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The enigmatic mossy cell of the
dentate gyrus
Helen E. Scharfman1,2

Abstract | Mossy cells comprise a large fraction of the cells in the hippocampal dentate gyrus,
suggesting that their function in this region is important. They are vulnerable to ischaemia,
traumatic brain injury and seizures, and their loss could contribute to dentate gyrus dysfunction
in such conditions. Mossy cell function has been unclear because these cells innervate both
glutamatergic and GABAergic neurons within the dentate gyrus, contributing to a complex
circuitry. It has also been difficult to directly and selectively manipulate mossy cells to study their
function. In light of the new data generated using methods to preferentially eliminate or activate
mossy cells in mice, it is timely to ask whether mossy cells have become any less enigmatic than
they were in the past.
Golgi technique
A method established by
Camillo Golgi that stains many
neurons almost completely
(except for their axons) so they
can be visualized in detail.

Optogenetics
The use of light to activate
opsins (located in the plasma
membrane), which open
channels for cations or anions
to flow. After opsins are
expressed in one cell type,
they can be activated
selectively by light. Targeting
opsins to specific cell types is
done after identifying unique
genes in the cell type, so the
combination of light (opto-)
and genetics (optogenetics) is
fundamental to the approach.
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The mammalian hippocampus is typically divided
into areas CA1, CA2 and CA3, and the dentate gyrus.
As in most cortical circuits, hippocampal neurons
are classified as either glutamatergic principal cells or
GABAergic interneurons. The dentate gyrus contains a
primary glutamatergic principal cell type, the granule
cells, and is distinct from other hippocampal regions in
having an additional glutamatergic principal cell type,
the mossy cells. Mossy cells are named for their characteristic ‘mossy’ appearance when stained using the Golgi
technique, which reveals clusters of complex spines,
known as thorny excrescences, on their proximal dendrites. Mossy cells comprise a large subset of neurons of
the dentate gyrus and are implicated in several pathological conditions, but these cells have been hard to define
functionally. Many hypotheses about their functions
have been proposed, but mossy cells have remained
‘enigmatic’ because of the persistent uncertainty
about their functions.
Recent technical advances that enable the selective
manipulation of mossy cells1,2 mean that this enigmatic
past is giving way to a clearer understanding. For example, it is now evident that mossy cells can both excite
granule cells and indirectly inhibit them by activating
GABAergic interneurons. However, the new results raise
more questions than they seem to answer. Therefore, it
is timely to consider the new data in the context of the
pre-existing hypotheses about mossy cells. In this Review,
I first provide an overview of the dentate gyrus circuitry
and describe the existing hypotheses about mossy cell
function. I then explain how the new data using transgenic mice and optogenetics have shed light on these
hypotheses, and I suggest additional experiments that
are necessary to resolve the outstanding questions.

The dentate gyrus
Structure, circuitry and cell types. The basic structure
of the dentate gyrus is discussed in detail elsewhere3
and summarized in FIG. 1a,b. The dentate gyrus is composed primarily of granule cells, which are oriented in a
stereotypical manner. The dendrites of granule cells are
present in the molecular layer, and their cell bodies form
the adjacent granule cell layer (GCL). Between the GCL
and area CA3, there is a polymorphic layer called the
hilus (FIG. 1) that contains the granule cell axons, which
are called mossy fibres (FIG. 1c). The molecular layer
is divided into the outer molecular layer (OML), the
middle molecular layer (MML) and the inner molecular
layer (IML). This anatomical organization is similar in
rodents and primates (FIG. 1a,b).
Afferents to the dentate gyrus come from many
sources (FIG. 1c; TABLE 1). The primary cortical input to
the dentate gyrus is the glutamatergic projection from
layer II of the entorhinal cortex (also known as the perforant path), which is responsible for most of the afferent
inputs to the OML and MML3–5. Mossy cell axons are a
major afferent input to the IML6–8. The outputs of the
dentate gyrus are from the granule cell mossy fibres that
project to area CA3 (REF. 3) (FIG. 1c; TABLE 1).
The major cell types of the dentate gyrus include the
granule cells, mossy cells and GABAergic interneurons3
(FIG. 2). Most granule cells are located in the GCL, but there
are small subsets in the IML (known as semilunar granule cells9,10) and hilus (known as ectopic granule cells11)
(FIG. 2a). Stem cells are located in the subgranular zone12.
These subgranular zone progenitors divide throughout
life and migrate primarily to the GCL where they become
granule cells and integrate into the dentate gyrus circuitry
in a similar manner to granule cells born in early life12.
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Figure 1 | The organization of the dentate gyrus of rodents and
primates. a | The general organization of the dentate gyrus in the
coronal and horizontal planes of the rodent brain. The area surrounded
by the dashed box is expanded in the inset figure to show the laminar
organization of the dentate gyrus, which is composed of a molecular
layer (MOL), granule cell layer (GCL) and hilus (HIL). The GCL contains
the principal cells of the dentate gyrus, the granule cells. The dendrites
of the granule cells extend into the MOL, and their axons traverse the
HIL and terminate in area CA3c. b | A schematic of the primate dentate
gyrus shows that it is similar to that of the rodents, but that there is
gyrification. In addition, CA3c is larger in primates than in rodents and
includes a reflected blade (indicated by the arrowhead). c | The layers
of the dentate gyrus are shown. The sources of major afferent inputs
are shown on the right (red box indicates the GABAergic input and grey
boxes indicate inputs from other neurotransmitters). GABAergic
interneurons innervate all layers. The lateral entorhinal cortex (LEC)
and the medial entorhinal cortex (MEC) innervate the outer molecular
layer (OML) and the middle molecular layer (MML), respectively.

| Neuroscience
Supramammillary (Mamm), cholinergic,Nature
mossy Reviews
cell and ventral
CA3
(vCA3) pyramidal cell axons innervate the inner molecular layer (IML).
The OML and MML also receive inputs from the brainstem (including
noradrenergic and 5‑hydroxytryptamine (5‑HT; also known as
serotonin) inputs) and from basal forebrain cholinergic neurons.
The HIL receives diverse inputs, including the axons of granule cells,
dentate gyrus GABAergic neurons, mossy cells, CA3 pyramidal
cells, neuromodulatory inputs from the brainstem (such as
noradrenaline (NA), 5‑HT and dopamine (DA)) and basal forebrain
cholinergic neurons76,91,92,132,133. The efferents from the dentate gyrus to
other areas arise mainly from granule cells that project to the HIL and
CA3. The granule cell axon, called a mossy fibre, is complex. It makes
giant boutons that innervate thorny excrescences of mossy cells and
pyramidal cells and small boutons that arise from hilar collaterals and
filamentous extensions from the giant boutons25,29,30,33,34. The small
boutons primarily contact interneurons but also form contacts on distal
dendrites of mossy cells7,34. ACh, acetylcholine; F, fissure;
SGZ, subgranular zone.

