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SUMMARY

One of the most captivating questions in neuroscience revolves around the brain’s ability to efficiently and

durably capture and store information. It must process continuous input from sensory organs while also en-

codingmemories that can persist throughout a lifetime.What are the cellular-, subcellular-, and network-level

mechanisms that underlie this remarkable capacity for long-term information storage? Furthermore, what

contributions do distinct types of GABAergic interneurons make to this process? As the hippocampus plays

a pivotal role in memory, our review focuses on three aspects: (1) delineation of hippocampal interneuron

types and their connectivity, (2) interneuron plasticity, and (3) activity patterns of interneurons during mem-

ory-related rhythms, including the role of long-range interneurons and disinhibition. We explore how these

three elements, together showcasing the remarkable diversity of inhibitory circuits, shape the processing

of memories in the hippocampus.

INTRODUCTION

Over the past decades, a multitude of exciting research has

advanced our understanding of how the mammalian brain learns

and stores new information. For a long time, research has

focused on the role of pyramidal neurons during memory pro-

cesses.1However, recent discoveries about the role of inhibitory

neurons in learning and memory formation have led to a growing

appreciation of inhibitory gamma-aminobutyric acid-expressing

(GABAergic) interneurons.2–6

In this review, we first highlight recent advances regarding the

diversity of hippocampal interneurons, including an overview of

their positions in the microcircuitry. Next, we summarize knowl-

edge of synaptic and intrinsic plasticity phenomena in interneu-

rons. For a few types, we discuss their contribution to the induc-

tion and regulation of oscillatory rhythms, which likely reflect

important roles during memory encoding and consolidation.

We end by posing a number of critical questions that should

be answered in order to reach a deeper understanding of how

interneuron diversity impacts hippocampal memory formation.

INTERNEURON TYPES AND MICROCIRCUITS

‘‘Classic’’ interneuron classifications

A classic distinction in cortical circuits is between the majority

(80%–90%) of excitatory glutamatergic pyramidal cells (PCs)

and a minority of inhibitory GABAergic interneurons. The latter

group forms a strikingly heterogeneous population of interneu-

ronal types that were defined over the course ofmore than a cen-

tury of research,7–12 based on morphology (e.g., basket cells

[BCs]), electrophysiological properties (e.g., fast-spiking [FS]),

connectivity/targeting (e.g., axo-axonic [AAC]), or the expression

of particular molecular markers (e.g., somatostatin [SOM]). De-

cades of work in the rodent hippocampal area CA1, including re-

cordings in anesthetized and awake behaving animals, resulted

in 29 different types (Figure 1), many of which have different roles

in vivo.13–24 About a decade ago, cortical interneurons were

found to be divided into three largely non-overlapping classes

with different developmental origins25,26: parvalbumin- (PV)

and SOM-expressing interneurons, derived from the medial

ganglionic eminence (MGE), and serotonin receptor 3a

(5HT3aR)-expressing interneurons, derived from the caudal

ganglionic eminence (CGE).

For MGE-derived interneurons, the dichotomy between SOM

and PV cells has proven valuable, with many studies showing

functional differences between ‘‘dendrite-targeting,’’ slow-firing

SOM interneurons on the one hand, and ‘‘soma-targeting,’’ FS

BC interneurons on the other.27–31 However, within these two

classes, there is considerable diversity in terms of morphology

and firing properties.10,16,24 The fact that the hippocampus has

a single PC layer and inputs segregated into three further layers

leads to some unique morphological cell types compared with
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the neocortex. For instance, the oriens-lacunosum-moleculare

(O-LM) cell with dendrites in stratum oriens (SO) extends an

axon into stratum lacunosum-moleculare (SLM), where it

branches extensively and targets the apical dendrites of

PCs.32–34 The bistratified cell (BiC) is defined by axons limited

to stratum radiatum (SR) and SO.34,35 These two interneuron

types have been reported to co-express SOM and PV22,36

(Figure 1). The other two stereotypic PV interneurons in the hip-

pocampus are the AAC cells (also known as chandelier cells),

targeting PC axon initial segments,37,38 and the FS BCs, target-

ing PC somata and proximal dendrites.10 Both display FS re-

sponses to depolarizing input and fire at high rates in vivo.22,39

In contrast, SOM cells typically have lower firing rates despite

their low firing threshold.40

For CGE-derived interneurons, three main subclasses have

been defined based on the expressions of Lamp5, Sncg, or

vasoactive intestinal peptide-expressing (VIP).41 Lamp5 inter-

neurons include ivy and neurogliaform cells (NGFCs). The ivy

cell is the most common interneuron type in CA142; it has a

distinct morphology with a relatively extensive axonal cloud ex-

tending over several hippocampal layers and co-expresses

neuronal nitric oxide synthase (nNOS), suggesting retrograde

signaling via nitric oxide (NO). NGFCs morphologically resemble

compact ivy cells, with a distinctive ‘‘bushy’’ dendritic tree and a

dense axonal cloud.43 Cells whose dendrites fall within the

axonal tree of these two major cell types are inhibited via ‘‘vol-

ume transmission’’ of GABA, which induces a combination of

slow GABA-A receptor-mediated synaptic currents and spill-

over-mediated activation of extra-synaptic GABA-B recep-

tors.44,45 Paradoxically, although ivy cells express Lamp5 (a

marker for a major subclass of CGE interneurons, as mentioned

above), they appear to stem from theMGE, along with a subpop-

ulation of nNOS-expressing NGFCs.46 Sncg cells were shown to

include many cholecystokinin (CCK)-positive cell types.47 How-

ever, CCK cells are a remarkably diverse group in the hippo-

campus48,49 (Figure 1) that extends beyond Sncg cells.13 The

majority of cells in the VIP subclass are interneuron-specific

(IS), specifically targeting other interneurons rather than PCs.

Three types of IS interneurons have been described, mostly in

the hippocampus (Figure 1), and they are likely to play important

disinhibitory roles.50

Overall, the above studies highlight the extensive diversity of

the most important interneuron types in the hippocampus.

Although recent single-cell transcriptomic datasets have led

to a more extensive taxonomy of hippocampal interneu-

rons,13,41,47,51 with up to �100 types having been described,

the functional significance of these transcriptomic types remains

mostly uninvestigated. Indeed, the question of what constitutes

the most useful way to classify a cell type is non-trivial and de-

pends on the question one wishes to address.52–56 Although

this newmethod of classification presents an exciting and impor-

tant avenue for future research, there is still much work to be

done to determine how these transcriptomic cell types relate

to the more traditional classifications such as morphological or

Figure 1. Hippocampal interneuron diversity
Overview of interneuron types in CA1, based on a combination of morphologies and a small number of molecular markers. For each type, axon terminations are

indicated by colored dots, and dendritic distribution by thicker lines. External inputs are indicated by black arrows in the appropriate layers. Note that types 17 and

24–29 include external projections, indicated by arrows; other projections have also been reported but are not included here. To indicate the somatic and

dendritic location of pyramidal cells relative to the interneuronal axon terminals, one schematic pyramidal cell (PC, pink) is included. Figure modified with

permission from Booker and Vida.7
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molecular markers. Therefore, in this review, we focus on pub-

lished work at the level of interneuron types described above.

Long-range projecting interneurons

Although GABAergic cells are mainly considered to be locally

targeting interneurons, there is also a diverse group of long-

range projecting (LRP) interneurons.57,58 In the hippocampus,

three main projection patterns have been described, which are

likely correlated to different functional roles.

The first group, retrohippocampal-projecting interneurons in

CA1, is characterized by long-range projections limited to the

entorhinal cortex (EC) and nuclei of the subicular complex (areas

often described as ‘‘retrohippocampal’’). This group includes

‘‘trilaminar’’ cells (Figure 1), which are SOM- and PV-negative,

muscarinic type 2 acetylcholine receptor (M2R)-expressing in-

terneurons that send projections to the subiculum.57,59,60 VIP+

LRP interneurons co-expressing M2Rs and calbindin61,62 not

only project to the subiculum, where they target both inhibitory

interneurons and PCs but also make local synaptic contacts

with O-LM cells, BiCs, and BCs. Hence, they may also mediate

local disinhibition (see below).

Back-projecting interneurons form the second group of LRP

interneurons in CA1, with projections ‘‘back’’ to large parts of

the upstream areas of CA3 and dentate gyrus (DG).63 This group

is heterogeneous in terms of their precise targets, expression

profiles, and firing patterns during memory-related rhythms

(see section activity patterns of hippocampal interneurons in

theta rhythm and SWRs). Two types with axons extending into

the molecular layer of DG appear to be SOM+ (Figure 1).64,65

SOM+ interneurons co-expressing nNOS may also include

back-projecting cells.63 Note that SOM-negative interneurons

back-projecting to CA3 have also been reported,66 expressing

corticotropin-releasing hormone (CRH) and CCK (Figure 1).

