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Abstract

The hippocampus is regarded as a cognition hub, particularly for learning and

memory. Previously, neuronal mechanisms underlying various cognitive functions

are delineated with the lamellar hippocampal circuitry, dentate gyrus—CA3 or CA2—

CA1, within the transverse plane. More recently, interlamellar (often referred to as

longitudinal) projections have received intensive attention to help understand signal

convergence and divergence in cognition and behavior. Signal propagation along the

longitudinal axis is evidenced by axonal arborization patterns and synaptic responses

to electro‐ and photo‐stimulation, further demonstrating that information flow is

more enriched in the longitudinal plane than the transverse plane. Here, we review

the significance of longitudinal connections for cognition, discuss a putative circuit

mechanism of place coding, and suggest the reconceptualization of the hippocampal

circuitry.
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1 | INTRODUCTION

Learning and memory are essential cognitive functions of the brain.

Signal processing for learning and memory is considered to be largely

shaped by the lamellar hippocampus circuitry. To date, most circuit

mechanisms underlying cognitive functions have been intensively

studied in the lamellar segment of the hippocampus, with multi-

synaptic formation from the dentate gyrus (DG) to the cornu

ammonis 3 (CA3) or CA2 regions and the CA1 region (Andersen

et al., 1969, 1971; Sloviter & Lomo, 2012; Steffenach et al., 2002).

Incoming information from the entorhinal cortex layer II (ECII) enters

the DG through the perforant path in each lamellar segment. The

segmental circuitry ends when the axonal fibers of CA1 pyramidal

cells approach the subiculum and then terminate at the ECV (Bliss &

Lomo, 1973; Witter et al., 1989; Yang et al., 2004) (Figure 1). Such a

lamellar circuit provides an attractive opportunity to examine

fundamental issues in neuroscience, such as the formation of learning

and memory, the relationship between networks and functions, and

hippocampus‐related disorders. A single hippocampal lamellar orga-

nization appears to suffice to delineate the entire entity of

information processing for hippocampus‐related cognitive functions.

Accordingly, it is believed that the malfunction of the lamellar circuit

is a root cause of various neurological and psychiatric diseases (Irving

& Harvey, 2014; Kandel & Spencer, 1961; Noh et al., 2019;

Sloviter, 1994).

Many hippocampal neurons have projections to neighboring

hippocampal lamellae, yet these have often been overlooked in

previous studies. The significance of these longitudinal connections

to hippocampal functions has not been intensively tested due to (1) a

strong belief in the lamellar hypothesis and (2) the scarcity of
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techniques to identify escapable interlamellar axons. Thus, the

cellular mechanisms responsible for behavioral and physiological

outcomes have been explained merely in terms of the lamellar

circuitry. Moreover, interlamellar axons easily escape detection,

mainly because they are too thin to be visualized and are weakly

identified via classical staining and electrophysiological methods

(Choi et al., 2021; Yang et al., 2014). Along with previous studies that

have observed the presence of interlamellar axons (Amaral &

Witter, 1989; Claiborne et al., 1986; Henze et al., 2000), there are

several lines of anatomical and electrophysiological evidence showing

connections between hippocampal regions, such as CA1‐CA1, CA3‐

CA3, and DG‐DG connections (Choi et al., 2021; Pak et al., 2022;

Strange et al., 2014; Sun et al., 2018; Yang et al., 2014). In this review,

we describe the anatomical and physiological aspects of interlamellar

networks along the longitudinal axis, which corresponds to the

septotemporal (or dorsoventral) axis in rodents and the

anterior–posterior axis in primates (Table 1).

2 | DG NETWORK

Being innervated by ECII‐originating axonal fibers, DG is the first

hippocampal station in the cortico‐hippocampal network (ECII‐DG‐CA3

[or CA2]‐CA1‐subiculum) (Blaabjerg & Zimmer, 2007; Kohara et al., 2014;

Swanson et al., 1978). The DG consists of three distinct layers: the

molecular, granule cell, and polymorphic layers (including the adult‐born

granule cell layer and dentate hilus) (Amaral et al., 2007). The molecular

layer is a cell‐sparse layer that is mostly composed of the dendrites of DG

granule cells (DGGCs). The somata of granule cells are densely packed in

the granule cell layer. Neurons in the molecular and granule cell layers

receive inputs from both the EC and dentate hilus (a part of polymorphic

layers) and then send signals back to the dentate hilus and further CA3 or

CA2 region up to the CA1 (Blaabjerg & Zimmer, 2007; Kohara et al., 2014;

Swanson et al., 1978). The dentate hilus in the polymorphic cell layer has

two major types of neurons: GABAergic interneurons and glutamatergic

mossy cells (Amaral, 1978; Amaral et al., 2007). Interneurons and

glutamatergic neurons in the molecular and granule cell layers interact

with the dentate hilus along the septotemporal axis, providing an

associational projection between DG‐DG segments (Amaral &

Witter, 1989; Buckmaster et al., 1996; Sloviter, 1994). To date, most

interlamellar connections in the DG are thought to be mediated by the

dentate hilus.

2.1 | Interlamellar connection and signal transfer in
the DG

Studies using Golgi and Phaseolus vulgaris leucoagglutinin (PHA‐L)

staining methods show that DG‐originating mossy fibers target

multiple hippocampal subfields, such as the CA1, CA2, and CA3

regions and the DG. These mossy fibers often stretch up to 2mm

(Amaral & Witter, 1989; Andersen et al., 1971; Tamamaki &

Nojyo, 1991). Some DG‐originating mossy fibers in the septal region

seem to make interlamellar projections to the temporal area of the

CA1 region (Amaral & Witter, 1989; Henze et al., 2000). A recent

study with cell type‐specific transgenic mouse lines demonstrates

that DG axons in the septal area send monosynaptic projections to

CA2 pyramidal cells lamellarly and further extend their axon bundles

toward the temporal area interlamellarly (Kohara et al., 2014). This

finding agrees with a much earlier observation of the DG‐CA2

projection along the septotemporal direction using a PHA‐L staining

method in rats (Amaral & Witter, 1989). These studies suggest that

signals coming into the DG may not remain within a single

hippocampal lamella, but propagate across the hippocampal lamellae.