The interneurons in the dentate gyrus are diverse,
with similarities to the interneurons in other hippo
campal subfields13 (FIG. 2b). They are commonly classified
by the location of their cell body and axon projection, a
classification scheme that emphasizes the specificity of
many interneuron terminal fields for a sublayer of the
dentate gyrus13–15. This is similar to the way in which
the interneurons in areas CA1–CA3 are classified13, but the
nomenclature is distinct 13–15 (FIG. 2b). For example, a

major population of hilar neurons have a hilar cell body
and project to the outer two-thirds of the molecular
layer. They are called HIPP cells (hilar cells that project
to the terminal zone of the perforant path13–15) (FIG. 2b).
However, the dentate gyrus interneuron axons do not
always terminate precisely in one layer 16,17, particularly during development, before pruning of dendrites
and axons18. In adulthood, the lack of specificity of
some axons may be important for the maintenance
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Table 1 | Afferents and efferents of the dentate gyrus
Hippocampal afferents
Glutamatergic

Extra-hippocampal Efferents to dentate gyrus
afferents
Glutamate
GABA

Efferents
to CA3

• LPP4,5
• NA91
• 5‑HT91

Not applicable

• MOPP13–15
• NG cell135

Not applicable

• HIPP13–15
• MOPP13–15
• NG135

• MPP4,5
• NA91
• 5‑HT91

Not applicable

• MOPP13–15
• NG123

Not applicable

• HICAP13,15

• ACh138
• Mamm139–141

• smGC9–10

Multiple16

• smGC9–10

• BC13–15
• AA cell13–15

• Mamm139

• mGC3,31
• abGC12

• BC13–15
• AA cell126

• mGC3,31
• abGC12

• Multiple16

• NA78,91,92
• 5‑HT91
• DA91,92,132
• ACh133

• MC7,8,35
• eGC11
• smGC9–10
• mGC3,31
• abGC140

• HIPP13–15
• HICAP13–15
• Other16

• eGC11

GABAergic

Outer molecular layer
Not applicable

• HIPP13–15
• MOPP13–15
• NG cell135

Middle molecular layer
Not applicable

Inner molecular layer
• MC6–8,25,26,49,41
• vCA3 (REF. 81)
Granule cell layer
Not applicable
Hilus
• GC3,34
• MC7,8,35
• CA3
(REFS 74–76,78)

The table lists the neuronal subtypes that innervate each layer of the dentate gyrus. 5‑HT, 5‑hydroxytryptamine; AA, axo-axonic;
abGC, adult-born granule cell; ACh, acetylcholine; BC, basket cell; DA, dopamine; eGC, ectopic granule cell; GC, granule cell;
HICAP, interneurons with a hilar cell body with axon targeting the commissural/associational pathway; HIPP, hilar cells that project
to the terminal zone of the perforant path; LPP, lateral perforant path; Mamm, supramammillary; MC, mossy cell; mGC, mature
granule cell; MOPP, interneurons with a molecular layer cell body that project to the terminal zone of the perforant path; MPP,
medial perforant path; NA, noradrenaline; NG, neurogliaform; smGC, semilunar granule cell; vCA3, ventral CA3.

of inhibition in the event that a subset of interneurons is damaged. Indeed, some interneuron subtypes
are more vulnerable to insults and injury than others,
and the dentate gyrus interneurons can also be classified according to their relative resistance to injury. A
common example of a relatively resistant cell type is
the parvalbumin (PV)-expressing interneuron, which
has an axon that forms a plexus around the granule
cell somata. These interneurons are often called basket
cells, or are included in the larger group of perisomatic-targeting neurons. Basket cells in the dentate gyrus
are considered to be resistant to seizures because they
survive the excitotoxicity that kills other cell types of the
dentate gyrus, such as the HIPP cells19–21. The dentate
gyrus interneurons have also been classified according
to their expression of calcium-binding proteins (such as
PV or calbindin20) or neuropeptides (including somatostatin, neuropeptide Y and cholecystokinin22). Although
most dentate gyrus interneurons project locally (in the
vicinity of their cell body), basket cells and some neuropeptide Y‑expressing cells project to distant sites, such
as the contralateral dentate gyrus23,24.
Mossy cells are located only in the hilus3,7,25. Their
dendrites usually span the hilus and sometimes extend
into the molecular layer 6,7,25–28 (FIG. 2a). One hallmark of
mossy cells is the presence of thorny excrescences, which
do not exist on interneurons or granule cells6,25,26. These
large spine complexes are postsynaptic to extremely large
synaptic boutons of granule cells that are densely packed

with glutamatergic vesicles (the so-called massive or
giant mossy fibre boutons29–32). The term ‘mossy’, used
for both mossy cells and granule cell mossy fibres, can be
confusing but is appropriate, given the ‘mossy’ appearance of both. The general arrangement of the granule
cell boutons and the thorny excrescences is similar in the
hilus and CA3: massive boutons are opposed to thorny
excrescences on mossy cells or pyramidal cells, whereas
smaller boutons contact interneurons 33,34 (FIG. 1c) .
The small boutons of granule cells are located on many
hilar collaterals of mossy fibres, where they contact hilar
interneurons and distal dendrites of mossy cells7. Small
boutons are also found on filamentous extensions from
giant boutons33,34.
Many investigators assume that thorny excrescences
define mossy cells, but there are spiny hilar cells without
thorns that have the same physiological characteristics
as ‘thorny’ mossy cells7,35,36. Indeed, mossy cells vary in
the degree to which they have thorny excrescences both
within a given species and across species7,28,35,37. They
also vary in their expression of neurochemical markers;
for example, calretinin is expressed in ventral but not
dorsal mossy cells in mice38,39. Thus, mossy cells are best
defined using more criteria than only the presence of
thorny excrescences7 (TABLE 2).
The mossy cell axon projection is complex (FIG. 3). A
large projection (known as a ‘distant’ or ‘intralamellar’
projection) terminates away from the cell body in both
the ipsilateral and contralateral dentate gyrus6–8,26,40,41.
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Figure 2 | The cell types of the dentate gyrus. a | Glutamatergic cells of the dentate gyrus
include
granule
cells and
Nature
Reviews
| Neuroscience
mossy cells. Granule cells are not only located in the granule cell layer (GCL); there are small subsets in the inner
molecular layer (IML) and hilus (HIL), and precursors to granule cells are located in the subgranular zone (SGZ). Mossy
cells have long dendrites, some of which extend into the molecular layer (MOL; comprised of the IML, middle molecular
layer (MML) and outer molecular layer (OML))27,28. b | GABAergic neurons of the dentate gyrus are heterogeneous. Their
nomenclature is based on the location of the cell body and the axon terminal field13–15. For example, MOPP cells have a
cell body in the MOL and terminals in the OML and MML, where the terminals of the perforant path are located13–15.
HICAP cells (interneurons with a hilar cell body with axon targeting the commissural/associational pathway) innervate
the IML, where the commissural/associational projection from mossy cells is located13–15. The neurons that innervate the
granule cell somata or the axon initial segments are called perisomatic-targeting cells. Two of the most common cell
types in this group are basket cells, which make basket-like endings around the granule cells and often have a
pyramidal-shaped soma that is located at the border of the GCL and HIL134, and axo-axonic (AA) cells13–15. AA cells are
often present near or in the GCL, as shown, and innervate granule cell axon initial segments13–15. Several GABAergic
neuron subtypes innervate granule cell dendrites. The most common of these are cells in the HIL that innervate the OML
and MML (HIPP cells, hilar cells that project to the terminal zone of the perforant path). An example of a neurogliaform
cell (NG) that innervates the molecular layer is shown135. There are some types of GABAergic neurons that have an axon
that innervates more than one layer (here labelled ‘other’)16,17, and some interneurons innervate each other, such as
calretinin-expressing hilar cells (CR)136. c | The upper image shows an example of a biocytin-filled mossy cell with thorny
excrescences labelled in the higher magnification inset (indicated by the arrows). The lower image shows an interneuron
that was filled with biocytin in a rat hippocampal slice. Arrows point to primary dendrites that are smooth relative to the
mossy cell. F, fissure.
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Table 2 | Characteristics of mossy cells
General characteristic

