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Abstract The hippocampus and associated structures are

responsible for episodic memory in humans. In rodents, the

most prominent behavioral correlate of hippocampal neural

activity is place coding, which is thought to underlie spatial

navigation. While episodic memory is considered to be

unique to humans in a restricted context, it has been pro-

posed that the same neural circuitry and algorithms that

enable spatial coding and navigation also support episodic

memory. Here we review the recent progress in neural

circuit mechanisms of hippocampal activity by introducing

several topics: (1) cooperation and specialization of the

bilateral hippocampi, (2) the role of synaptic plasticity in

gamma phase-locking of spikes and place cell formation,

(3) impaired goal-related activity and oscillations in a

mouse model of mental disorders, and (4) a prefrontal-

thalamo-hippocampal circuit for goal-directed spatial

navigation.
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Introduction

The hippocampus is crucial for episodic memory in

humans [1–5]. Episodic memory is claimed to be unique to

humans, which allows an individual to mentally travel back

in time to remember personal experiences in the context of

both time and space [6–8]. There has been controversy over

whether other species have a similar ability to memorize

their personal episodes and whether their hippocampus

mediates it [3, 4, 9–19]. In rodents, the most prominent

behavioral correlate of hippocampal principal neuron

activity is place coding [20]. Individual position-tuned cells

(place cells) fire in particular locations in the environment

[20]. As an ensemble, place cells provide a representation
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of space [21], which is thought to support spatial memory

and navigation. Recently, it has been proposed that the

mechanisms of declarative (episodic and semantic) mem-

ory have evolved from the mechanisms of spatial naviga-

tion [22–24].

Temporal coordination in the hippocampus is secured by

various oscillations [25], especially theta [26–33], gamma

[34], and sharp wave-ripple complexes (SPW-R) [35].

Consistent with anatomical, morphological, and molecular

properties [36], accumulating evidence indicates that there

are sub-region- and sub-layer-specific functional properties

in the hippocampus. Hippocampal CA1 and CA3 areas

have distinct activity dynamics, which may support distinct

computational roles in the circuitry [29, 37–46]. Even

within the same sub-region (e.g., CA1, CA2, CA3), prin-

cipal neurons are not homogenous. Pyramidal neurons in

the dorsal and ventral hippocampus show distinct neuronal

representations and network dynamics [47–51]. CA1

pyramidal cells show a gradient in the proximal–distal

(CA3 to subiculum) direction in terms of place coding [52]

and propensity of emitting spike bursts [53]. In CA1 and

CA2 areas, deep and superficial pyramidal cells have dis-

tinct connectivities and functions [54–63]. Further,

numerous parameters (firing rate of individual neurons,

magnitude of synchrony, probability of spike transmission,

synaptic strength) in the same sub-regions in the hip-

pocampus are hugely heterogeneous, and follow skewed

distributions with a heavy tail [64–67], suggesting that the

skewed (typically log-normal) distributions are funda-

mental to structural and functional organization in the

circuitry [68].

Here we review recent progress in the neural circuit

mechanisms of hippocampal activity by introducing sev-

eral topics presented at the Annual Meeting of the Physi-

ological Society of Japan in 2016 [69–72]. The topics cover

a wide range of research areas; (1) cooperation and spe-

cialization of the bilateral hippocampi, (2) the role of

synaptic plasticity in gamma phase-locking of spikes and

place cell formation, (3) impaired goal-related activity and

oscillations in a mouse model of mental disorders, and (4) a

prefrontal-thalamo-hippocampal circuit for goal-directed

spatial navigation.

Cooperation and specialization of the bilateral
hippocampi in rodents

Left–right asymmetry of brain functions in mammals with

higher cognitive abilities, such as primates, is a well-ac-

cepted concept [73]. A recent report has shown that dogs

have functional brain laterality similar to primates [74].