Extrahippocampally projecting interneurons form the third

main group of LRP interneurons. This group includes a population

of SOMcells that project to one ormore extrahippocampal areas,

including the ipsilateral medial septum (MS), the medial EC

(MEC), the striatum, and contralateral DG.67 This population in-

cludes some ‘‘double projection’’ SOM- and calbindin-express-

ing cells (Figure 1) that target retrohippocampal areas and the

MS57; in some cases, these cells additionally express neuropep-

tide Y (NPY).57,68 A partial overlap with SOM cells was described

for so-called theta-off-ripple-on (TORO) cells,20 with multiple ex-

trahippocampal targets including subiculum, lateral EC (LEC) and

MEC, retrosplenial cortex, MS, and others. These cells were clas-

sified not only based on their functional properties (as implied by

their name, see section activity patterns of hippocampal interneu-

rons in theta rhythm and SWRs) but also on the robust expression

of M2R. SOM-negative ‘‘radiatum-retrohippocampal neurons’’

(Figure 1) project to retrohippocampal areas, the retrosplenial

cortex, and indusium griseum.57 More recently, another type of

SOM-negative interneuron expressing nNOS and projecting

onto many different extrahippocampal areas has also been

described.69

Connectivity and microcircuits

The role of each interneuron type is not only determined by its

expression profiles, morphologies, and intrinsic electrical prop-

erties but also by its connectivity. In the last decade, there

have been huge advances in techniques enabling connectomic

studies, both structurally and functionally. On the structural

side, a series of studies revealed the connectivity between

CA1 pyramidal neurons and eleven prominent interneuron

types70: a CA1 PC receives roughly 1,120 inhibitory synapses,

including about 420 from ivy cells; 180 from PV BCs; 140 from

NGFCs; BiCs and CCK BCs each contribute about 100 synap-

ses; O-LM cells about 80; and AAC cells, 30. More recently,

EM reconstructions have allowed unprecedented insights into

the connectivity patterns of interneurons in a number of brain re-

gions and mammalian species.71,72 Unfortunately, to the best of

our knowledge, such data are not yet available for the entire hip-

pocampus.73,74 Although considerable progress has been made

in terms of linking EM reconstruction to the function of the recon-

structed neurons,75 in general, this ‘‘connectomics’’ approach is

still restricted by difficulties in labeling particular cell types in

electron microscopy. Furthermore, the volume that can be re-

constructed is still limited. These limitations mean that one can

only determine the connectivity of cells with nearby somata,

with limited access to transcriptomic data for the con-

nected cells.

Recent advances in patch-clamp methodology now allow the

simultaneous recording from up to 12 neurons and have yielded

large datasets that reveal details of local microcircuits.76,77

Although most of these studies have focused on excitatory con-

nectivity in the hippocampal formation, a series of studies have

elucidated connectivity for several subclasses of interneurons

in the subicular complex78–80 and the MEC.81 For example,

sharp-wave ripple (SWR) events propagating from area CA1

into the subiculum are associated with selective activation of

burst-firing but not regular-firing PCs. In line with this observa-

tion, regular-firing, but not burst-firing, PCs are more strongly

interconnected with FS PV interneurons.78 Such a specific inhib-

itory innervation of principal cell types has also been shown in

EC82 and CA183 and is hypothesized to separate different in-

formation streams.84 Consistent with this idea, burst-firing and

regular-firing cells in the subiculum have different long-range

projection targets,85,86 and the described connectivity scheme

may help to selectively mediate the information conveyed during

SWRs to specific downstream brain areas. Within area CA1,

there are also two main populations of PCs that populate

different sublayers of stratum pyramidale (SP).87,88 One type

(the ‘‘deep’’ PC) seems selectively inhibited during SWRs.89,90

The inhibition of deep PCs appears to be mediated mainly by

PV BCs, whereas inhibition of superficial PCs is mediated

more by CCK BCs.83,90 Thus, both the subiculum and CA1

demonstrate a division of labor in terms of interneuron innerva-

tion between PC subpopulations. However, the exact contribu-

tion of different interneuron types to the delineation of distinct

output streams remains unclear.

In addition to controlling information streams mediated by

excitatory pathways, interneurons can also inhibit other inter-

neurons, leading to disinhibition. Such disinhibition has been

demonstrated to contribute to learning in neocortical areas.50,91

In contrast, the role of disinhibition in the hippocampus during

high-level computations, such as memory formation, is only

beginning to be unraveled. Hippocampal disinhibitory signals
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Table 1. Hippocampal disinhibitory connectivity motifs

Mode of disinhibition

Presynaptic

interneuron Molecular marker CA1 target interneuron Method Publication(s)

Interneuron-specific

(IS) inhibition

IS-1 CR CB IN (SCA, PPA);

CCK/VIP BC; IS-1

immunocytochemistry;

electron microscopy

Acsády et al.92

and Gulyás et al.93

IS-3 paired recording, in vitro Luo et al.94

IS-2 VIP SCA, PPA, IS-2,

CCK/VIP BC

immunocytochemistry;

electron microscopy

Gulyás et al.93

IS-3 paired recording, in vitro Luo et al.94

IS-3 VIP; CR O-LM, BiC,

CCK/VIP BC, O-O

paired recording, in vitro Tyan et al.95

IS-3 paired recording, in vitro Luo et al.94

VIP-LRPa VIP; M2R; CB O-LM, BiC, CCK BC paired recording, in vitro Francavilla et al.61

Non-IS homotypic

inhibition

CCK-BC CCK; CB1R
b CCK BC paired recording, in vitro Daw et al.96

PV BC PV PV BC paired recording, in vitro Daw et al.96

and Cobb et al.97

SCA CCK; CB CCK SCA paired recording, in vitro Ali98

NGFC NPY; nNOS NGFC paired recording, in vitro Price et al.99

Non-IS heterotypic

inhibition

O-LM SOM; mGluR1a;

(PV)

CCK BC, SCA,

PPA, NGFC

paired recording, in vitro Elfant et al.100

CCK-BC CCK; CB1Rb PV BC paired recording, in vitro Karson et al.101

PV BC PV CCK BC optogenetics and Ca2+

imaging, in vitro and in vivo

Dudok et al.13

TORO M2R PV- and

CCK-expressing IN

immunocytochemistry Szabo et al.20

AAC paired recording, in vitro Szabo et al.20

Extrahippocampal

GABAergic,

long-range input

septo-

hippocampal

not specified PV- and

CB-expressing IN

immunocytochemistry,

anterograde tracing;

electron microscopy

Freund and Antal102

PV not specifiedc antero- and retrograde,

and AAV tracing;

immunocytochemistry;

electron microscopy

Unal et al.103

PV; SATB1; HCN4 BiC juxtacellular labeling,

electrophysiology

immunocytochemistry

Unal et al.104

GAD67 (not further

specified)

PV-, CB-, CR-,

SOM-expressing INd

immunocytochemistry;

optogenetics, in vivo

and in vitro

Sans-Dublanc

et al.105

mGluR8a;

in terminals

trilaminar IN (M2R+) anterograde labeling Katona et al.59

not specifiede TORO optogenetics and Ca2+

imaging, in vivo and in vitro

Szabo et al.20

PFC-hippocampal PV; Som; VIP;

CR; NPYf

VIP-expressing IN optogenetics and Ca2+

imaging, in vivo and in vitro

Malik et al.106

Abbreviations: IN, interneuron; SCA, Schaffer-collateral associated; PPA, perforant path associated; O-O, Oriens-oriens; SATB1, special AT-

rich sequence binding protein 1; HCN4, hyperpolarization-activated cyclic nucleotide-gated channel isoform 4; GAD67, glutamate decarboxylase iso-

form 67.
aVIP-LRP INs target both PCs and INs in the subiculum61 and thus, strictly speaking, these cells can only be considered interneuron-specific

within CA1.
bBased on the available literature, it is unclear whether these CCK-expressing BCs belong to the VIP or VGlut3-expressing group.
cPostsynaptic targets in the subiculum included PV-, CB-, CR-, NECAB1-, CCK- and Reelin-expressing IN, among others.
dThemajority of postsynaptic somata was found in the pyramidal cell layer. Fractions of postsynaptic somata expressing PV: 44%, CB: 22%, CR: 18%,

SOM: 9%, CCK: 4%, VIP: 3%.
eMedial septum GABAergic neurons were labeled using Dlx5/6-Cre transgenic mice and Cre-dependent viral constructs.
fPrefrontal cortex GABAergic neurons were labeled using Dlxi12b-Cre transgenic mice and Cre-dependent viral constructs.
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can be mediated by different circuit elements (Table 1), either by

IS interneurons (IS inhibition, [1]), non-IS interneurons that

contact inhibitory neurons of the same type (non-IS homotypic

inhibition, [2]), non-IS interneurons contacting other interneurons

(non-IS heterotypic inhibition, [3]), or inhibitory inputs from

other brain regions, such as the MS or EC, onto different types

of hippocampal interneurons (extrahippocampal long-range

GABAergic input,58 [4]). In the following paragraphs, we briefly

summarize themain characteristics of hippocampal disinhibitory

interneurons (Table 1).