Previous anatomical studies have also suggested a notion that some

axonal collaterals of DG mossy fibers likely project to the granule cell

layer along the septotemporal axis of the hippocampus (Claiborne

et al., 1986; Petersen et al., 2013b; Scharfman & Pierce, 2012). Electrical

activation of the perforant path causes signals to spread longitudinally

through DG neurons, and navigation into a novel space alters theta and

gamma synchrony across the longitudinal hippocampus (Lomo, 2009;

Pare & Llinas, 1994; Penley et al., 2013). Furthermore, optogenetic

activation of the DG in the septal hippocampus results in neuronal

activation in the temporal DG and vice versa from the temporal to the

septal DG (Kheirbek et al., 2013). These data suggest the presence of a

DGGC‐DGGC connection along the longitudinal axis (Figure 2). A more

recent study using two‐photon axon imaging confirms the presence of

F IGURE 1 Schematic illustration of the hippocampal lamellar and
interlamellar connections. Multisynapses are formed mainly by the
DG, CA3, CA1, and EC regions within the hippocampal lamellae.
Information from the ECII enters the DG through the perforant path.
DG granule neurons project to CA3 pyramidal neurons, of which
axons approach CA1 pyramidal cells often through the CA2. The
lamellar circuitry ends when CA1 pyramidal cells project to the
subiculum, terminating at the ECV. The longitudinal connections
(partial‐dotted lines) indicate synaptic projections between neurons
across the hippocampal lamellae. The colors indicate representative
neurons and their projections: red, DG; blue, CA3; black, CA2; green,
CA1; orange, EC. Adapted from previous studies (Andersen et al.,
1969, 1971; Bliss & Lomo, 1973; Choi et al., 2021; Pak et al., 2022;
Sloviter & Lomo, 2012; Steffenach et al., 2002; Strange et al., 2014;
Sun et al., 2018; Witter et al., 1989; Yang et al., 2014). CA3, cornu
ammonis 3; DG, dentate gyrus; EC, entorhinal cortex layer.
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direct and bidirectional longitudinal axons between granule cells in the

DG (Choi et al., 2021; Pak et al., 2022). The primary axon of a DG granule

cell heading to the CA3 region bifurcates to the longitudinal direction.

Longitudinal axons have denser varicosities and are thinner than the

primary axons that head toward the CA3 area, suggesting heavy synaptic

weight and rapid signal transfer along the longitudinal axis (Table 2). At

the circuit level, enhanced synaptic excitability and plasticity are observed

in the DG‐DG network (Table 3) (Pak et al., 2022). In local field recordings

with longitudinal hippocampal slices, the longitudinal DG‐DG connection

shows more robust synaptic efficacy and long‐term potentiation (LTP)

than the transverse network, implicating a pivotal role of longitudinal

axons in the regulation of cognition and behavior (Pak et al., 2022).

2.2 | Roles of the DG‐DG network in disease
models

Several lines of evidence have suggested that the DG network is involved

in epileptic seizures. Early studies have shown that epileptic seizures

generate in the DG network, thereby giving rise to increased excitability

and synchrony in the brain (Sloviter, 1991, 1994; Zappone &

Sloviter, 2004). Indeed, upon the incidence of an epileptic seizure,

enlarged varicosities in the longitudinal DG‐DG (but not DG‐CA3) axons

likely contribute to increased excitability, leading to a promotion of

electrical spread through the longitudinal network (Choi et al., 2021). In

the meantime, both the enlarged varicosity of DG‐DG axons and epileptic

responses are prevented by the systematic application of antiseizure

drugs, such as a muscarinic antagonist and GABAAR enhancer.

The other study demonstrates a correlation between anxious

behavior and the longitudinal DG‐DG network (Pak et al., 2022).

Abnormal anxiety levels caused by noise‐induced hearing loss or chronic

restraint stress are related to increased synaptic responsiveness and

altered plasticity in the longitudinal DG network. More interestingly,

anxiety is not closely correlated with synaptic activity in the transverse

DG‐to‐CA3 network. It seems that anxiety‐like behavior is attributable to

a hyperexcitable input/output function in the DG‐DG network, which is

accompanied by impaired long‐term synaptic plasticity (Pak et al., 2022).

These data show that synaptic hyperexcitability of the DG‐DG network

leads to enhanced electrical spread to several cortices sequentially and/or

simultaneously throughout the brain, thereby promoting the generation

and/or development of abnormal behavioral traits, such as epileptic

seizure and increased anxiety.

3 | CA3 NETWORK

CA3 is situated in the middle of the intrahippocampal pathway,

receiving monosynaptic inputs from the ECII and DG. The CA3 region

comprises a class of pyramidal cells with dendrites located in the

following layers: (1) the stratum lacunosum moleculare (SLM) of the

distal apical dendrites, largely having inputs from ECII; (2) the stratum

radiatum (SR) extending adjacent to the DG hilus and receiving inputs

from mossy fibers, commissural fibers, and neighboring CA3 neurons;

(3) the stratum lucidum, which contains numerous synapses with DG

cells in the form of a thorny excrescence; (4) the stratum pyramidale,

which mainly consists of a cell body layer; and (5) the stratum oriens

(SO), where CA3 axons and basal dendrites sprout and receive inputs

from recurrent/commissural fibers. In the lamellar view, CA3 primary

axons have three to eight collaterals, known as Schaffer collaterals.

These multiple branches terminate in various hippocampal stations of

F IGURE 2 A three‐dimensional model for the axonal projections
of DG granule neurons. (a) Three major projection patterns of the DG
neurons are shown: cyan, longitudinal axons to neighboring DG
neurons in both septal and temporal directions; orange, axons to
fimbria; green, axons to subiculum. (b) Heterogeneous axonal
arborization of DG granule neurons. Three major axonal projections
from a DG granule neuron stained with Alexa Fluor 594: fimbria via
CA3 neurons (orange), subiculum (green), and longitudinal axons
(cyan). Adapted from Choi et al. (2021). CA3, cornu ammonis 3; DG,
dentate gyrus; F, fimbria; S, septal; Sb or Sub, subiculum; T, temporal.
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the CA1, CA2, DG hilus, subiculum, and fimbria of commissural fibers

(Andersen et al., 1973; Le Duigou et al., 2014; Ishizuka et al., 1990; Li

et al., 1994).

3.1 | Interlamellar connection and signal transfer in
the CA3

Schaffer collaterals approach the CA1 along the transverse and

longitudinal axes (Hjorth‐Simonsen, 1973; Ishizuka et al., 1990; Li

et al., 1994). They have different gradients of septotemporal projections

depending on the lamellar location of CA3 cells (along the proximodistal

axis), as shown in studies with HRP and PHA‐L axonal tracers (Amaral &

Witter, 1989; Ishizuka et al., 1990). CA3 neurons project to the CA1 both

septally and temporally. Specifically, proximal CA3 neurons (situated

adjacent to the DG) preferentially project septally, whereas distal CA3

neurons (situated adjacent to the CA2 region) preferentially extend

temporally. This interlamellar projection of CA3 pyramidal neurons in a

septotemporal gradient manner has been confirmed by single‐cell staining

with biocytin (Li et al., 1994). Accordingly, when the CA3 is electrically

stimulated, neural responses propagate to the neighboring CA3 region

along the septotemporal axis (Bains et al., 1999; Bartesaghi et al., 1983;

MacVicar & Dudek, 1980; Miles et al., 1988; Miles & Wong, 1983).

Meanwhile, lesion in a CA3 region results in the disappearance of

electrical responses in the neighboring CA3 region (Bains et al., 1999).