The brain area in which asymmetry is most well studied in

rodents is the hippocampus. The hippocampus is comprised

of laminar structures in which projections from different

brain areas terminate in distinct layers [75]. In the CA1, the

pyramidal cell layer is sandwiched by the stratum oriens

(str ori) and stratum radiatum (str rad). The former and the

latter harbor the basal and the apical dendrite synapses of

the CA1 pyramidal neurons, respectively. While both lay-

ers receive CA3 pyramidal axon projections, the str ori

contain more synapses from the contralateral CA3 than the

ipsilateral CA3. On the other hand, ipsilateral CA3–CA1

projections are more numerous in the str rad [76]. The CA1

areas have one more distal layer than the str rad, termed as

the stratum lacunosum moleculare (str l-m), and here the

CA1 pyramidal neurons receive direct inputs from the

entorhinal cortex. The majority of entorhical-CA1 projec-

tions are ipsilateral [77]. However, the molecular/cellular

basis of mammalian brain laterality is still largely

unknown. Kawakami et al. reported that NR2B subunits of

NMDA receptors are asymmetrically distributed between

the left and right sides of the hippocampus [78]. The

asymmetry was discovered by Kawakami and Ito using an

NR2B receptor-specific antagonist. When excitatory post-

synaptic currents (EPSCs) of ipsilateral projections from

CA3–CA1 were compared between the left and right hip-

pocampus, sensitivity to the NR2B receptor antagonist Ro

25-6981 was greater on the left side in the str rad. Inter-

estingly, this asymmetry is the opposite in the str ori. The

physiological data were then supported by quantitative

analysis of postsynaptic proteins. After the commissural

axons and their synapses were denervated by surgery, the

synaptic NR2B proteins were more abundant on the left

side in the str rad, and on the right side in the str ori. So,

Shinohara proposed a hypothesis that the presynaptic side

of hippocampal CA3–CA1 projection (i.e., CA3) might be

a main determinant factor for synaptic properties.

This hypothesis was later confirmed by our anatomical

paper [79]. Using GFP-expressing lentivirus as an antero-

grade tracer, Shinohara et al. showed that the synapses

receiving innervation from the left CA3 are smaller and

dominant in NR2B densities in the str rad. On the other

hand, the synapses innervated by right CA3 pyramidal

neurons are larger and exhibit higher densities of GluR1

subunits of AMPA receptors. As most of the other ionic

glutamate receptors are expressed in higher numbers in

wider synapses [80], the excitatory postsynaptic currents

(EPSCs) evoked by right CA3 inputs are likely to be

greater than those evoked by the left CA3. Given that

ipsilateral innervations are slightly more numerous than

contralateral in CA3–CA1 excitatory connections [79], the

EPSCs in CA1 pyramidal neurons might be greater in right

hippocampi than in the left one if the activities are com-

parable between the left and right CA3 pyramidal neurons.

One legitimate question for this asymmetry would be:

How is this asymmetry formed—innately coded by the
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genetic programming or acquired by animals’ postnatal

experience? The experiment using natural mutant inversus

viscerum (iv) clearly demonstrated that the former is the

case. iv has a point mutation in axonemal dynein in cilia

during fetal development [81], and shows randomized

laterality of the body axis. Regardless of the laterality (left-

sided or right-sided) of the heart and other visceral organs,

the mutant mice lacked the left–right asymmetry of the

CA3–CA1 NR2B receptor appositions, which are observed

in wild-type mice [78]. This result means that the genes

that form hippocampal laterality are expressed downstream

of left/right-dynein (lrd) [82]. As handedness of mice is

reported to be 50–50 [83], the hippocampal CA3–CA1

asymmetry appears to be independent of mouse

handedness.

Then, does postnatal experience have any effects on

rodent hippocampal asymmetry? To answer this question,

experience-dependent modulation of hippocampal local

field potentials (LFPs) was investigated, since measure-

ment of LFP is likely to be the most direct method to

evaluate neural population dynamics. Bilateral LFPs were

recorded simultaneously from dorsal CA1 areas of rats

using multi-channel silicon probes (Fig. 1a) [84]. After

recording, followed by calibration and compensation of the

gains between the two probes, left vs. right CA1 LFPs were

compared.

Hippocampal LFPs are largely classified into two states,

theta states and non-theta states, with the former mani-

festing brain online states (during active exploration and

REM sleep) and the latter representing offline states and

appearing during slow-wave sleep, consummatory behav-

ior, and quiet waking [85]. Here, we focused on the gamma

oscillations, because the gamma oscillations are accom-

panied by the theta status, observed during animals’

attentive and vigilant period, and are believed to reflect

synaptic inputs [86]. Shinohara et al. analyzed rats reared

in an enriched environment (ENR) and an isolated condi-

tion (ISO) for 3–4 weeks immediately after weaning,

respectively. They detected similar bilateral synchronized

theta activities in both ISO and ENR rats (Fig. 1a, b) [84].