(1) Freund and colleagues first characterized IS interneurons

and showed that these cells express calretinin (CR) (IS-1), VIP

(IS-2), or both (IS-3). Postsynaptic local targets of IS interneurons

include not only other types of IS cells and pyramidal neuron

dendrite-targeting interneurons (like BiCs, O-LM cells, and

others) but also CCK/VIP-expressing BCs. In addition to these

‘‘classical’’ types, another IS interneuron was recently character-

ized, namely VIP-expressing interneurons with long-range pro-

jections to the subiculum61 (VIP-LRP), indicating a possible

role of VIP-LRP INs in coordinating hippocampal and subicular

activity during mnemonic processing. In addition to IS cells,

disinhibition mediated by non-IS interneurons is also well docu-

mented in CA1. (2) For homotypic connections, paired intracel-

lular recordings from hippocampal slices have shown synaptic

transmission between PV interneurons, CCK interneurons, and

NGFCs. (3) For heterotypic connections, bidirectional synaptic

connections between PV and CCK BCs have been identified

anatomically, and paired recordings in vitro showed inhibition

of PV BCs by CCK BCs.101 More recently, Dudok et al.13 used

a combination of immunocytochemistry, optogenetics, and

in vivo Ca2+ imaging to uncover PV to CCK BC connections.

Consistent with this, reciprocal signaling between both types

of BCs, CCK BCs, and PV cells can express complementary ac-

tivity levels depending on the brain state. These findings are of

particular significance, given the importance of PV interneuron-

mediated inhibition in hippocampus-dependent memory for-

mation associated with theta and ripple oscillations107–110 (see

section activity patterns of hippocampal interneurons in theta

rhythm and SWRs). (4) Currently, most of our knowledge about

the effects of disinhibition on hippocampus-dependent function

is based on GABAergic extrahippocampal ‘‘long-range’’ input

controlling CA1 interneurons. Significant inhibitory projections

to CA1 emanate from the MS, primarily from PV cells that target

interneurons, including PV types as well as trilaminar and TORO

cells.59,102,107–110 As shown in functional Ca2+ imaging in

behaving mice, septo-hippocampal (S-H) GABAergic projec-

tions surrounding and inhibiting TORO cells are active during

theta-associated locomotion,20 and S-H inhibitory projections

contribute to the encoding of sensory saliency.111 Moreover, a

role of disinhibition via GABAergic S-H projections has been

directly demonstrated for contextual fear memory, where these

inputs show activity during memory retrieval, thereby suppress-

ing target CA1 interneurons. The acute chemogenetic suppres-

sion of S-H GABAergic inputs resulted in increased activity of

PV interneurons in CA1 and suppressed fear memory retrieval.

Thus, memory recall seems to depend on GABAergic input

from the MS acting on PV interneurons, disinhibiting PCs, and

increasing their activity.107–110 Consistent with this significant

role of S-H disinhibition in hippocampal memory formation,

S-H signaling has been shown to decay during normal aging

and in a mouse model of Alzheimer’s disease.112 This finding in-

dicates that impaired disinhibition may participate in the pathol-

ogy of some forms of dementia.

Above, we outlined progress in understanding interneuron di-

versity in the hippocampus. We discussed the main methods by

which interneurons are currently classified and how new

methods might extend future classifications. Additionally, we

presented the current knowledge on the connectivity of interneu-

rons and their role in the topology of local and larger brain cir-

cuits. This topology determines the flow of information within

and between brain regions. However, to ultimately understand

memory formation, knowledge of topology alone is not sufficient.

Another important feature of neuronal networks is their capacity

for plasticity. In the next section, we therefore discuss the current

knowledge of plasticity mechanisms exerted by different inter-

neuron subclasses in the hippocampus.

PLASTICITY OF SYNAPTIC TRANSMISSION AND

INTRINSIC EXCITABILITY IN HIPPOCAMPAL

INTERNEURONS

Although plasticity induction in PCs is a well-studied phenome-

non that is assumed to underlie memory-related processes in

the hippocampus and beyond,113 the plasticity of hippocampal

interneurons has only recently started to be elucidated. Thus

far, the best-studied form of synaptic plasticity in hippocampal

interneurons is the plasticity of glutamatergic synapses formed

by PCs onto interneurons (PC to IN synaptic plasticity). PC to

IN synaptic plasticity (such as long-term potentiation [LTP]

and long-term depression [LTD]) typically refers to changes in

the amount and/or properties of interneuron postsynaptic re-

ceptors, as discussed in recent reviews.114–117 Importantly,

plasticity has also been documented at GABAergic synapses

onto PCs.114–117,118 This IN to PC synaptic plasticity, also known

as presynaptic inhibitory plasticity, involves changes in the post-

synaptic GABA receptors119 or in the amount of GABA

release114–117,118 and can result in either LTP or LTD. Moreover,

in addition to synaptic plasticity, changes in the properties of

voltage-dependent conductances that mediate the integration

of incoming signals (e.g., potassium channels) can evoke alter-

ations in the excitability of a neuron. This plasticity of intrinsic

excitability (IE) can be input- or cell-specific and was recently

described in just a few interneuron types.119–122 This section

aims to summarize the current knowledge on different forms of

plasticity ‘‘to and from’’ interneurons, with an emphasis on hip-

pocampal areas. We start by discussing studies related to syn-

aptic plasticity (Figure 2), followed by recent advances in intrinsic

plasticity mechanisms (Figure 3).

PC to IN synaptic plasticity

Studies on PC to IN synaptic plasticity date back to the 1980s,

when LTP induction in interneurons was established via tetanic

stimulation in the CA1 area in vivo.128 This interest was recently

renewed for both hippocampal and cortical interneurons in

rodents.117,119–122,124,129,130 Several of these studies highlight

the diversity of plasticity induction forms resulting from the
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abundance of active membranemechanisms and their heteroge-

neous distribution across different interneuron types or even sub-

types.54,115 For example, in hippocampal interneurons in the SLM

and specifically in NGFCs, LTP was found to be NMDAR depen-

dent124 (Figure 2A, right), enabling the induction of synaptic plas-

ticity similar to that reported for PCs. This form of synaptic

NMDAR-dependent plasticity is also known as Hebbian plasticity

for both PCs and interneurons. However, apart from NGFCs, the

specific interneuron types that exhibit this form of Hebbian LTP

remain unknown.115,124 In addition to NMDAR-dependent

plasticity, in several interneuron types, including the PV BCs

and the O-LM cells in CA1, LTP induction is primarily mediated

by calcium-permeable AMPARs (CP-AMPARs, often referred to

Figure 2. Best-characterized forms of
synaptic plasticity in hippocampal
interneurons
(A) PC to IN synaptic LTP formation has been

shown to be either CP-AMPAR dependent, e.g., in

PV BCs (left) or NMDAR dependent, e.g., in

NGFCs (right). Red dots represent glutamate

release.

(B) IN to PC plasticity examples. Induction of

presynaptic LTD in CCK BC to PC synapses

(left): postsynaptic (PC) eCB signaling mediates

the activation of presynaptic CB1Rs that in turn

regulate the reduction of GABA release from the

CCK-BC axonal terminals. T and L type VGCC-

dependent LTP in SOM to PC synapses (right):

coincident activation of both presynaptic SOM

cell and postsynaptic PC cell leads to activation

of T and L type VGCCs in PC dendrites that

induces the activation of CaMKII. CaMKII

activation leads in inhibitory LTP in SOM to PC

synapses. Red dots represent GABA release.