Spatial and nonspatial information is conveyed along the septotemporal

axis of the CA3 region (Hampson et al., 1999; Kjelstrup et al., 2008).

These interlamellar connections are analogous to the neural network

through which CA3 pyramidal cells send axonal collaterals to neighboring

CA3 cells or themselves, forming associative and recurrent networks,

respectively (Amaral & Witter, 1989; Le Duigou et al., 2014; Miles &

Wong, 1986; Montgomery et al., 2001; Sloviter, 1994; Steffenach

et al., 2002). This feature is known to be involved in enhanced signal

reverberation and synchrony (Kandel & Spencer, 1961; Miles &

Wong, 1983).

3.2 | Roles of the interlamellar CA3 network

There are currently three plausible lines of evidence delineating the roles

of the interlamellar CA3 network in cognition and behavior. First, the

interlamellar CA3‐CA3 network generates ensemble firings for promoting

synchronized signal cascades throughout the brain. The neuropathological

etiology underlying epileptogenesis seems to be regulated by the activity

of the interlamellar CA3 (Stasheff et al., 1989; Traub & Wong, 1982).

Synaptically paired CA3‐CA3 pyramidal cells show N‐methyl‐D‐aspartate

receptor (NMDAR)‐dependent long‐term synaptic plasticity, which often

promotes the redistribution and reversibility of synaptic strength (Bains

et al., 1999; Debanne et al., 1998, 1999; Montgomery et al., 2001; Selig

et al., 1999). Synchrony through recurrent connection promotes

TABLE 2 Axonal arborization for principal and longitudinal axons in the DG, CA1, and CA3.

Region
Axonal
type Length (µm)

Thickness
(ratio
PA:LA,
PA = 1) Varicosity density References

DG PA Cell body to fimbria: 1150± 219
(C57BL/6 J mice: Whole hippocampus)

1:0.4–0.5 1.39 ± 0.31 (Whole) Choi et al. (2021)

0.85 ± 0.29 (Slices)

(#/100 µm)

LA 432 ± 256 (C57BL/6 J mice: Whole hippocampus) 6.57 ± 1.20 (Whole)

3.78 ± 0.50 (Slices)

(#/100 µm)

CA1 PA >1000 (C57BL/6J mice: Slices) 1:0.6–0.8 7.30 ± 1.56 (Slices) Yang et al. (2014)

(#/100 µm)

LA 375 ± 22 (C57BL/6 J mice: Slices) 19.76 ± 3.01 (Slices)

(#/100 µm)

CA3 PA All visible PAs per neuron: 280–1670 (SD rats: Slices) 1:0.08–0.5 Few varicosities found
(not specified)

Ishizuka et al. (1990)

LA Unknown 14.2 ± 2.2

(Bunch of slices)

(#/100 µm)

Note: In the subregions of the hippocampus, the PAs are longer and thicker than the LAs. PAs have sparser varicosities than LAs.

Abbreviations: CA1, cornu ammonis 1; CA3, CA3, cornu ammonis 3; D, Sprague Dowley; DG, dentate gyrus; EC, entorhinal cortex; LA, longitudinal axon;

PA, principal axon; Slices, hippocampus slice preparations; Whole, whole hippocampus preparation.

PAK ET AL. | 4041
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ensemble firings in the entire CA3 network, leading to orchestral spikes

throughout the brain (de la Prida et al., 2006; Miles & Wong, 1983;

Wittner & Miles, 2007). Second, the interlamellar CA3‐CA3 network may

be involved in the manifestation of spatial and nonspatial memories.

Anatomical segregation along the longitudinal axis allows spatial and

nonspatial information to be processed differently in a task‐relevant

manner (Hampson et al., 1999; Moser & Moser, 1998). Accordingly, an

anatomical lesion of longitudinally connected CA3 axons impairs the

retention of spatial memory (Steffenach et al., 2002). Third, the CA3

participates in pattern separation (e.g., discrete representation of complex

episodic memory) and completion (e.g., a retrieval process of previously

stored information) (Leutgeb et al., 2007; Rolls, 2013; Yassa &

Stark, 2011). In particular, the longitudinal and recurrent CA3‐CA3

network may be primarily accountable for pattern separation due to the

intrinsic properties of the CA3 network in which associational axons of

CA3 pyramidal neurons flow out of the lamella, venturing toward the

neighboring CA3.

Also, CA3 recurrent connection can be suitable for dealing with

the reverberation of information transfer largely mediated by a

“feedback” mechanism. Signals initiated by a single CA3 neuron have

profound synchrony through the recurrent synapses, promoting

orchestral firings in the entire CA3 network. Such simultaneously

reverberating firings enable CA3 neurons to readily retrieve the

spatiotemporal context of previously stored information, as previ-

ously suggested (Neunuebel & Knierim, 2014; Rolls, 2013). The roles

of interlamellar CA3 in cognition and behavior remain to be further

investigated for better clarification.

4 | CA2 NETWORK

The CA2 is centrally interposed between the CA3 and CA1. In

general, CA2 pyramidal cells have a similar appearance to other

pyramidal neurons of the CA1 and CA3 (Chevaleyre &

Siegelbaum, 2010; Tamamaki et al., 1988). CA2 cells are unique in

their size, membrane properties, and apical dendrite characteristics.

For instance, CA2 cells have larger somata, lower input resistance,

and slower after hyperpolarization than CA1 cells, and they lack

thorny excrescences on their apical dendrites, which are seen in CA3

cells. In the lamellar view, the CA2 receives strong ipsilateral synaptic

inputs from the ECII/III, but weak inputs from the CA3. It also

receives contralateral inputs from the CA3 and CA2 and then sends

monosynaptic outputs to the CA3 and CA1 (Bartesaghi & Gessi, 2004;

Chevaleyre & Siegelbaum, 2010; Hitti & Siegelbaum, 2014).

4.1 | Interlamellar network in the CA2

An interlamellar projection from the DG to CA2 is first proposed in a

study using the PHA‐L staining method. This is later verified using

genetic and optogenetic tools (Amaral & Witter, 1989; Kohara

et al., 2014). As aforementioned, DG‐originating mossy fibers in the

septal hippocampus form synapses in the CA2 lamellarly and then

extend to neighboring CA2 regions toward the temporal hippocam-

pus interlamellarly. Furthermore, it has been observed that an

interlamellar connection originates from septal CA2 neurons and

extends to temporal CA1 neurons has been observed (Meira

et al., 2018). This interlamellar connection may indicate a higher

chance of synaptically paired recordings from the CA2‐CA1 region in

longitudinal slices compared to transverse slices. Thus, the paired rate

of CA2‐CA1 connection in transverse slices is similarly as low as the

rate of synaptically paired CA3‐CA1 neurons, possibly due to the

septotemporal projections of CA3/CA2 neurons to CA1 neurons

(Chevaleyre & Siegelbaum, 2010; Ishizuka et al., 1990). Although the

CA2 network is known to be involved in social memory (Hitti &

Siegelbaum, 2014), other roles of the longitudinal CA2 network in

cognition await further investigation.