Strikingly, the powers of accompanying gamma oscilla-

tions were greatly enhanced in ENR (Fig. 1c). In the

comparison between left and right gamma powers in

individual rats, the right gamma powers were significantly

greater than the left in most of the subjects (Fig. 1d), while

the left–right gamma power ratios were balanced in ISO

rats. This right-sided dominance of gamma powers is

observed in a wide area of the CA1, but is greatest in the
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Fig. 1 a Schematic drawing of the experiment [84]. Rats were

anesthetized with urethane, and multichannel silicon probes were

inserted into bilateral dorsal parts of CA1. b Representative left

(L) and right (R) hippocampal LFPs recorded from the middle layer of

CA1 str rad during theta periods. Upper traces and lower traces are

from ISO and ENR rats, respectively. c Magnified view of theta-

associated gamma oscillations. Gamma oscillations components are

extracted. d Right–left ratios (R/L) of gamma powers averaged from

individual ISO and ENR rats (N = 10 for both animals). e The

synapse densities of CA1 pyramidal neuron spines of the middle

layers of CA1 str rad observed by electron microscopy. Each dot

indicates synapse densities in individual animals. f Interhemispheric

coherence of bilateral LFPs in the str rad during theta oscillation

periods
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middle layer of the str rad. Consecutive anatomical anal-

ysis of these areas revealed that synapse densities, but not

synapse size, are significantly larger on the right, and

almost double that of the left side in ENR rats (Fig. 1e). In

contrast, in ISO rats, the bilateral synapse densities are

nearly comparable. Interestingly, the average synapse

densities on the left are slightly smaller than those observed

in ISO rats.

Next, they analyzed the temporal relationship of LFP

between the left and right sides of CA1 areas. In addition to

synchronized theta activities, the interhemispheric coher-

ence of gamma oscillations was elevated in the CA1 str rad

and str l-m in ENR-reared rats (Fig. 1f). Given the higher

gamma powers on the right side under ENR rearing,

environmental stimuli appear to promote bilateral hip-

pocampal cooperation, and also facilitate functional spe-

cialization of left and right hippocampal hemispheres.

Since enhanced gamma powers and interhemispheric

coherence are both abolished by chronic administration of

a low dose of ketamine (NMDA receptor antagonist),

ENR-rearing effects appear to be mediated by NMDA

receptor-dependent synaptic plasticity.

Here we have introduced several molecular/functional

differences observed between the left and right hip-

pocampus in rodents. With accumulating evidence of a

left–right asymmetry in the rodent brain, more studies are

needed to address whether the left and right hippocampus

have distinct functions, and if bilateral cooperation in the

hippocampus is needed for animals’ cognitive abilities.

The role of synaptic plasticity in slow gamma
phase-locking and place cell formation
in the hippocampal CA1 area during novel
experience

Gamma oscillations, a type of neural oscillations present in

many brain regions, including the hippocampal–entorhinal

circuits, often regulate the timing of neuronal firing so that

neurons fire at specific phases of ongoing gamma oscilla-

tions [34]. This phenomenon, phase-locking to gamma

oscillations, is implicated in information transfer between

neuronal populations in various cognitive functions such as

learning and memory [87]. In the rodent hippocampal CA1

area, at least two types of gamma oscillations are present

with distinct frequency ranges: slow gamma (25–50 Hz)

and fast gamma (65–140 Hz) oscillations [88]. These two

types of gamma oscillations are thought to be derived from

structures synaptically upstream of the CA1, the CA3 area

and the entorhinal cortex, respectively. The synchroniza-

tion of gamma oscillations between the CA1 area and the

upstream structures dynamically changes during memory-

associated behavior [89–92]. Moreover, phase-locking of

CA1 principal cells to these gamma oscillations is modu-

lated through particular behaviors [90, 93]. Thus, the

phase-locking to gamma oscillations may dynamically

regulate information flow in hippocampal–entorhinal

circuits.

Despite such a proposed key role, the molecular/cellular

mechanisms establishing the gamma phase locking are still

not well understood. As the balance of excitatory and

inhibitory synaptic inputs is thought to be important for the

gamma phase-locking [34, 94], synaptic plasticity may

control the gamma phase-locking as a mechanism of

modulating synaptic strength. To test this hypothesis,

Kitanishi et al. blocked synaptic plasticity in CA1 pyra-

midal cells and monitored the firing of these neurons

together with gamma oscillations in freely behaving rats

[95]. They injected either an adeno-associated viral (AAV)

vector expressing GFP-fused GluR1-c-tail or a control

AAV into the dorsal CA1 area, and monitored the neuronal

activity via chronically implanted tetrodes. GluR1-c-tail is

a dominant-negative mutant that blocks long-term poten-

tiation (LTP) at Shaffer-CA1 synapses by interfering with

synaptic delivery of GluR1-containing AMPA receptors

[95–97].