Figure created with BioRender and designed

based on data from published work.123,124–127

as anti-Hebbian synaptic plasticity; Figure

2A, left).122,125,131,132 Another NMDA-in-

dependent induction of LTP, depending

on metabotropic glutamate type 1 recep-

tors (mGluR1s), has been documented for

CA1 SO interneurons.126,133,134 However,

the exact subtypes of interneurons were

not described. Although initially char-

acterized as Hebbian, a later study126

reported that the interaction between

mGluR1s and muscarinic receptors

(mAChRs) results in CP-AMPAR-depen-

dent rather than NMDAR-dependent

postsynaptic LTP. Induction of LTD, on

the other hand, is significantly less studied

in PC to IN synapses in the hippocampus;

it has been suggested to be mediated by

mGluR1 or NMDA receptors.11,116 Taken

together, both LTP induction (NMDAR or

CP-AMPAR dependent) (Figure 2A) and

LTD induction have been reported in

some broadly defined hippocampal inter-

neuron types, mainly the PV class. How-

ever, further work is needed to map the

different forms of synaptic plasticity induction across all hippo-

campal interneuron subtypes (e.g., in distinct PV subtypes,

SOM, and VIP classes) in order to delineate the mechanisms

that mediate each form of plasticity.

IN to PC synaptic plasticity

Both LTP and LTD have been described in IN to PC connect-

ions across multiple brain regions, including hippocampal

areas.118,135 It has been shown that depolarization of pyramidal

neurons can regulate an increase or a decrease in GABA release,

which enhances (LTP) or reduces (LTD) the resulting inhibitory

postsynaptic potentials (iPSPs) onto PC dendrites. This retro-

grade signaling from PCs onto presynaptic interneurons is
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mediated by molecules such as endocannabinoids (eCBs), NO,

and brain-derived neurotrophic factor (BDNF)118,127,136 that

can influence the GABA release machinery in interneurons by

activating receptors on the interneuronal axon terminals (e.g.,

cannabinoid receptors [CBRs]). In contrast to PC to IN plasticity

forms, where most is known about LTP induction, for IN to PC

synaptic plasticity, the most characterized form is the induction

of LTD in GABAergic axonal terminals. The leading retrograde

signal messengers for this IN to PC LTD (often called presynaptic

iLTD) consist of eCBs, which decrease GABA release via the

activation of CBRs127 (Figure 2B, left). For CCK-positive BCs,

in particular, CBR-inverse agonists can increase GABA

release.137,138 Although CBRs are abundant in regular spiking

CCK-positive BCs, this is not the case for FS BCs,136,139 sug-

gesting that eCB-dependent IN to PC LTD is interneuron type

dependent. Other studies suggest that IN to PC iLTD can also

be achieved by alternative mechanisms. Specifically, in CA2

PV-positive interneurons, GABA release is reduced following

stimulation of the CA3 Schaffer collaterals through the activation

of delta opioid receptors in their dendrites.140 In this study, the

induction of PC to IN plasticity was associated with the ability

of CA2 PV-positive interneurons to control the CA3 to CA2 trans-

mission.

In addition, a recent in vitro study showed the induction of

either LTP or LTD upon coincident activation of both inhibitory

presynaptic and excitatory postsynaptic neurons in CA1. In

particular, CA1 PV interneuron to PC synapses in SP undergo

LTD upon activation of postsynaptic T type voltage-gated cal-

cium channels (VGCCs) and calcineurin, which in turn modulate

the amount of GABA receptors in the excitatory postsynaptic

cell. In contrast, under the same stimulation protocol, CA1

SOM interneuron to PC synapses in SO and SLM layers undergo

LTP (Figure 2B, right). Although in this case, T type VGCCs were

activated, similar to PV-PC synapses, the joint activation of L

type VGGCs (located in the PC dendrites) resulted in the activa-

tion of calcium–calmodulin (CaM)-dependent protein kinase II

(CaMKII) and, in turn, in SOM to PC LTP.123

Altogether, the abovementioneddata demonstrate theplethora

of mechanisms that lead to synaptic plasticity induction to and

from distinct interneurons. However, our knowledge remains

restricted to the PV and SOM subclasses, as well as CCK and

NGFC types. Future studies should delineate the mechanisms

and forms of synaptic plasticity in other interneuron types,

including ivy cells and VIP cells, among others, aswell as the pos-

sibility of plasticity induction in interneuron-interneuron synapses.

Intrinsic excitability

Multiple ion channels and transporters, located at input (den-

drites) or output sites (axons) of neurons, engage in plasticity

of IE. Below, we summarize findings related to IE of hippocampal

interneurons and discuss the potential advantages of this plas-

ticity form in memory processing.

In an earlier study on DG BCs, it was shown that after tetanic

stimulation of glutamatergic inputs, interneurons exhibited a

long-term change in the rate of electrogenic Na+/K+-ATPase

pump function. As a result, interneurons responded to stimuli

with spikes instead of the previously generated subthreshold

excitatory postsynaptic potentials (EPSPs). This Na+/K+

ATPase-dependent intrinsic plasticity in DG BCs also required

the activation of the CP-AMPARs and the rise of intracellular

Ca2+ stores but not NMDA receptors.141

Later, FS BCs in the hippocampus (and neocortical L2/3) were

also found to exhibit plasticity of their IE. In this case, activation

of ErbB4, a Neuregulin 1 (NRG1) receptor that is present in FS PV

BCs in the SO of CA1 and CA3,142 resulted in enhanced voltage-

dependent excitability mediated by the downregulation of Kv1.1

potassium channels. Specifically, ERbB4 influences the tyrosine

phosphorylation of the Kv1.1 channel protein, a biochemical re-

action that, in turn, tunes the near-threshold responsiveness (the

slope of spike initiation) and spike threshold of FS BCs.143NRG1

receptors have been shown to modulate gamma oscillations in

the hippocampus.144 However, NRG1-mediated intrinsic plas-

ticity of FS BCs during gamma oscillatory events has not yet

been documented. Another mechanism of long-term (>30 min)

potentiation of IE (LTP-IE) in CA1 FS PV BCs was demonstrated

following a brief high-frequency stimulation of CA3 Schaffer col-

laterals, which activated metabotropic glutamate receptor sub-

type 5 (mGluR5) receptors,119 leading to the downregulation of

Kv1 potassium channels. This LTP-IE facilitated feedforward in-

hibition in CA1 circuits (Figure 3A). The authors of this study also

proposed a link between IE and regulation of oscillatory activity

of BCs; they found that LTP-IE enhanced the firing of these inter-

neurons within the gamma band frequency. A similar mGluR5-

dependent IE in DGPV neurons was observed after the induction

of bursts of synaptic stimulation of the mossy fiber pathway at

gamma frequency.145 These two studies demonstrate a clear

link between inhibitory IE and memory-related oscillations. IE

has also been found in hippocampal SOM cells. When rodents

were trained in a hippocampus-dependent trace eyeblink condi-

tioning task, SOM INs expressed LTP-IE, mediated via a reduc-

tion in small conductance calcium-activated potassium (SK)

channels.146 This reduction led to an attenuation of afterhyper-

polarization (AHP), which was also found in pyramidal neurons

in the same study. Notably, induction of IE plasticity was recently

found in both rodent and human NGFCs in the SLM of the hippo-

campus.147 For the mouse NGFCs, Kv4 potassium channels

were shown to effectively influence action potential timing and

threshold. Expressed in the somatodendritic domain of these

Figure 3. Intrinsic excitability examples in hippocampal interneurons
(A) Induction mechanisms of synaptically generated LTP-IE in PV BCs in the CA1 after activation of CA3 Schaffer-collateral inputs (high-frequency stimulation).

Top: graphical illustration of the experimental protocol andmain findings. Induction of intrinsic excitability in CA1 FS BCs resulted in: (i) higher spiking activity and

reduced first spike latency (iii). (ii) Shows the spike timing over time in a representative example (n = 9 FS BCs, scale bars: 200 ms and 40 mV).

(B) Induction of presynaptic LTD in CA1 O-LM interneurons triggers a Kv7 potassium channel dependent decrease in their intrinsic excitability. Top: graphical

illustration of the experimental design and findings. (i) The induction of presynaptic LTD was induced via a protocol of negative pairing between a single post-

synaptic action potential, followed by a presynaptic (pyramidal) stimulation with a delay of 5, 10, or 20 Hz. Negative pairing at 10 Hz induces presynaptic LTD

(measured as changes in the EPSP slope) and (ii) and decreases in the intrinsic excitability (measured as changes in the number of spikes) (iii) in CA1 O-LM

interneurons. Pooled data. (A) Campanac et al.119 and (B) Incontro et al.121 modified with permission.
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Figure 4. Activity of CA1 local interneurons during theta and ripple oscillations
(A) Most relevant interneuron types in CA1 separated bymorphology and molecular markers. For reference, the somatodendritic layout of a schematic pyramidal

cell (PC, left) is included. Note that for three interneuron subtypes, two separate morphological subclasses have been described.