5 | CA1 NETWORK

CA1 pyramidal cells are situated between the CA2 and subiculum.

They have a similar somata shape and dendritic arborization pattern

as CA3 and CA2 pyramidal cells (Amaral & Witter, 1989). The SLM of

the CA1 distal apical dendrite is synaptically connected to the ECIII,

and the SR of CA1 apical dendrites receives monosynaptic inputs

from both the ipsilateral and contralateral CA3. The SO, where basal

dendrites and axons sprout, is located nearby the pyramidal cell layer.

In the lamellar view of CA1 axonal outputs, CA1 pyramidal cells

project to the subiculum that, in turn, gives rise to a projection to the

ECV (Amaral & Witter, 1989; Feng et al., 2000).

5.1 | Interlamellar connection and signal transfer in
the CA1

The interlamellar network of the CA1 region is first identified using

an extracellular local field recording (Raisman et al., 1966). Later,

further electrophysiological evidence of a CA1‐CA1 network is

provided using an evoked field potential recording (Bartesaghi

et al., 1983). Electroencephalogram unit recordings also show that

signals in the CA1 region propagate along a longitudinal axis in an

animal model with lesion‐induced seizures (Buzsaki et al., 1991).

When stimulated at the EC, responses of CA1 cells propagate along

both the transverse and longitudinal axes in an ex vivo whole‐brain

preparation (Pare & Llinas, 1994). Consistent with data from

electrophysiological studies, an anatomical study using PHA‐L axonal

staining suggests a longitudinal connection between CA1 cells

(Cenquizca & Swanson, 2007). This CA1‐CA1 connection promotes

theta and gamma synchrony across the longitudinal axis (Patel

et al., 2012; Penley et al., 2013). Recently, a direct synaptic

connection between CA1 pyramidal neurons has been observed

along the longitudinal axis using a photo‐stimulated glutamate

uncaging technique (Figure 3) (Sun et al., 2018; Yang et al., 2014).

In an ex vivo whole hippocampus preparation, researchers observe

that the primary axonal fiber toward the subiculum bifurcates to
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produce longitudinal axons that often extend up to ~400 µm. These

longitudinal axons are thinner and have denser varicosities than the

primary axons, which likely promote rapid electrical spread along the

septotemporal plane of the CA1. Given the longitudinal connection

between CA1 neurons and the direct connection between the CA1

and the EC, CA1 activity does not necessarily require prior activation

of DG, CA3, or CA2 (i.e., EC‐CA1‐CA1‐EC).

5.2 | Roles of the interlamellar CA1 network in
information processing

Roles of the interlamellar CA1‐CA1 network have been proposed in

the context of epileptic seizure activity, learning and memory, and

time‐to‐space conversion underlying perception. First, the CA1

interlamellar network is considered a potential locus for hippocampal

epilepsy. Epileptic responses are synchronized along the entire length

of the hippocampus via the longitudinal projection of CA1 neurons

(Umeoka et al., 2012). Lamellar cuts at the middle of the longitudinal

pathway effectively prevent the induction of epileptic responses in

the human hippocampus (Shimizu et al., 2006). Similarly, the

interlamellar network within the CA1 region has been proposed as

a key factor in the development of epilepsy (Shao & Dudek, 2004).

Recent studies provide an anatomical substrate for rapid signal

transfer across the lamellae. The longitudinal axons of CA1 cells have

thinner axons and denser varicosities than their transverse axons.

These properties likely enable signals to propagate rapidly along the

longitudinal axis. Moreover, the multiple (as viewed in the denser

varicosities) axonal targets successively recruit a large population of

neighboring cells, thereby affecting the wide areas of the hippocam-

pus. These studies implicate a significant role of the interlamellar CA1

network in the propagation of epileptiform activities.

Second, a recent study has demonstrated robust long‐term

synaptic plasticity in the longitudinal CA1 network using an in

vivo extracellular field recording and glutamate uncaging (Sun

et al., 2018). The CA1‐CA1 network exhibits NMDAR‐dependent

LTP, suggesting a bidirectional connection both toward the septal

and temporal CA1 regions. The presence of a pronounced LTP in

the CA1‐CA1 connection implies an essential role in learning and

memory circuitry.

Third, linearly connected neurons along the longitudinal CA1

network enable spatial representation for long‐lasting preservation of

sequentially incoming signals (Yang et al., 2014, 2018). In this regard,

the CA1 longitudinal system participates in a “feedforward” function

of information flow. Feedforward processing appears to be important

for encoding time‐varying sensory information and later spatially

presenting it for sensory perception (Yang et al., 2016, 2018). As

aforementioned above, serially connected feedforward circuits of the

CA1 may serve as a mnemonic buffer that transforms the temporal

sequences of incoming inputs into spatial representations. Such a

transformation hypothetically requires incoming signals to be

amplified by synchronization with brain oscillation, the so‐called

“clock signal.” The combination of signal amplification and synchroni-

zation allows the feedforward network to transform temporally

sequenced signals into a spatial pattern.

6 | PERSPECTIVE: A ROLE OF
INTERLAMELLAR CONNECTIONS IN PLACE
CODING

It is well‐established that ensemble discharge required for place

coding takes place in the DG, CA3, CA1, and sensory cortices

(Feldman, 2009; Hensch, 2005; Kjelstrup et al., 2008; M. Lee

et al., 2021; Park et al., 2011; Senzai & Buzsaki, 2017; Yang

et al., 2011). There are several lines of evidence for the involvement

of interlamellar connections in a circuit mechanism by which such

ensemble activities are executed during spatial navigation. Space‐

responding cells are featured by ensemble firings in several areas of

F IGURE 3 Three‐dimensional model of axonal projections of
CA1 pyramidal neurons. (a) Three major projections of CA1 neurons
are shown: cyan, longitudinal axons to neighboring CA1 neurons in
both the septal and temporal directions; orange, axons to the fimbria;
green, axons to the subiculum. (b) Three major axonal projections
from a DG granule neuron stained with Alexa Fluor 594. Adapted
fromYang et al. (2014). CA1, cornu ammonis 1; DG, dentate gyrus; F,
fimbria; S, septal; Sb or Sub, subiculum; T, temporal.
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the hippocampus and quickly remapped in different environments

(Park et al., 2011). Also, space‐responding cells appear to exist along

the longitudinal axis of the hippocampus (Kjelstrup et al., 2008;

Senzai & Buzsaki, 2017). It is supported by a finding that surgical

lesions of the longitudinal connection impair spatial memory

(Steffenach et al., 2002). According to these previous studies, place

coding can be shaped by intrinsic connections along the longitudinal

plane of the hippocampus. Interestingly, the septal hippocampus is

finely tuned to place coding, while the temporal hippocampus broadly

responds to spatial navigation (Fanselow & Dong, 2010; Hauser

et al., 2020). This functional compartmentalization may be explained

by a circuit mechanism by which interlamellar connections contribute

to place coding.