Specific
characteristic

Granule cell

Mossy cell

Dentate gyrus
interneuron

Refs

Shape

Oval or circle

Diverse

Diverse

Size

Small

Usually large

Usually small

Local

Hilus and CA3

Hilus

All layers, usually
subtype specific

Distal

None

Inner molecular layer

Weak

Contralateral

None

Inner molecular layer

Weak (BCs and HIPP
cells)

Location

Molecular layer

Mostly hilar

Diverse

Spines

Dense

Dense, usually thorny

Usually few

GluR2 or GluR3

Yes

Yes

No

Calretinin

Yes, in young GCs

Yes, in mice

Yes, but not in all
interneurons

CGRP

No

Yes

No

144

CART

No

Yes, in human

No

37

D2R

No

Yes

Yes, in a rare subtype of
interneurons

59

CB1R

No

Yes

Yes

p11

No

Yes

Yes, in BCs

119

Dysbindin 1C

No

Yes

Unclear

120

Glucocorticoid type 2
receptor

Yes

Yes

No

145

Calbindin

Yes

No

Yes, in a subtype of
interneurons

13,20,126

Parvalbumin

No

No

Yes, in BCs

13,20,126

STEP

No

Yes

Yes, in HIPP cells

RS, FS or SS?

RS

RS

FS or SS

Action potential dv/dt

>1

>1

~1

AHP

Small

Small

Large

Time constant

Short

Long

Short

Sag

No

Some

Some

SFA

Robust

Some

Weak

Spontaneous EPSCs

Infrequent, relative to
hilar cells

Frequent, large

Variable, usually small
and fast

Response to trains of
>2 Hz PP stimuli

One response occurs
per stimulus

Depolarization of the Variable
cell occurs during
the train and outlasts
the train

Response to ACh or DA

Hyperpolarization

Depolarization

Variable (unclear for
DA)

Developmental origin

Similar to MCs

Similar to GCs

Distinct from MCs and
GCs

Relative vulnerability

Resistant

Vulnerable

Resistant (BCs) or
sensitive (HIPP cells)

Anatomical characteristics
Cell body
Axon projections and
targets

Dendrites
Immunohistochemistry

3,6–8,25,26
3,6–8,25,26

3,6–8,25,26
96,142
38,39,70,141,143

67

128

Electrophysiological characteristics
Intrinsic

Synaptic

7,13,16,17,146,147

35,36,55,148,149
112,150,151

94,132,137

Other characteristics
152
7,20,107,126

ACh, acetylcholine; AHP, afterhyperpolarization; BCs, basket cells; CART, cocaine-amphetamine regulating transcript; CB1R; cannabinoid type 1 receptor;
CGRP, calcitonin gene-related peptide; DA, dopamine; dv/dt, rate of rise (ratio of decay of an action potential at threshold for spike generation); D2R, dopamine D2
receptor; EPSCs, excitatory postsynaptic currents; FS, fast spiking; GCs, granule cells; GluR2, glutamate receptor type 2; HIPP, hilar cells that project to the terminal
zone of the PP; MC, mossy cell; PP, perforant path; RS, regular spiking; Sag, a reduction in a voltage response to a persistent current command; SFA, spike frequency
adaptation; SS, slow spiking; STEP, striatum-enriched protein-tyrosine phosphatase.

566 | SEPTEMBER 2016 | VOLUME 17

www.nature.com/nrn
.
d
e
v
r
e
s
e
r
s
t
h
g
i
r
l
l
A
.
e
r
u
t
a
N
r
e
g
n
i
r
p
S
f
o
t
r
a
p
,
d
e
t
i
m
i
L
s
r
e
h
s
i
l
b
u
P
n
a
l
l
i
m
c
a
M
6
1
0
2
©

REVIEWS
Electron microscopy
The use of microscopes with
very high (nanometre)
resolution, made possible by
accelerating the electrons
through a specialized
microscope. Electron
microscopy can be used with
very thin brain sections,
allowing parts of neurons (such
as synapses) to be detected.

Contextual fear conditioning
A behavioural test that
examines the response to an
environment or context after a
prior exposure to the context
and a painful stimulus.