(B–D) Properties of the interneuron classes displayed in (A), during theta oscillations (upper row) and ripples (lower row). Data were obtained from different studies

(a–i), with the following experimental conditions: (a) anesthetized rat22; (b) anesthetized rat162; (c) freely moving rat15; (d) awake head-fixed mouse23;

(e) anesthetized and freely moving rat21; (f) freely moving rat16; (g) awake head-fixed mouse24 (for PV BCs: black, population average, [g1, green] vertical and [g2,

yellow] horizontal orientation; for AACs: two individual horizontal cells reported [g2, yellow]; for BiCs: black, population average, [g1, green], ‘‘classical’’ and [g2,

yellow] ‘‘oriens’’ orientation); (h) awake head-fixedmouse14; (i) awake head-fixedmouse.20 (B) Spike rates. Note that the reported spike ratesmight differ, even for

(legend continued on next page)
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neurons, Kv4 channels were proposed to evoke somatic depo-

larization-driven excitability (STP-SE) and enhanced dendritic

integration. A recent study on CA1 O-LM interneurons121 uncov-

ered a surprising link between the induction of both presynaptic

and IE plasticity. Direct interaction between eCBs and Kv7 po-

tassium channels on the dendrites of these interneurons resulted

in LTD of IE (LTD-IE) after synaptic LTD of GABA release in the

presynaptic interneuron axonal boutons (Figure 3B). Overall,

this study revealed that eCB biosynthesis can evoke both synap-

tic depression as well as depression of the IE by the interaction

between CB1 receptors and Kv7 potassium channels, respec-

tively (Figure 3B). Work from the same group also showed that

in vitro low-frequency stimulation at 5 Hz (theta frequency-

related stimulation) induces LTP-IE in conjunction with synaptic

LTP in CA1 O-LM cells.122 Although synaptic LTP was mediated

by CP-AMPARs, LTP-IE was evoked after mGluR1-dependent

downregulation of hyperpolarization-activated cyclic nucleo-

tide-gated (HCN) and Kv7 potassium channels.

In conclusion, the data above indicate that, alongside synaptic

plasticity, the excitability of hippocampal interneurons can be

regulated through modifications of their intrinsic properties,

often in conjunction with synaptic-level modifications (e.g.,

mGluR5 upregulation or eCBs-mediated reduction of GABA

release). This flexibility of interneurons to change their excitability

can have a significant impact on their function at the hippocam-

pal circuit level. For example, LTP-IE of CA1 PV BCs can result in

increased feedforward inhibition and consequently a decrease in

PC firing.119 Therefore, this plasticity may represent a dynamic

mechanism to control the excitatory drive within the CA1. Ac-

cording to the authors, LTP-IE in PV cells could mediate their

response during gamma oscillations. What could that mean for

PCs or other interneuron classes that receive inhibition from

PV cells? One possibility might be that their activity during

gamma oscillations could serve as a network reconfiguration

mechanism by modulating the excitation to inhibition balance.

As the strength of the PV cell drive increases, a possible

decrease in the strength of PCs or other interneurons drive could

result in an overall change in the functional connectivity motifs. In

general, dissection of how LTP-IE in PV cells influences gamma

activity would prove valuable. Although data suggest that the

plasticity of synaptic transmission in PV cells can affect the in-

duction of gamma activity,148 it is not known whether the LTP-

IE in these neurons could also affect gamma activity induction.

Finally, PV cells are highly active during other oscillatory states

in the hippocampus, namely theta and SWRs, and thus, IE plas-

ticity may also contribute to these events.

Data from O-LM interneurons indicate that IE plasticity can be

expressed in these cells as either depression121 (Figure 3B) or

potentiation.122 CA1 O-LM cells control the excitation of distal

dendritic compartments of PCs; thus, they have been proposed

to modulate the integration of different excitatory inputs to CA1

PCs. The best-studied pathways include intrahippocampal in-

puts from the CA3 and sensory inputs from the EC through the

temporo-ammonic pathway.149 An obvious question is whether

O-LM IE plasticity could influence how PCs integrate these in-

puts. LTP-IE in O-LM cells will increase the strength of inhibitory

synapses on distal dendrites of PCs. As a result, sensory inputs

on these dendrites might be attenuated. As plasticity of IE

changes in PV cells, it will be important to understand the influ-

ence of O-LM IE plasticity on memory-related oscillations. In

particular, what might be the advantage of such cooperation be-

tween synaptic and intrinsic plasticity? How might this plasticity

modulate both intra- and extrahippocampal inputs during mem-

ory encoding?121,150,151 It would be interesting to test the effect

of O-LM cells’ IEon themodulation of intrahippocampal and sen-

sory inputs during spatial memory encoding.

In the above section, we discussed the diversemechanisms of

plasticity in hippocampal interneurons. Although a complete un-

derstanding of how interneurons exert control over functional cir-

cuits is still beyond our current grasp, combining knowledge of

interneuron types, their connectivity schemes, and the plasticity

mechanisms they exhibit, we can start to build a picture of how

interneuronsmaymodulate certain points of these circuits. In the

next section, we summarize the current state of knowledge of the

functions of interneurons during synchronous activities related to

hippocampal-dependent memory processing.

ACTIVITY PATTERNS OF HIPPOCAMPAL

INTERNEURONS IN THETA RHYTHM AND SWRs

In the hippocampus, the predominant electrographic signatures

vary depending on the behavioral context of the animal: theta os-

cillations (�4–10 Hz) are present during locomotive behaviors

and rapid eye movement sleep.152,153 Conversely, during inac-

tive wakefulness and slow-wave sleep, ripples and SWRs

(�120–250 Hz) predominate.154–156 Theta oscillatory activity

has been linked to learning and memory encoding in the hippo-

campus, whereas SWR-related activity was associated with the

ability of the hippocampus to consolidate and recall memories

that are stored during theta oscillations.157 Below, we summa-

rize the firing patterns of the best-studied local and LRP CA1 in-

terneurons and their involvement in these key hippocampal

rhythms.

Local interneuron firing patterns

In the rodent brain, about 10% of all neurons fire during an SWR

epoch,158,159making this network pattern the most synchronous

type of neuronal network oscillation in the mammalian brain.7

However, the activity levels of excitatory and inhibitory cells dur-

ing SWRs show significant differences: up to 30% of CA1 PCs

are recruited into the active network, and they exhibit the stron-

gest relative gain in activation compared with non-SWR periods

(�9-fold increase159). At the same time, up to 70% of inhibitory

interneurons were recorded in or near the PC layer of CA1

discharge, showing a 4-fold increase in firing rate compared

with levels during non-SWR epochs.160 In absolute terms,

a given interneuron subtype, depending on the experimental conditions. In some studies, individual neurons were reported and therefore no error margins are

displayed. (C) Preferred spike phases. Phase values are given with a full cycle of oscillations as a reference. (D) Modulation strength, reflecting how precisely the

spikes of a cell are bound to a particular phase of an oscillation with values ranging from 0 (no preferred spike phase) to 1 (all spikes occur with the same phase

angle). The error bars shown represent the margins of error reported in the indicated studies.
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Figure 5. Activity of CA1 long-range projecting interneurons during theta and ripple oscillations
(A) Most relevant long-range projecting interneuron types in CA1. For reference, the somatodendritic layout of a schematic pyramidal cell (PC, left) is included.

ENK indicates an enkephalin expressing cell. Extrahippocampal projection target areas are indicated for some of the cell types: Sub, subiculum; RSC, retro-

splenial cortex; MEC/LEC, medial/lateral entorhinal cortex; lat/med Sept., lateral/medial septum; ant. cing. Ctx, anterior cingular cortex.

(legend continued on next page)
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despite the much higher increase in PCs, the mean firing rate

during SWRs is still much lower in PCs (�10 Hz) than in inhibitory

interneurons (up to 100 Hz).160 The landmark studies of Somo-

gyi, Klausberger, and collaborators, in anesthetized and later in

freely moving rats,15,16,21,22,161 together with more recent

work,13,14,23,24 have provided a detailed account of the activity

patterns of different interneuron types during theta and ripple os-

cillations (Figure 4).

Of the total population of interneurons in the CA1 region,

about 30% express the Ca2+-binding protein PV,11 and these

cells have been particularly associated with rhythm generation

due to their tight inhibitory control of principal neurons.

