus are located in the pyramidal cell layer (p). The basal 
dendrites of the principal cells extend into the stratum oriens (o); and their apical dendrites extend into the 
stratum radiatum (r) and stratum lacunosum-moleculare (l-m). The dentate gyrus (DG) has three layers. The 
cell bodies of the principal cells of the DG, the granule cells, lie in the granule cell layer (g). The granule 
cell dendrites extend into the molecular layer (m). The granule cell axons extend into the polymorphic cell 
layer (pl), and enter the hippocampus at the stratum lucidum (l) of the CA3 field, before forming synapses in 
the stratum pyramidale. The polymorphic layer of the dentate gyrus also contains the mossy cells. Modified 
from https://commons.wikimedia.org/wiki/File:HippocampalRegions.jpg based on {Freund 1996}.
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Recording hippocampal activity in vivo

Neuronal activity can be recorded from awake, behaving, freely moving animals in 

vivo using chronically implantable electrode microdrive arrays. Implanted multisite 

electrodes, such as tetrodes, allow for simultaneous recording of single cell spiking and 

neuronal network activity reflected by local field potential (LFP) fluctuations. Tetrodes 

are comprised of four closely located single wire electrodes {McNaughton 1983}. 

As each spike is picked up by four electrodes instead of just one (Figure 3), tetrode 

recordings provide more information per spike, allowing a more reliable isolation of 

neurons {Gray 1995}{Wilson 1993} which allows their activity to be stably tracked over 

time.

Figure 3. Tetrode recording.
Recording spiking activity of single neurons surrounding a wire tetrode. The distances between a 
single neuron and the four tetrode wires are indicated by the red arrows. As spike amplitude de-
creases with distance, individual neurons can be identified by triangulation. Neuronal spikes can 
be detected within a radius of 140 μm (approximately 1100 neurons). The >60 μV spike amplitude 
of neurons within a radius of 50 μm (approximately 140 neurons) is large enough for separation by 
clustering methods available at the time of publication of this figure. From {Buzsáki 2004}.
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In tetrode recordings, individual neurons are identified on the basis of triangulation: 

as the amplitude of each recorded spike is a function of the distance between the 

neuron and the individual electrodes, a single spike will be recorded with slightly 

different amplitudes on each of the tetrode’s wires; single units can then be isolated 

and identified from the relative spike amplitudes on these multiple recording sites 

{Buzsáki 2004}{Gray 1995}. Theoretically, a tetrode in hippocampal CA1 should be able 

to detect spikes from up to 1000 neurons, although in practice, up to 15 cells can be 

discriminated from one tetrode {Henze 2000}. The implantable microdrive lends the 

tetrode recording mechanical stability in the order of weeks, allowing for long-term 

chronic recordings of LFP and simultaneous single cell spiking in behaving animals 

{Buzsáki 2004}{Gothard 1996}{Hollup 2001}{Markus 1995}{O’Keefe 1996}{Wilson 1993}.

Hippocampal neuronal activity: place cell recordings

In 1971, O’Keefe and Dostrovsky identified a specific type of neuron, the so-called 

place cell, by taking microelectrode recordings from hippocampal CA1 in rats placed 

on an elevated maze surrounded by visual cues. He found that pyramidal cells 

exhibited spatially restricted neuronal activity, i.e. cells whose firing depended on the 

position of the animal in the maze. These place cells fired maximally when the animal 

occupied a certain place within the maze (the cell’s so-called place field), and at lower, 

spontaneous rates when the animal was outside this receptive field {O’Keefe, 1976}.

This fascinating property of CA1 pyramidal cells has been the subject of many studies 

since. Most place cells are found to have one or two place fields, that are for the most 

part evenly distributed across environments, and vary in size from a few to tens of 

cm2, depending on the size of the environment and the cell’s dorsoventral location in 

CA1 {Kjelstrup 2008}. Place fields are sometimes influenced by the orientation (head-

direction) of rodents, and can be manipulated by visual, olfactory, and tactile cues, 

but never irrespective of the animal’s location. This suggests that place cell activity 

does not mediate a single modality, but that it reflects an integration of multimodal 

information, tied to a combination of idiothetic, motor behavior, and environmental 

cues {O’Keefe 1978}{O’Keefe 1976}{McNaughton 1983}. This multi-modal information 

thus  forms an abstracted concept of place, represented by place fields. Individual 

place cells represent parts of the environment which are mapped by the hippocampus, 

and the cells’ collective fields form a representation of the entire environment.

Spatial information thus appears to be abstracted in rodent hippocampal circuits, 

possibly in the same way as concepts in the human epileptic patients described 

above {Quiroga 2005}: single neurons in hippocampus respond to varying sensory 

presentations (visual, olfactory, kinesthetic etc.) of their conceptual counterparts 
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(individuals, landmarks, objects, place, etc.). In fact, hippocampal neurons that respond 

to “place” have been identified in human epileptic patients exploring a virtual town, 

increasing their firing in specific spatial locations of the virtual environment {Ekstrom 

2003}. Rodent place cells have therefore been studied as a general model for 

hippocampal information processing.

