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Hilar mossy cells regulate network function in the hippocampus through both direct excitation and di-synaptic inhibition of
dentate granule cells (DGCs). Substantial mossy cell loss accompanies hippocampal circuit changes in epilepsy. We examined
the contribution of surviving mossy cells to network activity in the reorganized dentate gyrus after pilocarpine-induced status
epilepticus (SE). To examine functional circuit changes, we optogenetically stimulated mossy cells in acute hippocampal slices
from male mice. In control mice, activation of mossy cells produced monosynaptic excitatory and di-synaptic GABAergic cur-
rents in DGCs. In pilocarpine-treated mice, mossy cell density and excitation of DGCs were reduced in parallel, with only a
minimal reduction in feedforward inhibition, enhancing the inhibition/excitation ratio. Surprisingly, mossy cell-driven excita-
tion of parvalbumin-positive (PV1) basket cells, primary mediators of feed-forward inhibition, was maintained. Our results
suggest that mossy cell outputs reorganize following seizures, increasing their net inhibitory effect in the hippocampus.
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Significance Statement

Hilar mossy cell loss in epilepsy is associated with hippocampal hyperexcitability, potentially as a result of disrupted dentate
microcircuit function. We used transgenic mice, translational mouse modeling, viral vectors, and optogenetics to selectively
examine functional changes to mossy cell outputs following status epilepticus (SE). Interestingly, the outputs of surviving
mossy cells exhibited adaptive plasticity onto target parvalbumin-positive (PV1) interneurons, resulting in a relative increase
in their inhibitory control of dentate granule cells (DGCs). Our findings suggest that residual mossy cell outputs can reorgan-
ize in a homeostatic manner, which may provide clues for therapeutic targeting of this microcircuit.

Introduction
Structural and functional alterations of hippocampal circuits in
temporal lobe epilepsy (TLE) manifest as imbalanced neuronal
excitation and inhibition (Babb et al., 1984; Sloviter, 1987; Mello
et al., 1993; Buckmaster and Dudek, 1997; Brooks-Kayal et al.,
1998; Shibley and Smith, 2002; Nadler, 2003; Winokur et al.,
2004). Several mechanisms likely contribute to this imbalance,
including seizure-induced cell loss, circuit reorganization such as
axon sprouting, and altered receptor expression (Sloviter, 1987;

De Lanerolle et al., 1989; Brooks-Kayal et al., 1998; Shibley and
Smith, 2002; Halabisky et al., 2010). However, it remains unclear
whether the structural alterations that occur in hilar mossy cells
contribute to hyperexcitability and thus disease progression, or
involve adaptive modifications that maintain circuit homeostasis.

Glutamatergic hilar mossy cells give rise to bilateral long-
range projections that drive direct excitation of dentate granule
cells (DGCs) as well as feedforward inhibition of DGCs through
local GABAergic interneurons (Scharfman, 1995; Hsu et al.,
2016). Mossy cell projections are widely distributed in the hippo-
campus, suggesting that these cells broadly coordinate informa-
tion transfer (Scharfman and Myers, 2013), and contribute to the
essential role of the hippocampus in learning (Jinde et al., 2012;
Bui et al., 2018). Mossy cells primarily receive excitatory and in-
hibitory input from neurons within the dentate gyrus and the
CA3 pyramidal layer (Scharfman, 1994a, b, 2007; Williams et al.,
2007; Larimer and Strowbridge, 2008; Sun et al., 2017), as well as
from the lateral entorhinal cortex (Azevedo et al., 2019). The
axons of mossy cells primarily target the inner molecular layer
(IML) of the dentate gyrus (Buckmaster et al., 1996; Scharfman,
2016), albeit with projection differences between the dorsal and
ventral hippocampus (Houser et al., 2020; Botterill et al., 2021a).
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As mossy cells are highly vulnerable to injury (Lowenstein et
al., 1992; Zhang et al., 2015), alterations in mossy cell circuits af-
ter brain insults could profoundly alter hippocampal function
(Santhakumar et al., 2000; Sloviter et al., 2003; Scharfman and
Myers, 2013). For example, in the pilocarpine model of TLE, a
large fraction of mossy cells are lost, while surviving mossy cells
enlarge and receive increased excitatory input indicative of cir-
cuit reorganization (Zhang et al., 2015). The activation of resid-
ual mossy cells could either enhance or prevent seizures,
depending on their net outputs, and thus result in different func-
tional impacts for the circuit (Sloviter, 1991; Santhakumar et al.,
2000; Sloviter et al., 2003; Botterill et al., 2019). Given these
opposing possibilities, a functional understanding of mossy cell
output connectivity after brain injury could elucidate their con-
tribution to hippocampal function and excitability. However,
selective activation of mossy cell axons has been challenging, as
electrical stimulation in the IML can also activate semilunar
granule cells, submammillary projections, and perforant path
projections (Williams et al., 2007; Larimer and Strowbridge,
2008; Scharfman, 2016), as well as the extensive granule cell axon
collaterals that sprout into the IML in epilepsy (Mello et al.,
1993; Shibley and Smith, 2002; Winokur et al., 2004).