Given a certain relationship between longitudinal circuitry and

spatial navigation, here, we propose a putative model of the

activation pattern of place cells along with the interlamellar

connection in the hippocampus. For example, the activity of place

cells is illustrated in the context of a rodent roaming around a

square box to search for food (Figure 4). Suppose three parts of the

hippocampus (septal, intermediate, and temporal) and the rodent

moves sequentially from position A to B and C where it reaches the

food, completing a trajectory movement. A space‐encoding signal

(or firing) corresponding to position A (cyan color) in the septal place

field diffusely propagates toward the intermediate (or more

temporal) region of the hippocampus. In a sequence, another

space‐encoding signal from position B (magenta color) in the septal

region disperses into the intermediate region along the longitudinal

axis. These two discrete space‐encoding signals in the septal

hippocampus would be merged to display a new activation pattern

(blue color) in the intermediate hippocampus. Finally, when the

rodent finds the food at position C, the other space‐encoding signal

(yellow color) in the septal place field is transmitted to the

intermediate region, forming another new pattern of a place field

(red color). As space‐encoding signals that are formed in the

intermediate (cyan, blue, and red colors) move further toward the

temporal region, a more diffused representation (gray‐blue color)

would be produced in the more temporal hippocampus possibly by

“interlamellar connections” (Jung et al., 1994; Kjelstrup et al., 2008;

Komorowski et al., 2013). That being said, trace information (A‐B‐C)

can be held in a form of the mnemonically relayed and broadly

turned ensemble firings in the temporal hippocampus, therein

undergoing a signal transformation of temporally sequenced signals

to a spatial pattern.

This model cannot be merely due to the interlamellar connectiv-

ity of each hippocampal station, but also the different properties of

septal and temporal hippocampal cells, such as the neurotransmitter

receptor density, gene expression, neurogenesis, intrinsic connectiv-

ity, and extrinsic synaptic sources (Amaral et al., 1991; Amaral &

Witter, 1989; Anacker & Hen, 2017; Edelmann & Lessmann, 2018;

Ishizuka et al., 1990; Keinath et al., 2014; Kempadoo et al., 2016; A.‐

R. Lee et al., 2017; Lein et al., 2007; Martens et al., 1998; Yang

et al., 2015). Nonetheless, the interlamellar connectome can

significantly contribute to the effective execution of place cells in

light of energy efficiency to avoid an unnecessarily long loop via

transverse circuitry. Further investigation is required to obtain

empirical evidence to support this hypothesis.

F IGURE 4 A putative model of the activation pattern of place cells along an interlamellar axis. The activity pattern of place cells is illustrated
in the context wherein a rodent roams around a square box to find food (green rhombus). In this model, when the space‐encoding signals move
from the septal to temporal region, a more diffused representation can be produced after the signals are broadly tuned in the more temporal
hippocampus through interlamellar connections, creating a new and wider form of a place field pattern. Cyan magenta yellow key (CMYK) color
model: red, a mixture of yellow and magenta; blue, a mixture of magenta and cyan; gray‐blue, a mixture of cyan, blue and red. Implied from
previous studies (Choi et al., 2021; Jung et al., 1994; Kjelstrup et al., 2008; Komorowski et al., 2013; Pak et al., 2022; Sloviter & Lomo, 2012;
Steffenach et al., 2002; Strange et al., 2014; Sun et al., 2018; Yang et al., 2014).

PAK ET AL. | 4045



ACKNOWLEDGMENTS

This work was supported by Incheon National University (Interna-

tional Cooperative) Research Grant and by the National Research

Foundation of Korea (NRF) grant funded by the Korea government

(MSIT) (NRF‐2022R1A4A5034121) for Sunggu Yang and the

Research Grants Council of the Hong Kong Special Administrative

Region (11102120) for Sungchil Yang.

ORCID

Sojeong Pak http://orcid.org/0000-0002-0122-1206

Sungchil Yang http://orcid.org/0000-0003-3408-2019

REFERENCES

Amaral, D. G. (1978). A Golgi study of cell types in the hilar region of the

hippocampus in the rat. Journal of Comparative Neurology, 182,
851–914.

Amaral, D. G., Dolorfo, C., & Alvarez‐Royo, P. (1991). Organization of CA1
projections to the subiculum: A PHA‐L analysis in the rat.
Hippocampus, 1, 415–435.

Amaral, D. G., Scharfman, H. E., & Lavenex, P. (2007). The dentate gyrus:
Fundamental neuroanatomical organization (dentate gyrus for
dummies). Progress in Brain Research, 163, 3–22.

Amaral, D. G., & Witter, M. P. (1989). The three‐dimensional organization
of the hippocampal formation: A review of anatomical data.

Neuroscience, 31, 571–591.
Anacker, C., & Hen, R. (2017). Adult hippocampal neurogenesis and

cognitive flexibility—linking memory and mood. Nature Reviews

Neuroscience, 18, 335–346.
Andersen, P., Bland, B. H., & Dudar, J. D. (1973). Organization of the

hippocampal output. Experimental Brain Research, 17, 152–168.
Andersen, P., Bliss, T. V., Lomo, T., Olsen, L. I., & Skrede, K. K. (1969).

Lamellar organization of hippocampal excitatory pathways. Acta

Physiologica Scandinavica, 76, 4A–5A.
Andersen, P., Bliss, T. V., & Skrede, K. K. (1971). Lamellar organization

of hippocampal pathways. Experimental Brain Research, 13,
222–238.

Bains, J. S., Longacher, J. M., & Staley, K. J. (1999). Reciprocal interactions
between CA3 network activity and strength of recurrent collateral

synapses. Nature Neuroscience, 2, 720–726.
Bartesaghi, R., & Gessi, T. (2004). Parallel activation of field CA2 and

dentate gyrus by synaptically elicited perforant path volleys.
Hippocampus, 14, 948–963.

Bartesaghi, R., Gessi, T., & Sperti, L. (1983). Interlamellar transfer of

impulses in the hippocampal formation. Experimental Neurology, 82,
550–567.

Blaabjerg, M., & Zimmer, J. (2007). The dentate mossy fibers: Structural
organization, development and plasticity. Progress in Brain Research,
163, 85–107.

Bliss, T. V., & Lomo, T. (1973). Long‐lasting potentiation of synaptic
transmission in the dentate area of the anaesthetized rabbit
following stimulation of the perforant path. Journal of Physiology,
232, 331–356.

Buckmaster, P. S., Wenzel, H. J., Kunkel, D. D., & Schwartzkroin, P. A.

(1996). Axon arbors and synaptic connections of hippocampal mossy
cells in the rat in vivo. Journal of Comparative Neurology, 366,
271–292.

Buzsaki, G., Hsu, M., Slamka, C., Gage, F. H., & Horvath, Z. (1991).