Compared with other interneuron types, PV cells discharge in

a strongly theta-modulated manner16,22,24 (Figure 4D). The

largest group of these, at �14% of all CA1 interneurons, are

the FS BCs. During ripples, FS BCs discharge at �75 to

�130 Hz with intermediate modulation strength (a measure of

phase-coupling of spikes to an oscillation); their involvement

is also particularly high (95% ± 6% of them spike during re-

corded ripples24). A second PV-expressing group, the AACs,

accounts for�4% of CA1 interneurons.11 Recent Ca2+ imaging

experiments on genetically labeled AACs confirmed the strong

and reliable involvement of these cells in locomotion-associ-

ated theta oscillations, demonstrating greater activation than

other interneurons recorded simultaneously in the CA1

network. However, during SWRs, AACs fell into two groups:

about half showed a moderate but statistically significant in-

crease in Ca2+ transients during ripples, whereas the other

half displayed no change compared with pre-ripple pe-

riods.14,163 These findings are consistent with previous juxta-

cellular recordings in which a subset of AACs, whose somata

are located outside the PC layer and whose dendrites extend

‘‘horizontally’’ in the SO (‘‘external AACs,’’ E-AACs164) increase

their discharge rates moderately (Figure 4B) and exhibit strong

modulation strength during ripples24 (Figure 4D). BiCs

comprise the third group of PV-expressing interneurons, which

account for about 6% of inhibitory neurons in CA1.11During rip-

ples, BiCs fire at high rates with high modulation strength16,24

(Figures 4B and 4D). The involvement of BiCs is high, spiking

in 68% ± 13% of recorded ripples.24 Finally, a fourth group of

PV-expressing interneurons are O-LM cells, which constitute

about 4.5% of all inhibitory interneurons in CA1.11 In mice,

these neurons increase their discharge rate almost 3-fold dur-

ing ripples compared with non-ripple periods and show robust

phase locking23 (Figures 4B and 4D). It should be noted, how-

ever, that in behaving rats, O-LM cell involvement during ripples

has been shown to be less reliable.16

CCK BCs account for approximately 9% of CA1 interneu-

rons.11 Unlike their PV-expressing counterparts, CCK BCs

exhibit a slow-firing pattern, and their action is subject tomultiple

neuromodulatory systems, including cannabinoids, acetylcho-

line, and serotonin.139 During theta rhythm, CCK BCs fire much

slower than PV BCs (Figure 4B). During ripples, they participate

only in an ‘‘episode-dependent’’ manner, with no consistent

change in discharge rate compared with non-ripple periods.162

A more recent study13 largely confirmed these findings and

showed that PV- andCCK-expressing BCs are inversely coupled

in their activity rates; the highest activity rates for CCK BCs were

observed during brain states corresponding to non-theta, non-

ripple, ‘‘irregular’’ activity.

In summary, accumulating evidence has established the

contribution of local circuit interneurons in rhythm generation in

the hippocampal—mainly CA1—region (Figure 4). Furthermore,

the targeted manipulation of specific interneuron subclasses

has demonstrated the importance of these cells in regulating

basic properties of hippocampal rhythms, such as oscillation fre-

quency and power. Of note, a specific role for PV cells in gener-

ating oscillations in the hippocampus has been shown: the

targeted deletion of the GluN1 subunit of NMDA receptors in

PV-expressing interneuron types reduced the power of theta os-

cillations, both in movement and during REM sleep, and

impaired memory performance in working and spatial memory

tasks.107 In an in vitro model of SWRs in CA3, activation of PV-

expressing interneurons with either optogenetic stimulation165

or current injection during whole-cell recordings166 can trigger

SWRs, demonstrating the importance of PV interneurons in their

initiation. In contrast, dampening of the excitatory drive to PV-

expressing interneurons by selective ablation of the AMPA re-

ceptor subunit GluA1 increases ripple power,167 demonstrating

a complex, balanced contribution of both PCs and PV interneu-

rons to ripple initiation.

LRP interneuron firing patterns

Since the formation of memory involves the transfer of informa-

tion between the hippocampus and other cortical areas, the

recently described involvement of LRP interneurons in hippo-

campal rhythms is of particular interest. Here, we summarize

these findings (Figure 5) for the three main groups of LRP inter-

neurons described above:

1. Retrohippocampal interneurons. the activity of trilaminar

LRP interneurons during hippocampal rhythms has been

described for identified cells in anesthetized60 and freely

behaving rats.59 During theta oscillations, they show low

spike rates (Figure 5). During slow-wave sleep, they exhibit

an irregular, relatively slow-frequency spiking (�22 Hz59)

that is interrupted by barrages of high-frequency action

potential bursts60 at frequencies associated with ripples.

(B–D) Properties of the interneuron classes displayed in (A), during theta oscillations (upper row) and ripples (lower row). The data are compiled from various

studies. (a–g), with the following experimental conditions: (a) anesthetized rat60; (b) anesthetized rat (for theta and ripple, two and three individual cells,

respectively, reported)57; (c) anesthetized rat, one cell reported168; (d) freely moving rat,64 one cell reported; (e) awake/head-fixed mouse,65 (for ripples, three

individual cells, termed ‘‘extrinsic interneurons’’ located in CA1 and CA3 radiatum, and hilus, reported); (f) freely moving rat59 (for theta, during REM sleep [f1,

green] and during movement [f2, yellow]; for ripples: value reflects activity recorded during slow-wave sleep; however, LFP was not independently monitored; it

remains uncertain whether the �200 Hz activity actually reflects ripple-related activation of this cell type); (g) awake head-fixed mouse.20 (B) Spike rates. (C)

Preferred spike phases. Phase values are given with a full cycle of oscillations as a reference. (D) Modulation strength as in Figure 4D. The error bars shown

represent the margins of error reported in the indicated studies.
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However, in the absence of a local field potential (LFP)

recording, it was only suspected but not proven by Katona

and coworkers59 that the spiking activity of >200 Hz during

slow-wave sleep co-occurs with SWRs. Therefore, the

question of how these cells fire during ripples in drug-

free conditions remains open. For VIP-LRP interneurons,

calcium imaging in head-fixed awake mice showed the

highest activity during behavioral immobility, compared

with theta and SWR episodes,61 ruling out a major contri-

bution for local disinhibition by VIP interneurons during

these oscillations. So far, only one identified enkephalin-

positive subicular-projecting interneuron has been re-

corded; in the anesthetized rat, this cell spiked at �4 Hz

during theta oscillation and strongly decreased its firing

to virtual silence during ripples168 (Figure 5).

2. Back-projecting interneurons. the SOM+ LRP interneu-

rons in CA1 SO that project to the DG discharge at

�4 Hz during theta rhythm; during SWRs, their discharge

rate increases to �23 Hz64 (Figure 5B). Two recently re-

corded DG-projecting SOM+ LRP interneurons with

somata located in CA1 SR massively increased their

spiking during SWRs65 (Figure 5B).

3. Extrahippocampally projecting interneurons. (1) optoge-

netic activation of extrahippocampally projecting SOM+

cells at theta frequency induced oscillatory activity in

the MEC, indicating their contribution to the synchroni-

zation of the hippocampus and MEC.67 (2) Double pro-

jection SOM cells, targeting both retrohippocampal

areas and the MS, were recorded in anesthetized

rats.57 These cells discharged at low frequency during

theta rhythm and strongly increased their discharge

rates during ripples (Figure 5). (3) TORO cells remain

largely silent during theta rhythm and also dramatically

increase their discharge rates during ripples20 (Figure 5).

They are activated by CA3 Schaffer collateral inputs and

suppressed by GABAergic and cholinergic inputs

from MS.20

In this section, we have discussed the current state of knowl-

edge about the contributions of different hippocampal interneu-

rons to oscillatory activity, particularly theta and SWRs. Overall,

although great progress has been made in all areas of the inter-

neuron field covered by this review, we still lack a full under-

standing of how these individual elements come together to ulti-

mately serve memory processing. A major challenge for the

future is to provide a holistic model based on the domains we

have discussed above. In the final section, we raise three open

questions that we consider important for enabling us to reach

this goal.

PERSPECTIVES: INHIBITORY DIVERSITY,

OSCILLATIONS, PLASTICITY, AND HIPPOCAMPAL

MEMORY PROCESSING

What is the contribution of different hippocampal

interneuron types to mnemonic functions?

Genetic manipulations in PV-Cre mouse lines have shown that

inhibition of hippocampal PV interneurons disrupts memory

function and memory-related oscillations.107,108 For the other

broad subclasses of interneurons (SOM, Lamp5, Sncg, and

VIP), less is known. VIP cells in CA1 have also been implicated

in hippocampus-dependent goal learning.169 Interestingly, at

least a subset of VIP cells in the neighboring CA2 region appears

to be implicated in the encoding of social memory in a process

involving regulation of feedforward inhibition via delta opioid re-

ceptors and the release of enkephalin.170 This study not only

highlights the role of CA2 in social memory but also points to

the role of further transmitters like enkephalin. Many interneu-

rons co-release other transmitters alongside GABA that typically

work on slower timescales (e.g., CCK, NO, and SOM), and in

general, not much is known about their function (but see Racine

et al.171).