The terminals of this distant projection primarily synapse in the IML, and electron microscopy shows that they
primarily innervate spines8. Because interneurons with
dendrites in the IML rarely have spines, it is likely that
the distant mossy cell axon projection primarily innervates granule cells8. Mossy cell axons also collateralize in
the hilus and have extensions in the MML and OML7,8,35.
Near the cell body, the hilar collaterals are robust, and
there is also innervation of the IML35,42. In summary, a
mossy cell innervates more than one dentate gyrus layer
as well as both local and distant parts of the dentate
gyrus, making it hard to predict its functions in vivo.
The role of the dentate gyrus in behaviour. To date, the
dentate gyrus has been implicated in several important
behavioural functions. These functions have been segregated into those that are often called ‘cognitive’, which are
dependent on the more dorsal or septal half of the dentate
gyrus, and those that are more ‘emotional’, which depend
on the ventral or temporal half of the dentate gyrus43. The
cognitive functions include those related to spatial memory, whereas the emotional functions include those associated with the regulation of mood44 and anxiety or with
behaviours that have a component of stress or fear (such
as contextual fear conditioning45). Additional functions have
also been attributed to the dentate gyrus44,46. These divisions assume that neurons of the dorsal dentate gyrus
are the most important for cognitive functions; however,
it is important to note that ventral mossy cells may also
contribute to these functions through their major afferent
inputs to the dorsal IML (FIG. 3). Indeed, because the IML
is proximal to the granule cell somata, mossy cell terminals in this region are in an ideal position to influence the
activity of granule cells.

a

A function of the dentate gyrus that has been discussed
a great deal is pattern separation, which is the ability of
the dentate gyrus network to receive a pattern of afferent
inputs and ‘separate’ them so that the outputs are less similar than the inputs46–50. It has been suggested that pattern
separation in the dentate gyrus is important for memory
storage in area CA3 because it allows similar experiences
to be stored in different subsets of CA3 pyramidal cells,
thus facilitating accurate memory retrieval48. This theory
assumes that the afferent input patterns that are subject
to pattern separation arrive at the dentate gyrus via the
perforant path. However, mossy cells provide a major
glutamatergic input to granule cells (see below), suggesting that they could send input patterns to granule cells in
addition to, or instead of, the perforant path.

Mossy cell function in the dentate gyrus
Do mossy cells excite or inhibit granule cells? Experiments
to address the question of whether mossy cells are excitatory or inhibitory started in the 1980s51,52; however, it was
not until the mid‑1990s that conclusive evidence was provided that mossy cells are glutamatergic53 and can excite
granule cells through direct inputs54. The net effect of
mossy cell input on granule cells remains unclear because
mossy cells also activate dentate gyrus interneurons that
inhibit granule cells54,55.
One problem faced by researchers attempting to
address this question is that it is difficult to selectively
activate mossy cells using stimulating electrodes: mossy
cell axons and dendrites are spatially close to other cells of
the dentate gyrus and to axonal projections that influence
the dentate gyrus. One strategy to circumvent this problem has been to record from pairs of monosynaptically
connected mossy cells and granule cells54. This approach

b

Ventral mossy cell axon

Distant

Distant ipsilateral

Local

OML
MML

Right
Left

?

?
GABAergic
interneuron

IML
Distant
contralateral

Local
ipsilateral

GCL
SGZ

Granule cell

Dorsal
Mossy cell

Rostral

?
Caudal

HIL

?

Mossy cell

Ventral

Figure 3 | Organization of the mossy cell axon. a | The axon of a
single ventral mossy cell is illustrated schematically. Near the soma,
the local ipsilateral branches of the mossy cell axon make synapses in
the hilus (HIL) and the inner molecular layer (IML)7,35,42. Far from the
soma, the distant ipsilateral or distant contralateral branches of the
axon project primarily to the IML6–8,25,40,41. b | Distant and local
ipsilateral circuitry. At distant ipsilateral locations, the axon primarily
makes synapses on spines; because there are few spines on dentate
gyrus interneurons, it is likely that the mossy cell axon in the IML
innervates granule cells. In addition, the mossy cell axon extends hilar,

Nature Reviews | Neuroscience

outer molecular layer (OML) and middle molecular layer (MML)
collaterals7,8,35. It is not clear whether mossy cell terminals in the OML
and MML make synapses, or what cell types mossy cells target in the
HIL (indicated by question marks). At local ipsilateral locations, the
mossy cell axons collateralize in the HIL, especially near the soma.
There, they are likely to contact interneurons because of the numerous
interneuron dendrites present in this region and the absence of
granule cell dendrites. Mossy cells also make local projections to the
IML, but these are not as numerous as those to distant sites8.
GCL, granule cell layer; SGZ, subgranular zone.
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Cre recombinase
(Cre). Part of a site-specific
recombination system derived
from Escherichia coli
bacteriophage P1. Two short
DNA sequences (loxP sites) are
engineered to flank the target
DNA. Activation of the Cre
recombinase enzyme catalyses
the recombination between the
loxP sites, leading to excision of
the intervening sequence.

Disinhibition
A decrease in inhibition
(usually GABAergic). For
example, blockade of the
release of GABA from
GABAergic neurons would
result in a decrease in
inhibition of the neuron that is
postsynaptic to the GABAergic
neuron.

Long-term potentiation
(LTP). A lasting increase in
synaptic transmission. LTP is
often elicited by a brief period
of high-frequency presynaptic
firing. However, other types of
stimulation can elicit LTP,
such as exposure to
neuromodulators.

Field potentials
The changes in the
extracellular potential that
reflect changes in the flow of
cations and anions in the
extracellular space.

Retrograde signalling
The changes induced in a
presynaptic terminal, usually
mediated by a neuromodulator
acting on its presynaptic
receptors, which are evoked by
release of the neuromodulator
from the postsynaptic site.

showed that the monosynaptic mossy cell input to a
granule cell generated an excitatory postsynaptic potential (EPSP) that could only be detected when GABAergic
inhibition was blocked. The mossy cell input seemed to
be weakly excitatory because failures of synaptic transmission were frequent54. This suggested that the primary
effect of mossy cells is the inhibition of granule cells.
However, when the postsynaptic granule cell was depolarized, the effects of presynaptic mossy cell input were
larger; thus, mossy cells can have a robust excitatory effect
on depolarized granule cells54. Additional studies using
approaches that lesioned mossy cells or the molecular
layer in hippocampal slices 56,57,58 provided further
evidence that mossy cells excite granule cells.
Despite the value of these findings, it has become
increasingly important to find a way to selectively interrogate mossy cells. Therefore, the emergence of two
transgenic mouse lines that express Cre recombinase
(Cre) relatively specifically in mossy cells has been an
important advance. In one of these mouse lines, the Crlr
promoter (Crlr encodes calcitonin receptor-like receptor) was used to drive Cre expression1. Although this
approach produced selective Cre expression in mossy
cells within the dentate gyrus, CA3 neurons also showed
some Cre expression1. In the second mouse line, the
Drd2 promoter (Drd2 encodes the dopamine D2 receptor) was used to drive Cre expression. These mice also
showed strong Cre expression in mossy cells; however,
an additional population of hippocampal interneurons
also expressed the Drd2 promoter, showing that the Cre
expression in mossy cells was not selective59,60.
To date, mossy cell function has only been addressed
using the Crlr–Cre mouse line 1. These mice were
crossed with mice carrying a floxed diphtheria toxin
receptor, and diphtheria toxin was administered in adult
mice to kill mossy cells. One week after toxin injection,
mossy cells were deleted and granule cells showed
disinhibition in response to a perforant path stimulus,
supporting the hypothesis that the effect of mossy cells
is primarily inhibitory to granule cells. However, both
spontaneous excitatory postsynaptic currents (EPSCs)
and inhibitory postsynaptic currents (IPSCs) were
decreased in patched granule cells in brain slices from
these mice. Furthermore, the disinhibitory effects on
granule cells driven by the deletion of mossy cells did
not persist; the authors suggested that this was a result of
compensatory changes1,61.
The problem of potential compensatory changes
in response to cell death can now be circumvented by
activating mossy cells selectively with optogenetics. To
date, one study has been published in which the excitatory opsin channelrhodopsin was expressed in commissurally projecting dentate gyrus neurons2, which are
mainly mossy cells. The authors showed that both EPSCs
and IPSCs were evoked in granule cells in response to
single light pulses focused on the commissurally projecting terminals, suggesting that mossy cells had both excitatory and inhibitory effects on granule cells. However,
when the light stimulus was timed to precede perforant
path stimulation, the response of the granule cells to the
perforant path input was reduced. This suggested that