Emergence and propagation of interictal spikes in the subcortically
denervated hippocampus. Hippocampus, 1, 163–180.

Cenquizca, L. A., & Swanson, L. W. (2007). Spatial organization of direct
hippocampal field CA1 axonal projections to the rest of the cerebral
cortex. Brain Research Reviews, 56, 1–26.

Chevaleyre, V., & Siegelbaum, S. A. (2010). Strong CA2 pyramidal neuron
synapses define a powerful disynaptic cortico‐hippocampal loop.
Neuron, 66, 560–572.

Choi, G., Kang, H., Chu, W., Yang, S., & Yang, S. (2021). Dynamics of

longitudinal dentate gyrus axons associated with seizure. Journal of
Physiology, 599, 2273–2281.

Claiborne, B. J., Amaral, D. G., & Cowan, W. M. (1986). A light and electron
microscopic analysis of the mossy fibers of the rat dentate gyrus.
Journal of Comparative Neurology, 246, 435–458.

Debanne, D., Gahwiler, B. H., & Thompson, S. M. (1998). Long‐term
synaptic plasticity between pairs of individual CA3 pyramidal cells in
rat hippocampal slice cultures. The Journal of Physiology, 507(Pt 1),
237–247.

Debanne, D., Gahwiler, B. H., & Thompson, S. M. (1999). Heterogeneity of

synaptic plasticity at unitary CA3‐CA1 and CA3‐CA3 connections in
rat hippocampal slice cultures. Journal of Neuroscience, 19,
10664–10671.

Debanne, D., Guerineau, N. C., Gähwiler, B., & Thompson, S. M. (1996).
Paired‐pulse facilitation and depression at unitary synapses in rat

hippocampus: Quantal fluctuation affects subsequent release. The
Journal of Physiology, 491, 163–176.

Le Duigou, C., Simonnet, J., Telenczuk, M. T., Fricker, D., & Miles, R.
(2014). Recurrent synapses and circuits in the CA3 region of the

hippocampus: An associative network. Frontiers in Cellular

Neuroscience, 7, 262.
Edelmann, E., & Lessmann, V. (2018). Dopaminergic innervation and

modulation of hippocampal networks. Cell and Tissue Research, 373,
711–727.

Fanselow, M. S., & Dong, H.‐W. (2010). Are the dorsal and ventral
hippocampus functionally distinct structures? Neuron, 65, 7–19.

Feldman, D. E. (2009). Synaptic mechanisms for plasticity in neocortex.
Annual Review of Neuroscience, 32, 33–55.

Feng, G., Mellor, R. H., Bernstein, M., Keller‐Peck, C., Nguyen, Q. T.,

Wallace, M., Nerbonne, J. M., Lichtman, J. W., & Sanes, J. R. (2000).
Imaging neuronal subsets in transgenic mice expressing multiple
spectral variants of GFP. Neuron, 28, 41–51.

Hampson, R. E., Simeral, J. D., & Deadwyler, S. A. (1999). Distribution of
spatial and nonspatial information in dorsal hippocampus. Nature,

402, 610–614.
Harris, E. W., & Cotman, C. W. (1986). Long‐term potentiation of guinea

pig mossy fiber responses is not blocked by N‐methyl D‐aspartate
antagonists. Neuroscience Letters, 70, 132–137.

Hauser, J., Llano López, L. H., Feldon, J., Gargiulo, P. A., & Yee, B. K.
(2020). Small lesions of the dorsal or ventral hippocampus
subregions are associated with distinct impairments in working
memory and reference memory retrieval, and combining them
attenuates the acquisition rate of spatial reference memory.

Hippocampus, 30, 938–957.
Hensch, T. K. (2005). Critical period plasticity in local cortical circuits.

Nature Reviews Neuroscience, 6, 877–888.
Henze, D. A., McMahon, D. B., Harris, K. M., & Barrionuevo, G. (2002).

Giant miniature EPSCs at the hippocampal mossy fiber to CA3

pyramidal cell synapse are monoquantal. Journal of Neurophysiology,
87, 15–29.

Henze, D. A., Urban, N. N., & Barrionuevo, G. (2000). The multifarious
hippocampal mossy fiber pathway: A review. Neuroscience, 98,
407–427.

Hitti, F. L., & Siegelbaum, S. A. (2014). The hippocampal CA2 region is
essential for social memory. Nature, 508, 88–92.

Hjorth‐Simonsen, A. (1973). Some intrinsic connections of the hippocam-
pus in the rat: An experimental analysis. Journal of Comparative

Neurology, 147, 145–161.
Irving, A. J., & Harvey, J. (2014). Leptin regulation of hippocampal synaptic

function in health and disease. Philosophical Transactions of the Royal
Society of London. Series B, Biological Sciences, 369, 20130155.

4046 | PAK ET AL.

http://orcid.org/0000-0002-0122-1206
http://orcid.org/0000-0003-3408-2019


Ishizuka, N., Weber, J., & Amaral, D. G. (1990). Organization of
intrahippocampal projections originating from CA3 pyramidal cells
in the rat. Journal of Comparative Neurology, 295, 580–623.

Jung, M. W., Wiener, S. I., & McNaughton, B. L. (1994). Comparison of

spatial firing characteristics of units in dorsal and ventral hippocam-
pus of the rat. Journal of Neuroscience, 14, 7347–7356.

Kandel, E. R., & Spencer, W. A. (1961). Excitation and inhibition of single
pyramidal cells during hippocampal seizure. Experimental Neurology,
4, 162–179.

Keinath, A. T., Wang, M. E., Wann, E. G., Yuan, R. K., Dudman, J. T., &
Muzzio, I. A. (2014). Precise spatial coding is preserved along the
longitudinal hippocampal axis. Hippocampus, 24, 1533–1548.

Kempadoo, K. A., Mosharov, E. V., Choi, S. J., Sulzer, D., & Kandel, E. R.
(2016). Dopamine release from the locus coeruleus to the dorsal

hippocampus promotes spatial learning and memory. Proceedings of
the National Academy of Sciences, 113, 14835–14840.

Kheirbek, M. A., Drew, L. J., Burghardt, N. S., Costantini, D. O.,
Tannenholz, L., Ahmari, S. E., Zeng, H., Fenton, A. A., & Hen, R.
(2013). Differential control of learning and anxiety along the

dorsoventral axis of the dentate gyrus. Neuron, 77, 955–968.
Kjelstrup, K. B., Solstad, T., Brun, V. H., Hafting, T., Leutgeb, S.,

Witter, M. P., Moser, E. I., & Moser, M.‐B. (2008). Finite scale of
spatial representation in the hippocampus. Science, 321, 140–143.