Sncg (CCK) cells have also been implicated in similar types of

plasticity of feedforward inhibition in CA1, reducing their GABA

release after sustained Schaffer collateral activation,172 but the

direct significance of this for memory has not been shown to

the best of our knowledge. For hippocampal SOM cells, a link

withmemory has also been found.173–175 Finally, the Lamp5 sub-

class is the least studied and currently lacks a functional role in

memory.

Recent mouse transcriptomic studies indicate a huge diversity

of interneurons beyond the level of the cell types discussed thus

far. Focusing on the PV subclass as an example, CA1 appears to

contain at least seven47 and as many as 14 PV-expressing tran-

scriptomic subtypes.41 Discovering the extent to which these

subtypes are also differentially related tomnemonic functions re-

mains a major challenge. Although influences from neighboring

cells and other external factors may cause cells with the same

expression pattern to have different phenotypes, a recent study

showed that in visual cortex, the morphological and electrical

properties of these cells are linked to transcriptomic subtype

identity.176 Importantly, the link between transcriptomic and

morphoelectric subtypes was not 1:1. Most of the visual cortex

PV transcriptomic subtypes are also present in the hippocampus

(10/14), albeit at different proportions, and it seems plausible that

in CA1 there is also no 1:1 link between these transcriptomic

subtypes and subtypes based on morphoelectric properties.

One study focusing on morphologically defined CA1 PV inter-

neurons found almost no correlation with transcriptomic sub-

types, suggesting a continuum rather than distinct, discrete

types.177 It remains to be seen if this result will also hold for larger

sample sizes and broader sequencing. Perhaps transcriptomic

subtypes that do not correlate to morphoelectric properties are

still functionally important, e.g., by virtue of particular receptors

and/or neuromodulatory elements, including distinct hormones

and neuropeptides.47

The preceding summary of PV cell subtypes illustrates a

broader issue: which aspects of a particular cell determine its

function, and to what extent are interneuron ‘‘types’’ consistent

across a wide range of functional domains? It will be exciting

to see future studies attempting to correlate more detailed

transcriptomic descriptions of hippocampal interneurons

with memory processes, for example, looking at different

memory contents (likely linked to different pathways), temporal

stages (encoding, consolidation, and recall), timescales (working

vs. long-term memory), and states (development/aging,
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diseases, and behavioral variables such as attention, arousal,

reward, etc.).

It is perhaps not surprising that we still lack community

consensus on how to define neuron types, despite recent prog-

ress.53,54 The most useful level of analysis is likely to vary de-

pending on the brain state and the particular aspect of mne-

monic function one is trying to explain. Currently, there is little

data at the transcriptomic level with respect to the mechanisms

underlying memory-associated oscillations or interneuron-asso-

ciated plasticity, but the authors believe this will form an impor-

tant angle of future research in order to eventually tackle the

challenge of linking interneuron types to mnemonic processes.

Local and long-range connectivity motifs: How do they

serve memory oscillations?

In the section activity patterns of hippocampal interneurons in

theta rhythm and SWRs, we summarized studies comparing

the contribution of subtypes of interneurons during theta and

SWR oscillations. Still, most of this work has been correlative,

and only a limited scope of associated brain states and mne-

monic functions has been studied.

For the diverse subclasses (e.g., PV), it is highly possible that

different subtypes (namely, somatic-, axonal-, and dendritic-tar-

geting PV cells) will exhibit different activity phenotypes during

theta and SWRs. A number of recent studies support such a pos-

sibility by showing that PV BCs and PV AACs cells, for example,

exhibit distinct activation patterns during locomotion and

running (related to theta activity), as well as during immobility

and rest periods (related to SWR activity), in vivo.13,14 Work

from the same group has also revealed that both types of hippo-

campal BCs (PV- and CCK-positive populations) are active dur-

ing different memory-related stages.13 This new finding is crucial

because it shows that even interneurons that target the same

postsynaptic compartment and mediate perisomatic inhibition

but have different intrinsic properties (e.g., fast vs. regular

spiking for PV and CCK cells) can contribute to memory-related

oscillations in different ways. Moreover, we consider it important

to highlight that apart from their differences in connectivity or

intrinsic properties, interneurons—even the ones belonging to

the same subclass—are different in terms of their subcellular fea-

tures and, as a result, can exhibit different computational capa-

bilities and synaptic integration profiles178–180 that could

uniquely impact their contribution in the generation and propa-

gation of oscillatory activity.181 Therefore, a detailed description

of interneuronal activity during hippocampal rhythms is needed

to finally understand how and when the different classes and

subtypes of these cells contribute to memory formation at the

network level.

It is also important to mention that to fully understand the

mechanisms underlying memory-associated oscillations, we

will require more studies investigating the connections between

different cell types, considering not only the variability of inter-

neurons but also of principal cells (i.e., deep vs. superficial

PCs83,84). This applies both at the microcircuit level, as our re-

view of disinhibition has demonstrated, and at the inter-regional

level, as highlighted by our review of LRP interneurons.

Below, as an example of such amechanism, we present a view

on how disinhibition could support SWRs. We also speculate on

how long-range connectivity motifs could potentially aid the

transfer of memories within and outside of the hippocampus.

A possible role of disinhibition in hippocampal SWRs

Given the abundance of disinhibitory circuitries in the hippocam-

pus, is there a role for disinhibition in ripples? Recently, a theo-

retical model was presented182 in which disinhibition is a vital

component to explain the emergence of SWR in the hippocam-

pus (Figure 6). This model is based on a simplified spiking

Figure 6. A possible role of disinhibition in the
generation of SWRs
(A) Top: the three-population network model con-

sists of excitatory cells (P) and two groups of in-

terneurons (PV BCs and anti-SWR cells, B and A,

respectively). Arrows ending with a triangle show

excitatory connections (exc.), and arrows ending

with a circle show inhibitory connections (inh.). The

connection of PV BCs to anti-SWR cells involves a

mechanism of short-term synaptic depression (dark

red). Bottom: schematic representation of the

network behavior by a particle (gray dot) moving in a

potential landscape. The network dynamics switch

between non-SWR and SWR states (arrows). Text

color represents the dominant interneuron type that

is active in both states, i.e., dominance of B cells in

the SWR state and dominance of A cells in the non-

SWR state. External factors (i.e., current injection or

dynamic synaptic depression) can be used to trigger

transitions between the two states.

(B) Schematic of the dominant subnetworks in non-

SWR and SWR states. Top: non-SWR state: the

interaction between P and A cells determines the

network activity, while B cells are almost silent.

Despite the low firing rate of P cells, their inputs to

the A cells are required to keep the A cells active.

Bottom: SWR state: active P and B cells dominate

the network activity, whereas A cells are almost si-

lent. Figure modified with permission from Evan-

gelista et al. 182
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network consisting of excitatory neurons (P) and two types of in-

terneurons, PV BCs (B) and a proposed class of interneuron (A)

whose activity exhibits an ‘‘anti-SWR’’ spiking pattern. Thus, in

contrast to what is known for PV BCs, A neurons are active

before and after SWRs but silent during them. Both classes of in-

terneurons are reciprocally connected. B-to-A synapses are

equipped with a mechanism for short-term depression

(Figure 6A). Oscillations with SWR-like properties can arise

spontaneously in the network or can be induced by cell stimula-

tion (by activation of P or B cells or inactivation of A cells). The

fundamental trigger for the development of SWRs is the disinhi-

bition of P cells due to the suppression of A cells by active B

cells. As a result, the network state fluctuates and is determined

either by the higher activity ofP andA cells (non-SWR state) or by

the higher activity of P and B cells (SWR state) (Figure 6B).

Although the model is based on biological data, such as CA3

network connectivity and synaptic properties, key assumptions

such as the existence of A cells playing a causal role in SWR initi-

ation and themechanism ofB-to-A synaptic depression have yet

to be directly demonstrated. In this context, it will be interesting

to further characterize the already identified ‘‘anti’’-modulated

SWR interneurons in CA1.14,160,168 Overall, disinhibitory circuit

motifs are abundant in this region, and the data already available

suggest that disinhibition is likely to play an important role in the

context of hippocampus-dependent memory formation and its

associated rhythms.