When rats explored a novel open field, the power of

slow gamma oscillations increased in both GluR1-c-tail-

expressing and control CA1 areas [95]. The increased

power returned to baseline levels as the environment

became familiar. This transient increase in slow gamma

power suggests that novel experience strengthens synaptic

input coming from the CA3 area at the gamma frequency

range irrespective of the LTP blockade in the CA1 area. By

contrast, GluR1-c-tail impairs phase-locking of CA1 prin-

cipal cells to slow gamma, but not to fast gamma, oscil-

lations in the novel open field [95]. The result suggests that

GluR1-dependent synaptic plasticity facilitates entrainment

of CA1 principal cells by slow gamma oscillations during

novel experience. The intact fast gamma phase-locking is

surprising because GluR1-c-tail distributes in both den-

dritic segments receiving CA3 inputs and entorhinal inputs.

Dividing the fast gamma frequency range into two sub-

bands [98] and analyzing entrainment by gamma oscilla-

tions recorded from distinct dendritic segments separately

[99] may reveal effects on the phase-locking associated

with entorhinal inputs.

How is the slow gamma phase-locking linked to place

cell activity? Place cells are the hippocampal neurons that

fire whenever animals traverse particular locations of an

environment [20]. The spatially selective firing pattern of a

place cell rapidly emerges when animals encounter a novel

environment [100], and is stable for days or even months

[101, 102]. This rapid formation and temporal stability may

reflect the acquisition and storage of spatial information.

When GluR1-c-tail is expressed in the CA1 area, the
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formation of fine place cell activity in a novel environment

is slower, while repeated exposure to the same environment

gradually sharpens the place cell activity to the level of

controls [95]. Thus, GluR1-dependent synaptic plasticity

required for slow gamma phase-locking also contributes to

rapid formation of place cell activity during novel experi-

ence. Figure 2 summarizes a series of novelty-induced

events and the role of synaptic plasticity: the strengthening

of slow gamma oscillations originating from the CA3 area

rapidly induces GluR1-dependent synaptic plasticity in

CA3–CA1 synapses, which in turn establishes the phase-

locking to slow gamma oscillations and the place cell

activity as the CA1 output to the entorhinal cortex.

Goal-related place cell activity and network
dynamics are impaired in mouse models of mental
disorders

The hippocampus is important for spatial memory, and

place cell activity in the hippocampus is thought to support

this function [3, 21]. However, how hippocampal neurons

contribute to goal-directed navigation during spatial tasks

is not yet clear. One possible idea is that the goal location is

represented differently from other off-target areas by the

neurons. Several experiments have tried to detect the effect

of goal-directed behaviors on place fields: some studies

reported skewed firing field distribution of the place cells in

animals during goal-related tasks. Place fields were accu-

mulated at the goal while rats seek a fixed reward zone

[103–106] or swam in an annular water maze to find a

hidden platform [107]. When the goal location was chan-

ged, this goal-related activity was reorganized to represent

new goal locations [104, 106, 107]. In these experiments,

animals seek a fixed, unmarked goal zone and were

rewarded at the place. Using a slightly different task, Hok

and colleagues found another effect of goal-directed

behavior on place fields [108]. In their experiments, ani-

mals also seek a fixed, unmarked goal zone to release a

food pellet, but were rewarded at an unfixed location,

because the reward site depends on the bouncing of the

pellet (Fig. 3a). They found that place cells fire at goal

location in addition to their main place fields (Fig. 3b).

Although there are differences in the goal-related activity

among experiments, these results suggest that the hip-

pocampus overrepresents behaviorally significant regions

in space. This reward-related activity predicted task per-

formance [62, 104], indicating a functional link between

the activity at the goal zone and the animal’s spatial

memory performance. Noteworthy, Dupret et al. reported

that accumulation of place fields was observed when goals

were unmarked and the animal needed to remember the

reward locations, but such reorganization of place fields did

not occur when goals were visually guided [104]. The

result indicates that such accumulation of place fields

occurs when animals use a cognitive map to locate hidden

rewards [104]. This may be the reason why some previous

studies failed to see place field accumulation at the goal

while searching for rewards [109–112].