the dominant effect of mossy cells on perforant pathevoked responses of granule cells is inhibitory. Repetitive
light pulses that were more similar to patterns of activity
observed in vivo were also tested and revealed that the
excitation of GABAergic neurons was more persistent
than the excitation of granule cells. Thus, the inhibitory
effects of mossy cells might be stronger than their excitatory effects in vivo. In addition, the results showed that
mossy cells are likely to activate a range of interneuron
cell types, with a preference for basket cells. These experiments provided the most compelling evidence to date
that the primary effect of mossy cells is the inhibition of
granule cells. However, it is important to note that the
commissurally projecting neurons of the dentate gyrus
targeted in this study also include inhibitory neurons23,24.
In addition, the studies were conducted in hippocampal
slices, not in vivo.
Adult neurogenesis. Very few studies have examined the
influence of mossy cells on adult neurogenesis. It has
been suggested that mossy cells could be important for
adult neurogenesis because they provide the first glutamatergic input to adult-born granule cells62. However, the
deletion of mossy cells in Crlr–Cre mice treated with
the diphtheria toxin did not appear to have a major effect
on adult-born neurons1 (although many characteristics
of the newborn neurons were not tested).
Contribution to plasticity. Additional insight into the
potential role of mossy cells has come from studies showing that mossy cell synapses exhibit long-term potentiation
(LTP). For example, granule cell input to mossy cells
exhibits LTP with characteristics similar to those of mossy
fibre-evoked LTP in CA3 pyramidal cells63. However, it is
unclear whether mossy cell input to granule cells also
shows LTP. One in vivo study showed LTP of field potentials recorded in the IML after high-frequency stimulation of the hilus64. However, another in vivo study using
IML stimulation did not find LTP of the mossy cell–
granule cell pathway 65. Notably, high-frequency stimulation of the perforant path evoked both LTP of the
perforant path–granule cell synapse and heterosynaptic
LTP of the IML-evoked response, suggesting that the
mossy cell input to granule cells can be potentiated65.
Another in vivo study showed that LTP of the perforant
path–granule cell synapse leads to LTP of the contralateral
mossy cell–granule cell synapse66. This study was important because it showed that LTP of the perforant path–
granule cell synapse induces plasticity of ‘downstream’
mossy cells and thus appears to be permissive for LTP of
the mossy cell–granule cell synapse.
A potential explanation for the lack of LTP at the
mossy cell–granule cell synapse that was observed in
the earlier study65 was provided by experiments showing that the depolarization of granule cells suppresses the
mossy cell input to granule cells, an effect that was mediated by the retrograde signalling of endocannabinoids67,68
through cannabinoid receptors (TABLE 2). Thus, the mossy
cell input to granule cells can be suppressed by highfrequency stimulation that sufficiently depolarizes the
granule cell.
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Other studies of mossy cell synaptic plasticity
suggested that mossy cells influence the LTP of the
perforant path–granule cell synapse. For example,
one study 69 took advantage of the fact that in mice
calretinin is expressed primarily in mossy cells38,39. LTP
of the perforant path–granule cell synapse was reduced
in mice lacking calretinin compared with wild-type
mice69. Although intriguing, the study was limited by
the constitutive nature of the knockout and the expression of calretinin in cells other than mossy cells (including a subtype of interneuron in the dentate gyrus70).
However, other methods have also shown that mossy
cells may facilitate or even be required for LTP of the
perforant path input to granule cells. Voltage imaging in
hippocampal slices showed that the granule cell–mossy
cell–granule cell circuit was necessary for perforant
path–granule cell LTP58. Furthermore, it was shown that
the expression of growth-associated protein 43 (GAP43;
also known as neuromodulin) was increased in mossy
cells in response to high-frequency stimulation of the
perforant path, which could support the persistence
of LTP71. Thus, it has been suggested that the mossy
cell and perforant pathway inputs to granule cells are
cooperative65,71.

Voltage imaging
The identification of neuronal
activity by capturing changes
in fluorescence that are
proportional to changes in
membrane potential. Typically,
a voltage-sensitive dye is
applied to the preparation of
neurons so that voltage
imaging can be conducted.

Electroencephalogram
(EEG). Recordings of the
electrical activity of the brain
with electrodes that are not
inside the neurons
(intracellular), but outside
(extracellular) or remote (on
the brain surface or skull).

Oscillations
The intermittent activity of
neurons that is sufficiently
synchronous to induce
rhythmic fluctuations in the
extracellular potential.

Recurrent collaterals
The branches of the axons of a
population of neurons that
innervate the dendrites of the
same population of neurons. In
area CA3, the pyramidal cells
do not innervate their own
dendrites but the dendrites of
other CA3 pyramidal neurons.

Role in hippocampal oscillations. Hippocampal neurons display oscillatory behaviour at various frequencies in vivo, and these rhythms are thought to have a
role in the encoding of spatial information72. Therefore,
one way to better understand the role of mossy cells in
the hippocampal network is to determine how variations in their activity relate to those recorded simultaneously in the hippocampal electroencephalogram
(EEG). Two studies have shown that, in anaesthetized
animals, mossy cells discharge in a similar manner to
principal cells in relation to theta oscillations73,74. Both
studies pointed out that mossy cells might act to phaselock the activity of granule cells to the EEG throughout
the hippocampal dorsoventral axis73; this is consistent
with the idea that mossy cells link different subsets of
granule cells75 (FIG. 4a).
Another study 74 recorded the intracellular activity
of mossy cells in anaesthetized rats. The authors found
that when the tail was pinched during ongoing theta
oscillations, mossy cells could, but did not always,
depolarize. This variability is consistent with the idea
that there are functional subtypes of mossy cells, which
is also suggested by variations in their structure7 and by
dorsoventral variations in the expression of calretinin
(see above)38,39.
In this context, it is interesting to consider the data
from Crlr–Cre mice treated with the diphtheria toxin1
that showed that, shortly after treatment with the
toxin, theta power in the dentate gyrus increased. This
implies that the activity of the dentate gyrus interneurons was suppressed following the loss of mossy cells,
because other methods that depress the firing of the
dentate gyrus interneurons also increase theta power 76.
These data suggest that mossy cells are likely to have a
more important role in theta rhythm than previously
considered.