Hippocampal network activity: LFP recordings

The layered structure of the hippocampus lends itself exceptionally well to 

electrophysiological recordings, since the cell bodies, axons and dendrites of 

hippocampal principal cells lie parallel to each other, and therefore their individual 

synaptic currents summate in the extracellular space. Hippocampal neurons 

form interconnected networks, which exhibit patterns of synchronized firing in 

electrophysiological studies called network oscillations. These oscillations are reflected 

in LFP fluctuations resulting from the summated membrane currents flowing in and 

out of a large number of synchronously active cells in the extracellular space. The 

oscillatory pattern is characterized by the frequency and amplitude of the recorded 

field potentials. The frequencies at which these hippocampal network oscillations 

occur have been correlated with certain brain states: when unaroused, hippocampal 

field recordings reveal high-frequency ripples (110-200 Hz) as well as beta (10-20 Hz) 

and delta (1-3 Hz) oscillations, whereas when aroused, hippocampal activity is found to 

oscillate at beta (10-20 Hz), gamma (20-100 Hz), and theta (4-8 Hz) frequencies {Bragin 

1995}{Lansink 2016}{Mikkonen 2002}{Traub 1996}. The function of these network 

oscillations may be to contribute to the representation of information by regulating 

the flow of information in neural circuits, thereby assisting the storage and retrieval 

of this information {Bragin 1995}{Fisahn 1998}{Jefferys 1996}{Lengyel 2005}{Markram 

1997}{Mikkonen 2002}{Sejnowski 2006}{Singer 1993}{Singer 1995}. LFP oscillations 

reflect temporal coordination of neuronal activity {Buzsáki 2012}, on which  synaptic 

plasticity strongly depends {Markram 1997}. These oscillations are associated with 

several cognitive and mechanistic processes through the brain, such as neuronal 

communication and precise spike timing of activated neuronal groups {Bosman 2014}

{Fries 2015}{Sejnowski 2006}. Hippocampal theta chunks this experiential information 

in oscillation cycles {Skaggs 1996}{Gupta 2012}, and theta-nested gamma oscillations 

induce synaptic plasticity, supporting memory consolidation processes {Bosman 2014}

{Zheng 2016}{Colgin 2010}.

In neuronal networks of the sensory cortex, oscillatory activity may guide the routing of 

information through brain networks. Different areas of the visual cortex for example will 

fire in synchrony if they are stimulated by the same object, even if they are separated 
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by long distances {Jefferys 1996}. Although the hippocampus does not receive input 

directly reflecting external stimuli as the different sensory cortices do, the gamma-

inducing stimulus of the hippocampus might exist in the form of the multimodal input 

it receives from the neocortex. In vivo, gamma oscillations occur nested in theta activity 

during arousal, focused attention, exploration of environment, and REM sleep {Bragin 

1995}{Mikkonen 2002}. During these activities, the hippocampus receives cortical 

sensory input. It therefore seems likely that hippocampal gamma oscillations in vivo 

contribute to the acquisition, representation, and processing of multimodal cortical 

information {Chrobak 1998}{Mikkonen 2002}. 

As the electrophysiological properties of rodent hippocampal spatial information 

processing correlate with learning and memory formation {Bosman 2014}{Zheng 2016}

{Colgin 2010}, these recordings can be used as a tool to probe impaired cognition 

in psychiatric disease {Zaremba 2017}. Here, we use it on a mouse model for a 

neurodevelopmental disorder that leads to intellectual disability.

Fragile X syndrome

Fragile X syndrome (FXS) is the most prevalent heritable intellectual disability and the 

most prevalent monogenic cause of autism {Belmonte 2006}{Niu 2017}. The disorder 

arises from a CGG triplet expansion of the Fmr1 gene. As Fmr1 is an X-chromosomal 

gene, FXS affects mainly males (approximately 1 in 4000) but is also prevalent in 

females (approximately 1 in 8000) {Bostrom 2016}. FXS is named after the appearance 

of the mutated gene, which makes the X-chromosome look “fragile”. 

The Fmr1 mutation in FXS silences expression of the fragile X mental retardation 

protein (FMRP). This loss has grave consequences in the brain, as FMRP is needed both 

for proper neuronal development as well as for acute synaptic signaling {Bagni 2006}. 

As a result, FXS patients suffer from impaired cognitive function, seizures, behavioral 

problems, and physical dysmorphia {Rousseau 2011}. The full implications of FXS are 

not well understood, despite its straightforward genetic etiology. 