Kohara, K., Pignatelli, M., Rivest, A. J., Jung, H. Y., Kitamura, T., Suh, J.,
Frank, D., Kajikawa, K., Mise, N., Obata, Y., Wickersham, I. R., &
Tonegawa, S. (2014). Cell type‐specific genetic and optogenetic
tools reveal hippocampal CA2 circuits. Nature Neuroscience, 17,
269–279.

Komorowski, R. W., Garcia, C. G., Wilson, A., Hattori, S., Howard, M. W., &
Eichenbaum, H. (2013). Ventral hippocampal neurons are shaped by
experience to represent behaviorally relevant contexts. Journal of
Neuroscience, 33, 8079–8087.

Lee, A.‐R., Kim, J.‐H., Cho, E., Kim, M., & Park, M. (2017). Dorsal and

ventral hippocampus differentiate in functional pathways and
differentially associate with neurological disease‐related genes
during postnatal development. Frontiers in Molecular Neuroscience,
10, 331.

Lee, M., Lee, S., Kim, J., Lim, J., Lee, J., Masri, S., Bao, S., Yang, S., Ahn, J.‐
H., & Yang, S. (2021). Graphene‐electrode array for brain map
remodeling of the cortical surface. NPG Asia. Materials, 13, 1–10.

Lein, E. S., Hawrylycz, M. J., Ao, N., Ayres, M., Bensinger, A., Bernard, A.,
Boe, A. F., Boguski, M. S., Brockway, K. S., & Byrnes, E. J. (2007).

Genome‐wide atlas of gene expression in the adult mouse brain.
Nature, 445, 168–176.

Leutgeb, J. K., Leutgeb, S., Moser, M. B., & Moser, E. I. (2007). Pattern
separation in the dentate gyrus and CA3 of the hippocampus.
Science, 315, 961–966.

Li, X. G., Somogyi, P., Ylinen, A., & Buzsaki, G. (1994). The hippocampal
CA3 network: An in vivo intracellular labeling study. Journal of

Comparative Neurology, 339, 181–208.
Lomo, T. (2009). Excitability changes within transverse lamellae of dentate

granule cells and their longitudinal spread following orthodromic or

antidromic activation. Hippocampus, 19, 633–648.
MacVicar, B. A., & Dudek, F. E. (1980). Local synaptic circuits in rat

hippocampus: Interactions between pyramidal cells. Brain Research,
184, 220–223.

Martens, U., Capito, B., & Wree, A. (1998). Septotemporal distribution of

[3H] MK‐801,[3H] AMPA and [3H] Kainate binding sites in the rat
hippocampus. Anatomy and Embryology, 198, 195–204.

Meira, T., Leroy, F., Buss, E. W., Oliva, A., Park, J., & Siegelbaum, S. A.
(2018). A hippocampal circuit linking dorsal CA2 to ventral CA1

critical for social memory dynamics. Nature Communications, 9, 1–14.
Miles, R., Traub, R. D., & Wong, R. K. (1988). Spread of synchronous firing

in longitudinal slices from the CA3 region of the hippocampus.
Journal of Neurophysiology, 60, 1481–1496.

Miles, R., & Wong, R. K. (1983). Single neurones can initiate synchronized
population discharge in the hippocampus. Nature, 306, 371–373.

Miles, R., & Wong, R. K. (1986). Excitatory synaptic interactions between
CA3 neurones in the guinea‐pig hippocampus. Journal of Physiology,

373, 397–418.
Montgomery, J. M., Pavlidis, P., & Madison, D. V. (2001). Pair recordings

reveal all‐silent synaptic connections and the postsynaptic expres-
sion of long‐term potentiation. Neuron, 29, 691–701.

Moser, M. B., & Moser, E. I. (1998). Distributed encoding and retrieval of

spatial memory in the hippocampus. Journal of Neuroscience, 18,
7535–7542.

Nanou, E., Sullivan, J. M., Scheuer, T., & Catterall, W. A. (2016). Calcium
sensor regulation of the CaV2. 1 Ca2+ channel contributes to short‐
term synaptic plasticity in hippocampal neurons. Proceedings of the

National Academy of Sciences of the United States of America, 113,
1062–1067.

Neunuebel, J. P., & Knierim, J. J. (2014). CA3 retrieves coherent
representations from degraded input: Direct evidence for CA3
pattern completion and dentate gyrus pattern separation. Neuron,

81, 416–427.
Noh, W., Pak, S., Choi, G., Yang, S., & Yang, S. (2019). Transient potassium

channels: Therapeutic targets for brain disorders. Frontiers in Cellular

Neuroscience, 13, 265.

Pak, S., Choi, G., Roy, J., Poon, C. H., Lee, J., Cho, D., Lee, M., Lim, L. W.,
Bao, S., & Yang, S. (2022). Altered synaptic plasticity of the
longitudinal dentate gyrus network in noise‐induced anxiety.
iScience, 25, 104364.

Pare, D., & Llinas, R. (1994). Non‐lamellar propagation of entorhinal

influences in the hippocampal formation: Multiple electrode record-
ings in the isolated guinea pig brain in vitro. Hippocampus, 4,
403–409.

Park, E., Dvorak, D., & Fenton, A. A. (2011). Ensemble place codes in
hippocampus: CA1, CA3, and dentate gyrus place cells have multiple

place fields in large environments. PLoS One, 6, e22349.
Patel, J., Fujisawa, S., Berenyi, A., Royer, S., & Buzsaki, G. (2012). Traveling

theta waves along the entire septotemporal axis of the hippocam-
pus. Neuron, 75, 410–417.

Penley, S. C., Hinman, J. R., Long, L. L., Markus, E. J., Escabi, M. A., &

Chrobak, J. J. (2013). Novel space alters theta and gamma synchrony
across the longitudinal axis of the hippocampus. Frontiers in Systems

Neuroscience, 7, 20.
Petersen, R. P., Moradpour, F., Eadie, B. D., Shin, J. D., Kannangara, T. S.,

Delaney, K. R., & Christie, B. R. (2013a). Electrophysiological
identification of medial and lateral perforant path inputs to the
dentate gyrus. Neuroscience, 252, 154–168.

Petersen, R. P., Moradpour, F., Eadie, B. D., Shin, J. D., Kannangara, T. S.,
Delaney, K. R., & Christie, B. R. (2013b). Electrophysiological

identification of medial and lateral perforant path inputs to the

dentate gyrus. Neuroscience, 252, 154–168.
de la Prida, L. M., Huberfeld, G., Cohen, I., & Miles, R. (2006). Threshold

behavior in the initiation of hippocampal population bursts. Neuron,
49, 131–142.

Raisman, G., Cowan, W. M., & Powell, T. P. (1966). An experimental
analysis of the efferent projection of the hippocampus. Brain, 89,
83–108.