We combined genetic, viral, and anatomic methods to selec-
tively target mossy cells with channelrhodopsin in vivo, to facili-
tate selective analysis of the mossy cell circuit three to four weeks
after pilocarpine-induced status epilepticus (SE), which corre-
sponds to an early stage of epileptogenesis in this model. We
recorded mossy cell-evoked responses from granule cells and
basket cells in acute slices from healthy mice and mice following
pilocarpine-induced SE. Our results suggest that the net effect of
the altered mossy cell circuit following SE is inhibitory.

Materials and Methods
Animals
Genetically modified male mice were used in experiments, beginning at
six to eight weeks of age. We used only male mice because of the sex dif-
ferences in the pilocarpine model of epilepsy, in which female mice are
more resistant to pilocarpine induced SE (Buckmaster and Haney,
2012). Strains included calcitonin receptor-like receptor (Crlr)-Cre mice
(The Jackson Laboratory #023014; Jinde et al., 2012) and Parvalbumin-
IRES-Cre mice (The Jackson Laboratory #017320; Hippenmeyer et al.,
2005) crossed with Rosa26-tdTomato marker mice (Ai14; The Jackson
Laboratory #007914; Madisen et al., 2012), and maintained as homozy-
gous colonies. For Parvalbumin-IRES-Cre::tdTomato mice, homozygous
mice from each monogenic strain were bred to produce double hetero-
zygotic offspring. Mice were housed in the Oregon Health & Science
University vivarium, with food and water provided ad libitum and with
a 12/12 h light/dark cycle. All procedures were approved by the Oregon
Health & Science University Animal Care and Use Committee and fol-
lowed the NIH Guidelines for Care and Treatment of Animals.

Cre-dependent viral vector delivery
To selectively label mossy cells in Crlr-Cre mice, we used unilateral
intrahippocampal injections of a Cre-dependent adeno-associated virus
(AAV) expressing an eYFP-tagged channelrhodopsin (pAAV-EF1a-dou-
ble floxed-hChR2(H134R)-EYFP-WPRE-HGHpA, titer = 3.3� 1013 cfu/
ml, 20298-AAV5, Addgene), similar to a previous report (Bui et al.,
2018). As our strategy to isolate mossy cell inputs onto parvalbumin-
positive (PV1) cells involved Cre-expressing interneurons, we isolated
mossy cell inputs in these mice by infecting commissural (contralaterally-
projecting) mossy cells in PV-Cre::tdTomato mice with a non-Cre-depend-
ent channelrhodopsin virus (pAAV-Syn-Chronos-GFP, titer=5.3� 1012

cfu/ml, 59170-AAV5, Addgene), similar to a previous report (Hsu et al.,
2016). In these mice, subsequent electrophysiologic analysis was restricted
to the contralateral (un-injected) hippocampus.

We performed intrahippocampal injections as previously described
(Luikart et al., 2011), with injection coordinates targeting the dentate hilus
(measured from bregma: 12.35 X, �2.80 Y, and �2.20 Z). Onemicroliter
of diluted viral stock (1:3 in sterile saline) was delivered at 0.25ml/min
using a calibrated Hamilton syringe (Hamilton; needle dimensions: 30 g,
0.5” length, 35° angle), with the needle remaining in place for at least 1
min following injection. All surgical procedures were performed under
deep isoflurane anesthesia, and mice were provided soft food with oral
acetaminophen solution following surgery. These injection parameters
resulted in transduction of ChR2 in hilar mossy cells throughout most of
the septo-temporal axis of the hippocampus, with a dense band of axonal
ChR2-YFP expression in the IML of all sections/slices used for histologic
or electrophysiological outcome measures. For each experiment, mice
were injected with viral vectors two weeks before random allocation to
either saline or pilocarpine injections, to control for differential infection
of mossy cell cohorts between groups. Although we anticipate some vari-
ability in viral targeting between animals, we expect the average number
of mossy cells labeled in each group before control or SE to have been
the same.

Induction of SE
We used standard approaches to induce SE with pilocarpine as previ-
ously described (Shibley and Smith, 2002; Buckmaster and Haney, 2012;
Zhang et al., 2015; Buckmaster et al., 2017; Hendricks et al., 2017).
Briefly, twoweeks following AAV injection, mice received an intraperi-
toneal injection of methyl-scopolamine (0.5mg/kg, Sigma-Aldrich) 15–
20min before pilocarpine (325mg/kg, i.p., Cayman Chemicals) or saline
control. Following injection, mice were visually monitored for behav-
ioral seizures, using a modified Racine scale to score seizure severity
(Racine, 1972). Although studies vary in classification of SE, we identi-
fied mice as having achieved SE after three or more seizures with a
Racine score of three or higher, followed by continuous stage 1–2 seiz-
ures (tremor, head bobbing, tail stiffening) for 2 h, consistent with estab-
lished criteria (Shibley and Smith, 2002). After 2 h of SE, diazepam
(10mg/kg, i.p.) was administered to suppress seizure activity. Mice were
then monitored, provided soft food, and received 1-ml warmed 5% dex-
trose solution in 0.45% saline twice daily (intraperitoneally) until they
returned to normal behavior (1–3 d). Pilocarpine-injected mice that did
not reach the criteria for SE were not used.