FMRP is involved in regulation of local mRNA translation at synaptic sites, and the 

FXS mutation effectively leads to long-term developmental defects as well as acute 

disturbed synaptic function and plasticity {Santos 2014}. The development of a mouse 

model for FXS, the Fmr1-KO {The Dutch-Belgian Fragile X Consortium 1994}{Mientjes 

2006}, has enabled the identification of several neurophysiological and developmental 

hallmarks of the disease. Similar to those of human patients, Fmr1-KO hippocampal 

CA1 pyramidal neurons show increased dendritic spine density and an immature spine 

morphology, which are linked to expression of the metabotropic glutamate receptor 

5 (mGluR5) {Levenga 2011}. The functional counterpart of these findings is impaired 
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synaptic plasticity: augmented experimentally induced mGluR5-mediated long-term 

depression (LTD) is found in the same cells {Krueger 2011}. Activity-dependent synaptic 

plasticity is thought to lie at the basis of learning and memory {Hebb 1949}{Bliss 1973}

{Bliss 1993}, impairment thereof can therefore lead to devastating cognitive effects. 

However, these have proven difficult to establish in animal models of FXS.

Fmr1-KO mice show various impairments in hippocampus-dependent spatial tasks: 

they have a diminished ability for radial maze learning {Mineur 2002}{Guo 2012}, 

consistently display an increase in escape latency in reversal trials of the Morris water 

maze {Kooy 1996}{D’Hooge 1997}{van Dam 2000}, show significantly impaired retrieval 

and memory consolidation in the Barnes maze {Yan 2004}, and exhibit strong spatial 

preferences indicating impaired cognitive flexibility in the acquisition of a visuospatial 

discrimination task {Krueger 2011}. These findings imply deficits in cognition and 

(spatial) memory, which is consistent with findings in FXS patients {Cianchetti 1991}.

Here, we describe multiple electrophysiological manifestations of impaired 

hippocampal spatial information processing in Fmr1-KO mice, characterizing how this 

neurodevelopmental phenotype affects learning and memory formation in vivo.

Chapter questions and summaries

We recorded single cells and simultaneous LFP activity in mouse hippocampal CA1 

using an implantable microdrive employing six individually moveable tetrodes {Battaglia 

2009}. Neuronal recordings were done while the animals freely explored an open field 

arena in the presence of four visual cues, which we contrasted to probe sessions in 

which three of the four cues were removed. We based our behavioral protocol on a 

study in which it was used to describe deficits in hippocampus-dependent retrieval of 

complete spatial memories based on an incomplete set of cues (pattern completion) in 

a mouse model of impaired synaptic plasticity (NMDA receptor knockout) {Nakazawa 

2002}. Though we did not behaviorally characterize memory retrieval in our study, we 

evaluated the integrity of neuronal spatial representations of this environment, and 

the effect of changes to it. Using this protocol, we sought to provide a handle on 

cognition-related neural information processing dysfunction in FXS, by studying the 

consequences of the Fmr1 mutation for hippocampal processing of spatial information 

in an electrophysiological phenotype evaluated at the neuronal network level.

Building on demonstrated hippocampus-dependent memory impairments in Fmr1-

KO mice as described above, in Chapter 2 we evaluated whether this FMRP deficit 

affects the representation of place by hippocampal pyramidal neurons. By recording 

hippocampal pyramidal neuronal activity and characterizing spatial coding parameters 

of their place fields, we show that Fmr1-KO place cells are impaired in maintaining 
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stable spatial representations, providing a clear, robust link between the FXS genotype 

and information processing aberrations on the level of single neurons. In Chapter 3 

we tested an influential hypothesis which posits that many of the phenotypes of FMRP 

deficit are an effect of glutamatergic hyperstimulation, and therefore can be rescued 

by manipulations in this pathway. We evaluated the effect of pharmacological mGluR5-

antagonism on the Fmr1-KO electrophysiological aberrations we found in Chapter 2. 

The conclusion is reached that FMRP deficits do not affect hippocampal place cell 

stability exclusively via ongoing glutamatergic hyperstimulation. In Chapter 4, we set 

out to determine whether the impaired Fmr1-KO spatial information processing we 

observed on a single-cell level in Chapter 2 might be related to neuronal network 

aberrations. We characterized properties of Fmr1-KO hippocampal neuronal network 

oscillations supporting memory formation as described above, and find abnormal 

hypersynchrony of LFP oscillations in gamma and theta bands, as well as abnormally 

strong locking of individual neurons to the ongoing rhythm. These findings reflect 

aberrant temporal precision of neuronal activity, compromising information processing 

within the hippocampal circuit. 

In Chapter 5, we extend our analysis to periods where the mice rested before and 

after the spatial exploration recordings. Replay of hippocampal neuronal activity 

during rest periods subsequent to spatial exploration aids consolidation of spatial 

information. This “offline information processing” occurs during large amplitude, 

highly synchronous LFP events (so-called sharp-wave ripples, SWRs). We investigated 

whether the disturbed spatial information processing in Fmr1-KO mice described 

above is reflected in offline processing events, and find abnormal SWRs in these 

animals. The implications of these results are critically discussed in Chapter 6.