Possible contributions to behaviour
Although our understanding of the role of mossy cells
in dentate gyrus function is limited, several intriguing
hypotheses about their potential contributions to behaviour have been proposed, based on the knowledge that
we do have.
Associative functions. One early hypothesis for the role of
mossy cells in hippocampal function is reflected in one
of the names given to their axon projection, the associational projection75. Mossy cells may allow physically
separate subsets of granule cells to be associated with
one another, analogous to the way in which the recurrent
collaterals of CA3 pyramidal cells allow different subsets
of pyramidal cells to interact 75 (FIG. 4a). This idea was
supported by detailed electron microscopy-based studies
of the mossy cell axon8,42, which showed that, because of
the numerous varicosities present on a mossy cell axon in
the IML, a single mossy cell could potentially link multiple
granule cells75.
Pattern separation. As described above, a major question is how the dentate gyrus separates patterns of afferent
input that contain elements that are identical (overlapping). An example of such overlap would be two afferent inputs that are active during two different patterns
of input 50; however, other characteristics could potentially also be shared. Mossy cells may contribute to the
separation of two overlapping patterns in several ways.
For two patterns of input from the entorhinal cortex,
separation could occur if the shared (identical) element
of one pattern was coincident with mossy cell input to
granule cells but not coincident with the other pattern.
When coincident, mossy cells could depolarize the same
granule cell dendrite as the entorhinal input and do so
at a similar time, causing action potentials to be elicited
by one pattern of input but not the other. Alternatively,
activity of mossy cells in one pattern but not the other
pattern could increase GABAergic inhibition of granule
cells, reducing the number of action potentials in the
granule cells in response to one pattern but not the other
(FIG. 4b). One might argue that granule cells are strongly
inhibited regardless of the activity of the mossy cells,
because their soma and dendrites are well innervated
by axons of diverse interneuron subtypes13–16. However,
unlike interneurons, mossy cells could activate GABAergic
interneurons broadly and synchronously, and therefore
increase GABAergic inhibition of granule cells in a unique
way (FIG. 4b). This idea is consistent with the proposed
mossy cell-mediated phase-locking of granule cells73,74.
One argument against this idea is that the projection of
mossy cells to the distant ipsilateral IML targets many more
granule cells than interneurons8. However, the function
of these excitatory inputs might differ from that of a typical
excitatory input because mossy cell input to granule cells
may be excitatory only under certain conditions (FIG. 4c).
Alternatively, excitatory input of mossy cells to
granule cells could contribute to pattern separation by
promoting the activity and development of young adultborn granule cells, and by having a weakened effect as the
granule cells age. This idea is consistent with the evidence
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a Associative

b Ampliﬁer
PP

OML

Granule cell response
to PP input (↑)

MML

Without mossy cell

IML
GCL
SGZ

With mossy cell

Granule cell
Basket cell

HIL
Mossy cell

c Conditional

d Sentinel

OML
MML

Semilunar
granule cell

Granule cell response
to CA3 input (↑)

IML

Granule cell response
to PP input (↑)

Without ACh

Without mossy cell

With ACh

With mossy cell

GCL
SGZ
Basket cell
ACh
CA3
pyramidal cell

HIL

Figure 4 | Possible roles of mossy cells in dentate gyrus function.
a | A long-standing proposal is that mossy cells link subsets of granule
cells that are spatially separated and therefore facilitate associative
learning75. b | Another long-standing view is that granule cells primarily
activate GABAergic interneurons, particularly basket cells106,112. This
could lead to a possible circuit, as shown, in which mossy cells amplify
the normal feedback inhibition of granule cells by activating GABAergic
interneurons. In the figure, this circuit is exemplified by the perforant
path (PP)-mediated depolarization of a granule cell. If the depolarization
evokes an action potential, the granule cell would subsequently
depolarize a basket cell that innervates numerous granule cells (only one
granule cell is depicted), increasing the inhibition of granule cells. On the
right, this physiology is schematized. Without the mossy cell in the circuit
(top), a PP input (indicated by the arrow) elicits an excitatory
postsynaptic potential (EPSP) in the granule cell. The EPSP is followed by
an inhibitory postsynaptic potential (IPSP) that reflects the feedback
inhibition (that is, the activation of the basket cell by the granule cell,
which in turn hyperpolarizes the granule cell). Notably, it is unclear
whether basket cells innervate the same granule cells that activate them;
the circuit in the diagram is simplified for clarity. With the mossy cell in
the circuit (bottom), the PP input elicits an EPSP followed by a larger and
longer IPSP in the granule cell because mossy cells are first depolarized
by granule cells and then activate basket cells. Note that if the PP directly
innervates basket cells and mossy cells, this would lead to feedforward
inhibition of granule cells. c | According to another hypothesis, the

excitatory effects of mossy cells depolarize granule cells only under some
Nature Reviews | Neuroscience
conditions. In this example, the effects of a CA3 pyramidal cell input to a
granule cell depend on the presence or absence of concurrent
cholinergic input. Without the cholinergic input, CA3 pyramidal cells will
primarily hyperpolarize granule cells by activating interneurons. With
cholinergic input mediated by acetylcholine (ACh), which preferentially
suppresses the interneurons137, CA3 pyramidal cells will primarily
depolarize granule cells by activating mossy cells80,83. The schematic
includes several simplifications for clarity. For example, the cholinergic
input to pyramidal cells and mossy cells is not shown. In addition, the
cholinergic input depolarizes mossy cells94, which would lead to a greater
potential to excite granule cells in the circuit that is shown. d | Finally,
mossy cells have also been proposed to act as ‘sentinels’ that inform
granule cells that changes have occurred even in the absence of strong
PP input. This sentinel function would be reflected by the lack of a
response of a granule cell to the PP input unless the mossy cell is
activated. This might occur, for example, if the PP input to granule cells is
weak. Under these conditions, the PP might still activate semilunar
granule cells because they are activated more readily by the PP. These
cells have a robust excitatory effect on mossy cells9,10, which would then
activate granule cells, as shown in the diagram. On the right, this is
depicted by a lack of depolarization in a granule cell (located in the
granule cell layer (GCL)) in the absence of mossy cells. HIL, hilus;
IML, inner molecular layer; MML, middle molecular layer; OML, outer
molecular layer; SGZ, subgranular zone.

that behavioural tasks that are suggested to involve
pattern separation are impaired when young adult-born
granule cells are ablated, an effect that is not evident after
destruction of older granule cells77,78. Whether such a correlation between changes in mossy cell input and granule
cell ageing occurs is unknown, but it would be consistent
with the suggestion that adult-born granule cells become
less active as they age79.