Although place cell activity was found in all regions of

the hippocampal trisynaptic circuit, CA1, CA3, and the

dentate gyrus, the place field accumulation at the goal was

observed in the CA1, but not in the CA3 [104]. Moreover,

within the CA1, representation of the reward zone by deep,

but not superficial, pyramidal cells predicts the perfor-

mance of a goal-oriented learning task [62]. These results

CA3
Entorhinal
cortex

CA1
(1) Increase in 

slow gamma power

(2) GluR1-dependent 
synaptic plasticity (3) Slow gamma phse locking,

formation of place cell activity

Fig. 2 Schematic showing the proposed information flow during

novel experience regulated by GluR1-dependent synaptic plasticity

A

B

Fig. 3 Goal-related activity in the hippocampus. a The testing box

for the place preference task. Animals were required to stay at least

1 s in the unmarked goal zone (dashed square), after which time a

food pellet was dropped from the overhead dispenser. b Example

place field map with putative goal-zone activity (left) and without

goal-zone activity (right)
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suggest functional specialization within the hippocampus

for spatial navigation; while the CA3 provides task-in-

variant representation of space, the CA1 place representa-

tions are adapted to task requirements.

The origin of the goal-related activity in the CA1 is not

yet known. The medial prefrontal cortex (mPFC), known as

a site of action evaluation and selection [113], is a candi-

date for the source of goal-related information. However,

inhibition of the mPFC does not abolish goal-related

activity in the CA1 [114], indicating that the mPFC is not

essential for goal-related firing patterns in the CA1.

Another possible source of the goal-related activity is

dopaminergic input, which conveys a signal of reward

expectation [115]. The hippocampus receives input from

two major sources of dopamine signals, the substantia nigra

and the ventral tegmental area [116], and these dopamin-

ergic inputs have been shown to enhance long-term

potentiation in the hippocampus, thereby facilitating

learning [117, 118].

Learning impairment is a key clinical feature of several

mental disorders, and several mouse models of mental

illnesses have been reported to exhibit learning abnormal-

ities [119–121]. As the hippocampus plays a key role in

spatial navigation and several forms of learning [24], it

would be intriguing to investigate the activity of the hip-

pocampus during spatial tasks in an animal model of

mental disorders. Several studies have reported impairment

of hippocampal activity in mouse models of mental dis-

orders. Disrupted-in-Schizophrenia 1 (DISC1) is a strong

susceptibility gene for schizophrenia and other mental ill-

nesses [122–124]. Hayashi et al. used a place preference

task (Fig. 3a) [108, 125] and found a performance deficit in

dominant-negative DISC1 mutant mice (DISC1-DN-Tg-

PrP mice [126]) in the task and impaired goal-related

activity in the hippocampus [121]. Abnormalities in

dopaminergic neurons in the DISC1 mutant mice [126]

may underlie both behavioral and neurophysiological def-

icits in the mice.

In addition to neuronal representation, network oscilla-

tions, which are remarkably preserved in mammalian

evolution [127], can contribute to neural information pro-

cessing. It has been reported that theta band and SPW-R

oscillations are also impaired in mouse models of mental

disorders. SPW-Rs, which arise from the excitatory

recurrent system of the CA3 region during consummatory

behaviors and non-REM sleep, represent a synchronous

population pattern in the CA3–CA1-subicular complex and

entorhinal cortex [35]. The spike content of SPW-Rs is

temporally coordinated to replay fragments of waking

neuronal sequences in a compressed manner [35]. It has

been suggested that SPW-Rs assist in transferring the

hippocampal compressed representation to distributed cir-

cuits to support memory consolidation [35, 85, 128, 129].

Suh et al. found increased occurrence and intensity of

SPW-Rs and abnormality in SPW-R-associated replay

events in Calcineurin knockout mice [130], which have

been shown to exhibit behavioral and cognitive abnor-

malities [131]. Similar SPW-R abnormalities are found in

transgenic mice expressing DISC1-DN under a

CaMKIIalpha promoter [132, 133]. Long-range synchrony

of neuronal activity by network oscillations may facilitate

effective communication between distributed brain regions

[134]. Df(16)A1 ± mice, which model a microdeletion on

human chromosome 22 (22q11.2) that has been established

as a genetic risk factor for schizophrenia, showed impaired

spatial working memory task performance and reduced

hippocampal–prefrontal synchrony by theta oscillations

[120]. Not only behavioral and structural phenotyping but

also neurophysiological characterization of animal models

would be a great help in understanding the pathophysiol-

ogy of mental disorders.