Extrahippocampal memory communication through

inhibitory long-range projections

Recent studies have shown that certain GABAergic interneurons

in the hippocampus connect with other cortical areas.20,58,67

What is the contribution of these inhibitory long-distance projec-

tions in oscillogenesis and the transition of memory-related infor-

mation from the hippocampus to other brain areas? To answer

this question, we first need to classify and characterize their prop-

erties. In other words, a detailed description of the anatomical,

morphological, and intrinsic features of these ‘‘special’’ interneu-

rons is needed to selectively target them and modulate their ac-

tivity during memory processing and its associated rhythms

in vivo. Another question that arises from the existence of these

neurons is what differentiates these LRP interneurons from their

local-targeting counterparts. Is there a set of exclusive develop-

mental, morphological, or molecular features that could differen-

tiate local and long-distance projecting interneurons? If yes, then

do LRP interneurons consist of a distinct functional class among

hippocampal inhibitory elements? The data available so far indi-

cate that they express similar molecular markers as local inter-

neurons (e.g., VIP,61,62 SOM,67 or calbindin/M2Rs20), making

their classification based on single molecular profiling quite chal-

lenging. Differentiation appears to be possible by combiningmul-

tiple markers, but this remains to be confirmed. These interneu-

rons seem to play important roles during hippocampal memory

oscillations. For example, TORO cells were found to transmit in-

formation to other areas, specifically during SWRs in CA1, sug-

gesting a potential mechanism contributing to the transmission

of memory-related information outside the hippocampus.20

What is the local contribution to ripple oscillogenesis of these

far-projecting inhibitory interneurons? What is the role of ripple-

associated inhibition by TORO cells in distant brain regions?

Hopefully, future research will shed light on these exciting

questions.

Another intriguing possibility is that the hippocampus not only

‘‘sends’’ memory-related information but also ‘‘receives’’ such

information through targeted inhibitory transmission. In support

of such a possibility, a recent study demonstrated that LRP inter-

neurons from the prefrontal cortex (PFC) target CA1 VIP+ cells

during memory encoding.106 Such communication could be a

key mechanism that facilitates flexible changes in hippocampal

circuitries through cross-area modulation of local disinhibition.

Overall, although little is currently known about the functional

role of LRP GABAergic interneurons, they are likely to provide

a powerful toolset for transferring and receiving memory-related

information in the hippocampus and beyond.

Is there a link between plasticity induction in

hippocampal interneurons and their role in controlling

circuit dynamics and memory-related rhythms?

Synaptic and intrinsic plasticity may provide an ideal mechanism

to enable interneuronal regulation of memory under distinct

oscillatory events. Given that synaptic and intrinsic plasticity is

a widely accepted mechanism for the reconfiguration of network

excitability, it is highly possible that the ‘‘plasticity state’’ of inter-

neurons will define whether they will be active (through potenti-

ation) or silent (through depression). In other words, when and

at which level they will participate in distinct rhythmic activity

patterns during memory formation. As discussed in the section

plasticity of synaptic transmission and intrinsic excitability in hip-

pocampal interneurons, multiple distinct mechanisms of synap-

tic (PC to IN or IN to PC) and intrinsic plasticity have been found

in a few hippocampal interneuron subtypes.

Most available data account for the PV class. Interestingly, a

direct link between PV interneuron plasticity and memory forma-

tion has been reported. Network-level plasticity of PV+ interneu-

rons has, thus far, been associated with different memory func-

tions through changes in the molecular composition of FS BC

subpopulations in the hippocampus, namely varying levels of

PV and GAD67 concentration.183,184 Specifically, a network

with low-PV concentration in FS BCs was shown to enhance

spatial learning (associated with theta activity), whereas learning

was reduced by the high-PV-network configuration.183 More-

over, such long- but not short-term (learning-induced) plasticity

of local PV FS BCs was specifically required for long-term, but

not short/intermediate-term, memory consolidation (associated

with SWR activity184). Furthermore, the IE of PV FS BCs, driven

byCA3 Schaffer collateral inputs, showed an increase in their ac-

tivity during gamma oscillatory activity.119 Finally, plasticity in

CA1 PV interneurons was recently found to depend on the g iso-

form of CaMKII, which is also critical for memory-related

changes in firing rate and theta oscillations.185 The above find-

ings pave the way for linking plasticity of PV interneurons with

memory states. However, these findings apply to the entire PV

interneuron class, including BiCs, FS BCs, AACs, and O-LM

cells. Thus, it would be very interesting to test whether the above

data applies to all or specific PV subtypes. Given their molecular

heterogeneity, it is possible that plasticity induction in PV sub-

types, as well as in other diverse subclasses, e.g., VIP cells,

may be regulated by distinct molecules. Transcriptomic data
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may, in the future, provide a powerful tool for predicting plasticity

induction mechanisms based on gene regulation. Finding a link

between the induction of interneuron plasticity and oscillatory

activity will bring us a considerable step closer to understanding

how cell assemblies, or engrams, and ultimately memories are

formed.

CONCLUSION AND OUTLOOK

Despite their relatively low numbers compared with excitatory

cells, interneurons are undoubtedly a major determinant of

normal brain function. In this review, we have attempted to

describe the diversity of hippocampal interneurons under the

memory prism. We discussed known differences in molecular,

anatomical, electrophysiological, and connectivity profiles of

the numerous local and distant projecting hippocampal inter-

neuron subtypes and pointed out current knowledge gaps.

Furthermore, we summarized the various forms and underlying

mechanisms of both synaptic plasticity and plasticity of IE that

have been reported in some interneuron subtypes in the hippo-

campus. Finally, we provided an overview of the local and distant

projecting interneurons in the two most predominant memory-

related rhythms—theta rhythm and SWRs.

Although much progress has been made in the last decades,

we currently still lack a complete understanding of both the sin-

gle-neuron characteristics as well as the functional roles of the

numerous hippocampal interneurons at the circuit and behav-

ioral levels. With increasingly sophisticated methods allowing

for more comprehensive cell characterization, the first step to-

ward this goal will be to provide a full overview of the interneuron

palette. Further technological advances enabling targeted ma-

nipulations of these subtypes in behaving animals will pave the

way for the next steps. The time is ripe for such an exciting

endeavor.
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Manno, G., Juréus, A., Marques, S., Munguba, H., He, L., Betsholtz,
C., et al. (2015). Brain structure. Cell types in the mouse cortex and hip-
pocampus revealed by single-cell RNA-seq. Science 347, 1138–1142.
https://doi.org/10.1126/science.aaa1934.

52. Zeng, H. (2022). What is a cell type and how to define it? Cell 185, 2739–
2755. https://doi.org/10.1016/j.cell.2022.06.031.

53. Yuste, R., Hawrylycz, M., Aalling, N., Aguilar-Valles, A., Arendt, D., Arma-
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62. Luo, X., Muñoz-Pino, E., Francavilla, R., Vallée, M., Droit, A., and Topol-
nik, L. (2019). Transcriptomic profile of the subiculum-projecting VIP
GABAergic neurons in themouse CA1 hippocampus. Brain Struct. Funct.
224, 2269–2280. https://doi.org/10.1007/s00429-019-01883-z.

63. Sik, A., Ylinen, A., Penttonen, M., and Buzsáki, G. (1994). Inhibitory CA1-
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A., del Rı́o, J., Gruart, A., Delgado-Garcı́a, J.M., Soriano, E., and Pascual,
M. (2012). Accelerated aging of the GABAergic septohippocampal
pathway and decreased hippocampal rhythms in a mouse model of Alz-
heimer’s disease. FASEB J. 26, 4458–4467. https://doi.org/10.1096/fj.
12-208413.

113. Govindarajan, A., Kelleher, R.J., and Tonegawa, S. (2006). A clustered
plasticity model of long-term memory engrams. Nat. Rev. Neurosci. 7,
575–583. https://doi.org/10.1038/nrn1937.

114. Lamsa, K.P., Heeroma, J.H., Somogyi, P., Rusakov, D.A., and Kullmann,
D.M. (2007). Anti-Hebbian long-term potentiation in the hippocampal
feedback inhibitory circuit. Science 315, 1262–1266. https://doi.org/10.
1126/science.1137450.

115. Kullmann, D.M., and Lamsa, K.P. (2007). Long-term synaptic plasticity in
hippocampal interneurons. Nat. Rev. Neurosci. 8, 687–699. https://doi.
org/10.1038/nrn2207.

116. Kullmann, D.M., and Lamsa, K.P. (2011). LTP and LTD in cortical
GABAergic interneurons: emerging rules and roles. Neuropharmacology
60, 712–719. https://doi.org/10.1016/j.neuropharm.2010.12.020.

ll
OPEN ACCESS

3172 Neuron 111, October 18, 2023

Review



117. Lamsa, K., and Lau, P. (2019). Long-term plasticity of hippocampal inter-
neurons during in vivo memory processes. Curr. Opin. Neurobiol. 54,
20–27. https://doi.org/10.1016/j.conb.2018.08.006.
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patterns of hippocampal CA3-CA1 neurons during sharp wave-associ-
ated population events. Neuron 28, 585–594. https://doi.org/10.1016/
s0896-6273(00)00135-5.
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