Pattern completion refers to the retrieval of a stored
memory when presented with a subset of the initial input
that was used to produce the memory. Pattern separation and pattern completion are often discussed as if they
involve the dentate gyrus and area CA3, respectively,
with the granule cell mossy fibres making a one-way path
to CA3. However, CA3 pyramidal cell axons also project
‘back’ to the dentate gyrus80. CA3 pyramidal cell axon
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collaterals project far into the hilus81,82 and, in the ventral
pole of the hippocampus, their projections extend further, into the IML81. Most of the projections arise from
CA3c, with fewer arising from CA3b and CA3a81,82.
However, recurrent collaterals between CA3a–CA3b
pyramidal cells and CA3c pyramidal cells can make it
possible for CA3a–CA3b to influence the dentate gyrus
via the CA3c80. In the hilus, CA3 pyramidal cells innervate mossy cells and interneurons (most dentate gyrus
interneurons have a soma or dendrites in the hilus)83–85.
In hippocampal slices, the major effect of CA3 firing is
GABAergic inhibition of granule cells83. However, the
delay between a pyramidal cell action potential and
the onset of granule cell inhibition (10–20 ms) suggests that a simple pyramidal cell–interneuron–granule
cell pathway is not responsible; instead, a pyramidal
cell–mossy cell–interneuron–granule cell pathway or
a pyramidal cell–pyramidal cell–interneuron–granule
cell route seems more likely to be responsible83. Notably,
a robust pyramidal cell–mossy cell–granule cell excitatory pathway is revealed when GABAergic inhibition
is blocked83.
The backprojection from CA3 to the dentate gyrus
might affect circuitry in the dentate gyrus and CA3
(REFS 86,87), and the existence of this pathway might add
to the potential ways in which information may be processed. Although the recurrent collateral network of CA3
is often thought to provide the only robust excitatory
recurrent circuitry, synapses made by the CA3–dentate
gyrus backprojection also provide a recurrent circuitry.
Indeed, a study using computational modelling found
that this backprojection has a crucial role in the ability of
the computational model to perform simulated pattern
separation and completion49.

Afterdepolarization
A depolarization occurring
after an event, typically after
an action potential.

Novelty. It has been suggested that the dentate gyrus contributes to the ability to define what is familiar and what
is novel in the environment 88,89. Mossy cells may contribute to this function by exciting granule cells when a
novel sensory input is processed in the lateral entorhinal
cortex and is sent to the dentate gyrus by the lateral
perforant path. Such a pathway is suggested by recordings from a subset of mossy cells that have a low action
potential threshold in response to a perforant path stimulus27. These mossy cells had dendrites in the molecular
layer, where they could receive direct perforant path
inputs27. Whether a direct entorhinal cortex–mossy cell
pathway exists has not been proven, but electrophysiological data suggest that perforant path axons make
monosynaptic inputs onto mossy cells27. Mossy cell
dendrites in the molecular layer have been shown in
diverse species28, and in primates there are also dendrites
of CA3c pyramidal cells in the molecular layer 90. Thus,
mossy cells might act as sentinels that signal to granule
cells that a change has occurred. This could ensure that
the input from the entorhinal cortex always depolarizes
some granule cells, even when it is too weak to reach
the threshold for a granule cell action potential by itself.
Another possible path from the entorhinal cortex to
mossy cells involves the semilunar granule cells in the
IML, which receive robust inputs from the entorhinal

cortex and activate the mossy cells in a robust manner 9,10.
Thus, an entorhinal cortex–semilunar granule cell–
mossy cell pathway could explain the low action potential
threshold of some mossy cells (FIG. 4d).
It is notable that the hilus receives afferents from the
brainstem, such as inputs from the locus coeruleus76,91,92.
Many of these brainstem inputs are part of the reticular
activating system and, therefore, would act in concert with
entorhinal inputs to ‘inform’ the dentate gyrus about a
changing environment. Mossy cells also receive cholinergic inputs93; this is important because the activation of
muscarinic cholinergic receptors depolarizes the mossy
cells and elicits an afterdepolarization that does not occur in
other hilar cell types94. For these neuromodulatory inputs,
mossy cells would potentially be activated even when
other dentate gyrus neurons are not. Thus, the extrinsic
afferents that preferentially activate the mossy cells may
provide an alternative mechanism for a sentinel function.
In vivo support for the idea that mossy cells act as
a type of sentinel comes from immunohistochemical
studies of Fos, a marker of neuronal activity 95. When
rats were removed from their home cage, brought to
a laboratory and rapidly perfused, a subset of mossy
cells in the ventral hippocampus expressed FOS
protein, as did a subset of granule cells in the dorsal
dentate gyrus (the target of ventral mossy cell projections)95. Presumably, the expression of FOS in mossy
cells occurred in response to small changes in the environment when the animals were in the home cage, or to
rapid changes as the animals experienced novelty of the
laboratory where they were brought to be perfused95.
Anxiety. Behavioural studies using Crlr–Cre mice
demonstrated that the diphtheria toxin-mediated
deletion of mossy cells led to behaviours that suggested
increased anxiety compared with controls1. This might
be expected, given that there are more mossy cells in the
ventral dentate gyrus than in the dorsal dentate gyrus96–98
and given that lesions of the ventral dentate gyrus lead to
anxiety 99. One mechanism by which mossy cells might
contribute to innate anxiety is related to the idea that
mossy cells can signal changes in the environment (see
above). Without such ‘cues’, there may be less certainty
in the environment, such as certainty of safety from
predators, leading to anxiety. Mossy cells may also play
a part in other types of anxiety (as well as in fear and
stress); indeed, transgenic mice in which mossy cells were
ablated spent less time in the open arm of the elevated
plus maze than control mice1, a task that does not
necessarily reflect innate anxiety.