A prefrontal-thalamo-hippocampal circuit
for goal-directed spatial navigation

The ability to explore geometric space is essential for the

survival of animals. Virtually all animals, from insects to

mammals, are able to come back home after exploration of

the environment, which is necessary for stable settling.

Each species of animals thus developed its own strategy for

navigation by making use of various cues available in the

environment as well as by monitoring their own move-

ments. For instance, desert ants are known to have the

ability to estimate the direction and distance of the nest

location after a long exploration. A number of studies

suggest that this ability is primarily based on a navigation

strategy called path integration, in which the brain com-

putes a summation of its own movements during explo-

ration to keep track of the relationship between the

animal’s position and the nest location [135, 136]. On the

other hand, sea turtles or pigeons have an ability to return

home after thousands of kilometers of navigation, which is

thought to be achieved by their special sense for the earth’s

magnetic field [137–139].

Rats are one of such animals that have excellent nav-

igation ability. Many lines of evidence suggest that rats

are able to use positional relationships of the environ-

ment, or a map, for navigation as humans do [21, 140].

For instance, rats can find a novel shortcut to the desti-

nation [140], or are able to correctly estimate the goal

location even when navigation is started from different

positions [141, 142]. This idea was further enforced by

the discovery of place cells in the rat hippocampus that

fire selectively at a particular location in the environment

[20].
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It is, however, still largely unclear how place cells can

be used for goal-directed navigation. This is because, while

place cells may be useful for the animal to identify its

instantaneous position, these cells do not fire once the

animal leaves the firing fields of the cells, which raises the

question of how these cells can be used to plan a route to a

destination that is somewhere distant from the animal’s

position. Several studies have provided a clue to this

problem. It was discovered that the activity of place cells

not only represents the animal’s current position but is also

influenced by the animal’s trajectories during navigation.

For example, the firing rates, but not the firing locations, of

place cells change depending on the animal’s past or future

trajectory [143–145], and brief sequences of place-cell

activity reflect the animal’s next movement direction

[146, 147].

If the activity of place cells reflects the animal’s inten-

ded route in navigation, how can these cells receive such

information about action plans? A key experiment was

performed by Ito and colleagues [148]. They recorded the

activity of neurons while the animal performed an alter-

nation task in a modified T-maze. The study showed that

the trajectory-dependent rate change in place cells is

derived from activity in the mPFC, a crucial brain area for

action planning and decision-making [149–151]. Although

there is essentially no major anatomical connection from

mPFC to the hippocampus, this information transfer is

mediated by the thalamic nucleus reuniens (NR) that

receives inputs from mPFC and gives rise to inputs in area

CA1 of the hippocampus [152–154] (Fig. 4). Consistent

with the anatomical projections of NR neurons that do not

make synapses with CA3 neurons, the trajectory-dependent

rate change is significantly smaller in place cells in CA3

compared with those in CA1. Ito et al. further demonstrated

that neurotoxic lesions or optogenetic silencing of NR

neurons resulted in a significant reduction of trajectory-

dependent rate change in CA1 place cells. Finally, the

analysis of error trials on the T-maze alternation task

revealed that trajectory-dependent rate change in the

mPFC-NR-CA1 circuit is crucial to represent the animal’s

intended routes rather than past trajectories, indicating a

key role for the circuit in route planning.

It is thus now clear that the hippocampus is a part of the

action planning system, including prefrontal brain regions.

The study by Ito et al. is, however, still the beginning of

research toward the understanding of navigation circuits.

For instance, while several studies have reported activity

change in mPFC and the striatum around the goal location

[155, 156], how can such information be used to estimate a

direction and distance of the destination during the route

planning process? Decades of research on the hippocampus

and associated parahippocampal regions have clarified the

spatial representation system in the brain [157]. A next key

step will be to understand how the brain makes use of such

spatial representations for action planning. Further inves-

tigation of interactions between the hippocampus and

prefrontal brain regions will provide new insights into the

relationship between the brain’s spatial representation

system and behaviors.

Conclusions

The Nobel Prize in Physiology or Medicine 2014 was

awarded to John O’Keefe, May-Britt Moser, and Edward I.