Rolls, E. T. (2013). The mechanisms for pattern completion and pattern
separation in the hippocampus. Frontiers in Systems Neuroscience, 7,

74.
Scharfman, H. E., & Pierce, J. P. (2012). New insights into the role of hilar

ectopic granule cells in the dentate gyrus based on quantitative
anatomic analysis and three‐dimensional reconstruction. Epilepsia,

53, 109–115.
Selig, D. K., Nicoll, R. A., & Malenka, R. C. (1999). Hippocampal long‐term

potentiation preserves the fidelity of postsynaptic responses to
presynaptic bursts. Journal of Neuroscience, 19, 1236–1246.

PAK ET AL. | 4047



Senzai, Y., & Buzsaki, G. (2017). Physiological properties and behavioral
correlates of hippocampal granule cells and mossy cells. Neuron, 93,
691–704, e695.

Shao, L. R., & Dudek, F. E. (2004). Increased excitatory synaptic activity

and local connectivity of hippocampal CA1 pyramidal cells in rats
with kainate‐induced epilepsy. Journal of Neurophysiology, 92,
1366–1373.

Shimizu, H., Kawai, K., Sunaga, S., Sugano, H., & Yamada, T. (2006).
Hippocampal transection for treatment of left temporal lobe

epilepsy with preservation of verbal memory. Journal of Clinical

Neuroscience, 13, 322–328.
Sloviter, R. S. (1991). Permanently altered hippocampal structure,

excitability, and inhibition after experimental status epilepticus in
the rat: The “dormant basket cell” hypothesis and its possible

relevance to temporal lobe epilepsy. Hippocampus, 1, 41–66.
Sloviter, R. S. (1994). The functional organization of the hippocampal

dentate gyrus and its relevance to the pathogenesis of temporal lobe
epilepsy. Annals of Neurology, 35, 640–654.

Sloviter, R. S., & Lomo, T. (2012). Updating the lamellar hypothesis of

hippocampal organization. Frontiers in Neural Circuits, 6, 102.
Son, H., & Carpenter, D. O. (1996). Interactions among paired‐pulse

facilitation and post‐tetanic and long‐term potentiation in the mossy
fiber‐CA3 pathway in rat hippocampus. Synapse, 23, 302–311.

Stasheff, S. F., Anderson, W. W., Clark, S., & Wilson, W. A. (1989). NMDA
antagonists differentiate epileptogenesis from seizure expression in
an in vitro model. Science, 245, 648–651.

Steffenach, H. A., Sloviter, R. S., Moser, E. I., & Moser, M. B. (2002).
Impaired retention of spatial memory after transection of longitudi-

nally oriented axons of hippocampal CA3 pyramidal cells.
Proceedings of the National Academy of Sciences of the United States

of America, 99, 3194–3198.
Strange, B. A., Witter, M. P., Lein, E. S., & Moser, E. I. (2014). Functional

organization of the hippocampal longitudinal axis. Nature Reviews

Neuroscience, 15, 655–669.
Sun, D. G., Kang, H., Tetteh, H., Su, J., Lee, J., Park, S. W., He, J., Jo, J., Yang, S.,

& Yang, S. (2018). Long term potentiation, but not depression, in
interlamellar hippocampus CA1. Scientific Reports, 8, 5187.

Swanson, L. W., Wyss, J. M., & Cowan, W. M. (1978). An autoradiographic

study of the organization of intrahippocampal association pathways
in the rat. Journal of Comparative Neurology, 181, 681–715.

Tamamaki, N., Abe, K., & Nojyo, Y. (1988). Three‐dimensional analysis of
the whole axonal arbors originating from single CA2 pyramidal

neurons in the rat hippocampus with the aid of a computer graphic
technique. Brain Research, 452, 255–272.

Tamamaki, N., & Nojyo, Y. (1991). Crossing fiber arrays in the rat
hippocampus as demonstrated by three‐dimensional reconstruction.
Journal of Comparative Neurology, 303, 435–442.

Traub, R. D., & Wong, R. K. (1982). Cellular mechanism of neuronal
synchronization in epilepsy. Science, 216, 745–747.

Umeoka, S. C., Lüders, H. O., Turnbull, J. P., Koubeissi, M. Z., &
Maciunas, R. J. (2012). Requirement of longitudinal synchrony of
epileptiform discharges in the hippocampus for seizure generation: A
pilot study. Journal of Neurosurgery, 116, 513–524.

Witter, M. P., Van Hoesen, G. W., & Amaral, D. G. (1989). Topographical
organization of the entorhinal projection to the dentate gyrus of the
monkey. Journal of Neuroscience, 9, 216–228.

Wittner, L., & Miles, R. (2007). Factors defining a pacemaker region
for synchrony in the hippocampus. Journal of Physiology, 584,

867–883.
Yang, S., Chung, J., Jin, S. H., Bao, S., & Yang, S. (2018). A circuit

mechanism of time‐to‐space conversion for perception. Hearing

Research, 366, 32–37.
Yang, S., Lee, D., Chung, C., Cheong, M., Lee, C.‐J., & Jung, M. (2004).

Long‐term synaptic plasticity in deep layer‐originated associational
projections to superficial layers of rat entorhinal cortex.
Neuroscience, 127, 805–812.

Yang, S., Santos, M. D., Tang, C.‐M., Kim, J. G., & Yang, S. (2016). A
postsynaptic role for short‐term neuronal facilitation in dendritic

spines. Frontiers in Cellular Neuroscience, 10, 224.
Yang, S., Tang, C.‐M., & Yang, S. (2015). The shaping of two distinct

dendritic spikes by A‐type voltage‐Gated K+ channels. Frontiers in

Cellular Neuroscience, 9, 469.

Yang, S., Weiner, B. D., Zhang, L. S., Cho, S.‐J., & Bao, S. (2011).
Homeostatic plasticity drives tinnitus perception in an animal model.
Proceedings of the National Academy of Sciences of the United States

of America, 108, 14974–14979.
Yang, S., Yang, S., Moreira, T., Hoffman, G., Carlson, G. C., Bender, K. J.,

Alger, B. E., & Tang, C. M. (2014). Interlamellar CA1 network in the
hippocampus. Proceedings of the National Academy of Sciences of the

United States of America, 111, 12919–12924.
Yassa, M. A., & Stark, C. E. (2011). Pattern separation in the hippocampus.

Trends in Neurosciences, 34, 515–525.
Zalutsky, R. A., & Nicoll, R. A. (1990). Comparison of two forms of long‐

term potentiation in single hippocampal neurons. Science, 248,
1619–1624.

Zappone, C. A., & Sloviter, R. S. (2004). Translamellar disinhibition in
the rat hippocampal dentate gyrus after seizure‐induced degen-

eration of vulnerable hilar neurons. Journal of Neuroscience, 24,
853–864.

How to cite this article: Pak, S., Jang, D., Lee, J., Choi, G., Shin,

H., Yang, S., & Yang, S. (2022). Hippocampal interlamellar

cell–cell connectome that counts. Journal of Cellular

Physiology, 237, 4037–4048.

https://doi.org/10.1002/jcp.30868

4048 | PAK ET AL.

https://doi.org/10.1002/jcp.30868