Mossy cell vulnerability
A distinguishing feature of mossy cells is their vulnerability to insults or injury. Pathological studies show that the
hilus is a common site of neuronal loss in temporal lobe
epilepsy (TLE)100, a subtype of epilepsy in which seizures
involve the temporal lobe of the cortex. Although some
mossy cells survive in TLE97, many are vulnerable101. As
animal models of TLE were developed, detailed comparisons of the cell types in the hilus showed that two hilar cell
types were especially vulnerable: the mossy cells and the
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Box 1 | Potential mechanisms of mossy cell vulnerability
Mossy cells may be vulnerable to insults or injury as a result of presynaptic mechanisms. For example, as shown in part a of the figure, the giant boutons of
granule cells can release large concentrations of glutamate onto mossy cell thorny excrescences, resulting in excitotoxicity7,75,106,107,109. Peptides such as
brain-derived neurotrophic factor that are located in dense core vesicles within the giant boutons can facilitate the release of glutamate, exacerbating
this excitotoxicity125.
The vulnerability of mossy cells has also been suggested to arise owing to their weak expression of the calcium-binding proteins parvalbumin and
calbindin, which results in poor buffering of intracellular calcium when it enters the cell20. However, neurons outside the hippocampus that lack
calcium-binding proteins are not necessarily vulnerable126. Moreover, in a mouse model of epilepsy, mice that lack calcium-binding proteins have a
phenotype similar to that of wild-type mice127.
Mossy cells also express striatum-enriched
protein-tyrosine phosphatase (STEP), the expression of
MF bouton
a Presynaptic
Peptide
which has been suggested to explain the vulnerability
Peptidergic
of HIPP cells (hilar cells that project to the terminal
vesicle
Granule cell
128
zone of the perforant path) . Mossy cells express lower
levels of STEP than HIPP cells (based on immunohistochemistry128), but even a low expression level of STEP
Glutamatergic
could contribute to their vulnerability given its
vesicle
128
importance for the vulnerability of HIPP cells . HIPP
Glutamate
and other hilar cells, including mossy cells, also have low
Thorny
levels of the δ-subunit of type A GABA receptors, which
Mossy
excrescence
cell
normally contributes to GABAergic inhibition, and
soma
therefore low levels of this subunit could make a cell
vulnerable to excitotoxicity129.
It has been suggested that the vulnerability of mossy
Mossy cell
cells may be due to low levels of autophagy130, the
process involved in waste removal from neurons. In the
absence of strong autophagy, it is possible that mossy
b Physiological
cells may not be able to keep up with metabolic demands.
Finally, it has been suggested that the vulnerability of
mossy cells may be due to their physiological properties.
• High threshold
In the example shown in part b of the figure, a typical
• Strong SFA
action potential (AP) in a granule cell that is evoked by an
Aﬀerent stimulation
Resistant
afferent input (arrow) gives rise to only one AP. This
limited firing, attributed to the high threshold and strong
spike frequency adaptation (SFA) of granule cells131, limits
• Fast AP
Basket
excitotoxicity. As shown, the AP generated in a basket
• Strong AHP
cell
cell is faster and is followed by strong afterhyperpolariResistant
zation (AHP)13,16,17, which also limits firing and
excitotoxicity. However, an afferent input to a mossy cell
• Low threshold
leads more readily to APs, and the APs are of longer
• Weak
duration with relatively weak repolarization35. Thus,
repolarization
excitotoxicity is more likely to occur in mossy cells.
Vulnerable
MF, mossy fibre.
Nature Reviews | Neuroscience

Spike frequency adaptation
(SFA). A reduction in frequency
of action potential discharge
during a constant depolarizing
input. Most neurons have a
high firing frequency after the
beginning of a strong
depolarization, and the firing
frequency decays if the
depolarization continues.

somatostatin-expressing hilar interneurons (HIPP cells);
in comparison, granule cells were more resistant 7,19,21,101.
In rats, mossy cells die after many types of insults and
injuries that are risk factors for TLE, including forebrain
ischaemia7,102, status epilepticus7,96–98 (with exceptions103)
and traumatic brain injury 104,105. This led to the hypothesis
that a loss of hilar cells — and possibly a loss of mossy cells
specifically — causes TLE106. Some of the potential causes
of mossy cell vulnerability 75,107–109 are shown in BOX 1.
The hypothesis that a loss of mossy cells causes TLE
remains a subject of debate. One argument for this
hypothesis notes that mossy cells can inhibit granule
cells, which may normally prevent seizure activity from
passing from the entorhinal cortex to the hippocampus110.
Entry of seizure activity into the hippocampus could be
important to sustain and amplify seizures. It has also been
proposed that mossy cell-mediated excitation of granule
cells is increased after insults that lead to TLE, causing
hyperexcitability 1,104–106,111,112. However, hyperexcitability

could also be caused by a loss of HIPP cells97 or calretininexpressing interneurons70. Diverse changes in other
aspects of the inhibitory control of granule cells113, including changes in the subunit composition of type A GABA
receptors114–116, have led to the current consensus that a
loss of mossy cells may contribute to TLE but is unlikely
to be fully responsible for it.
One limitation of animal models of TLE is that many
changes occur in response to the induction of epilepsy, not
only a loss of mossy cells. Because of the relative specificity
of the deletion of mossy cells in Crlr–Cre mice treated with
the diptheria toxin, it was important to note that the mice
showed no spontaneous seizures1, supporting the idea that
a loss of mossy cells is insufficient to cause TLE. However,
the mice did exhibit transient disinhibition in response to
perforant path stimulation, showing that the loss of mossy
cells did have a marked effect in these mice. In addition,
the mouse strain used to generate the Crlr–Cre mice was
seizure resistant, as noted by the authors61.
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Contextual discrimination
A behavioural task that tests
the ability to distinguish two
environments or contexts.

How a loss of mossy cells would contribute to TLE is
unknown. One possibility is that the loss of mossy cells
could make seizures more severe. In support of this idea,
mice lacking mossy cells had more severe seizures than
controls1. Interestingly, the deletion of adult-born granule cells also increases the severity of seizures117. Thus,
mossy cells could have an important role in TLE
through their activation of immature adult-born granule
cells, which innervate GABAergic neurons to a greater
extent than excitatory neurons until their giant boutons
develop118.
Mossy cells may also influence other diseases. For
example, mossy cells and basket cells express p11 and
helicase-like transcription factor (SMARCA3), proteins
that are potentially important in major depressive disorder 119. Epigenetic changes mediated by p11 through its
actions on SMARCA3 (REF. 119) could change the physiological properties of mossy cells and basket cells, making
their contribution to dentate gyrus function more robust
or weaker. Mossy cells also express dysbindin 1C120 and
dopamine D2 receptors59,60, both of which are implicated
in schizophrenia. The fact that a loss of mossy cells causes
impaired contextual discrimination1, and that mice without
mossy cells show behaviours that are consistent with
increased anxiety (described above), suggests that mossy
cells may have roles in psychiatric disorders. Precisely
what these roles are remains to be determined.

Conclusions and perspectives
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