Moser ‘‘for their discoveries of cells that constitute a

position system in the brain’’. Given the award, one might

think that the most important discovery in the hippocampal

formation has already been made, and it would be better to

do research in other brain regions to discover something

new. This sober idea can be true. However, we believe that

the hippocampus is still an excellent, probably one of the

best, brain region to investigate for discovering the
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Fig. 4 When the animal makes a choice between right- and left-

oriented trajectories on the central stem of a T-maze, place cells in the

hippocampal CA1 change their firing rates, but not firing location,

depending on the next route. This trajectory information is provided

by the medial prefrontal cortex (mPFC) through the thalamic nucleus

reuniens (NR). Note that neurons in mPFC or NR do not exhibit

location-selective firing as place cells do, but their firing rates change

depending on the future trajectory
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fundamental principles of the brain. Thanks to the wealth

of the accumulated knowledge from anatomical, molecular

biological, physiological, pharmacological, and behavioral

studies, it might be more feasible to untangle the compli-

cated relationships between molecules, structure, plasticity,

network oscillations, neuronal representation, and behav-

iors in the hippocampus than in other brain regions. In this

review paper, we introduced examples of such efforts in

studying (1) molecular mechanisms and experience-de-

pendent development of the left–right asymmetry of brain

functions, (2) the relationship between synaptic plasticity,

local field potential, and neuronal representation, (3) the

pathophysiology of mental disorders, and (4) neural circuit

mechanisms of goal-directed navigation. Brief summaries

of each respective section are as follows:

• Here, we review recent papers demonstrating the

distinct circuitry/function of left–right hippocampal

hemispheres in rodent CA3–CA1 projections, and

discuss that both genetic and postnatal factors play an

important roles in the laterality. The CA1 pyramidal

neurons innervated by the right CA3 have larger

excitatory synapses and contain more glutamate recep-

tors, implying a greater likelihood of CA1 pyramidal

neuron excitation by the right CA3 than by the left

CA3. Moreover, given that ipsilateral CA3–CA1 inputs

are more numerous than contralateral innervations, the

right CA1 synapses in the str rad tend to be more

strongly excited than those of the left CA1 if the

activities of the CA3 are comparable between the left

and the right side. In addition, through environmental

stimulation during adolescence, the powers of gamma

oscillations in the CA1 become greater on the right

side.

• Synaptic plasticity in the CA1 area mediates two

dynamic changes in neuronal firing during novel

experiences, (1) phase-locking to slow gamma oscilla-

tions, and (2) rapid formation of place cell activity.

These functions of synaptic plasticity may in turn

enhance the information flow through the CA3–CA1–

entorhinal pathway.

• During spatial tasks, hippocampal CA1 cells represent

goal locations in a unique way, which may support

goal-directed navigation. This characteristic goal rep-

resentation is impaired in DISC1 mutant mice. Fur-

thermore, several mouse models of mental disorders

exhibit impaired sharp-wave ripples and theta-mediated

hippocampal-prefrontal synchrony. These impairments

may underlie the cognitive/learning impairments in

mental disorders.

• While decades of neuroscience research have identified

major brain circuits that represent the animal’s instan-

taneous position, such information alone is not

sufficient for goal-directed navigation. The interactions

between the prefrontal action planning system and the

hippocampus allow hippocampal place cells to repre-

sent the animal’s intended movements on top of the

information about its current position, likely a key

mechanism for the brain to estimate the animal’s next

position in the environment for route planning.

While all of these studies were performed in rodents,

this is not simply due to available experimental tools.

Accumulating evidence suggests that the hippocampus of

humans and rodents show significant functional similarity.

For example, left–right asymmetry of hippocampal func-

tion has been reported in both humans and rodents

[73, 158, 159]. Theta oscillations, gamma oscillations, and

SPW-Rs in the hippocampus are preserved between

humans and rodents [127]. Similar to the hippocampus of

rodents, the human hippocampus has place cells and is

involved in spatial navigation [159, 160]. Collectively,

such prominent similarity suggests that the reviewed

studies here will help us to understand the fundamental

network mechanisms of the human hippocampus and our

brain.
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127. Buzsáki G, Logothetis N, Singer W (2013) Scaling brain size,

keeping timing: evolutionary preservation of brain rhythms.

Neuron 80:751–764

128. Girardeau G, Benchenane K, Wiener SI, Buzsáki G, Zugaro MB
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