The initial injury severity of SE can be variable, with behavioral
observations potentially missing subtle differences in seizure severities.
Both the initial injury severity and subsequent development of spontane-
ous seizures can contribute to varied outcomes, including variable loss of
hilar interneurons (Jiao and Nadler, 2007). To control for these variables,
we used a standardized time spent in SE (2 h) in pilocarpine-treated
mice, and a stage following status (three to four weeks post-SE) with
lower incidence of spontaneous seizures, but this inherent variability in
the model could contribute to variability in our data.

Slice preparation
Three to four weeks after pilocarpine-induced SE, mice were deeply
anesthetized by isoflurane inhalation, injected intraperitoneally with 2%
2,2,2-tribromoethanol to maintain anesthesia, and decapitated while
anesthetized. The brain was removed and placed in cold (2–4°C) oxy-
genated NMDG-based cutting solution containing the following: 93 mM

NMDG, 30 mM NaHCO3, 24 mM glucose, 20 mM HEPES, 5 mM Na-
ascorbate, 5 mM N-acetyl cysteine, 3 mM Na-pyruvate, 2.5 mM KCl, 2 mM

thiourea, 1.5 mM NaH2PO4, 0.5 mM CaCl2, 10 mM MgSO4, and 1 mM

kynurenic acid equilibrated with 95% O2-5% CO2 (pH 7.2–7.4). Brains
were blocked, glued to a sectioning stage, and slices (300mm) were cut in
the transverse plane into cold, oxygenated NMDG-based cutting solu-
tion using a vibrating microtome (Leica VT 1200S; Leica Biosystems).
Slices were transferred to a storage chamber containing oxygenated
NMDG-based solution at 32–34°C for 15min, then transferred to a stor-
age chamber at room temperature with oxygenated artificial CSF
(ACSF) containing the following: 125 mM NaCl, 3 mM KCl, 2 mM CaCl2,
1.25 mM NaH2PO4, 25 mM NaHCO3, 1 mM MgCl2, and 25 mM glucose.
Slices of the hippocampus from hemispheres ipsilateral and contralateral
to ChR2 virus injection were used in experiments from Crlr-Cre mice,
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whereas only slices of the contralateral hippocampus from PV-Cre::tdT
mice were used, and compared with slices from control mice that
received scopolamine and saline injections. In Crlr-Cre experiments,
data from ipsilateral and contralateral recordings were examined inde-
pendently, producing qualitatively similar results, and pooled for
analysis.

Whole-cell recordings
Transverse dentate gyrus hippocampal slices were transferred to a sub-
merged recording chamber (Siskiyou PC-H) on an upright, fixed-stage
microscope equipped with infrared, differential interference contrast
optics (Olympus BX50WI), and continuously superfused with ACSF (2
ml/min). Recordings were performed at room temperature from visually
identified DGCs, YFP-positive hilar mossy cells, or from parvalbumin-
tdTomato-positive (PV-tdT1) basket cells in the subgranular zone (to
selectively sample PV1 cells targeting granule cell somata; Ribak and
Seress, 1983; Soriano and Frotscher, 1989; Vaden et al., 2020). For gran-
ule cell recordings, only granule cells in the outer half of the granule cell
layer were patched, to avoid immature DGCs, which tend to be located
near the subgranular zone, and semilunar granule cells, which are
located in the molecular layer (Williams et al., 2007; Gupta et al., 2012;
Save et al., 2019). All granule cells had whole-cell input resistances,1
GX. Recording pipettes were pulled from borosilicate glass (TW150F;
World Precision Instruments) with a P-87 puller (Sutter Instruments).
The intracellular solution for current clamp recordings contained the
following: 130 mM KGluconate, 20 mM KCl, 10 mM HEPES, 0.1 mM

EGTA, 4 mM MgATP, and 0.3 mM NaGTP. The intracellular solution for
voltage clamp recordings contained the following: 113 mM CsGluconate,
8 mM NaCl, 10 mM EGTA, 10 mM HEPES, 1 mM MgCl2, 1 mM CaCl2, 3
mM CsOH, 2 mM MgATP, and 0.3 mM NaGTP. Open tip series resist-
ance was 3–6 MX. Recordings were obtained using an Axopatch 1D am-
plifier (Molecular Devices), low-pass filtered at 10 kHz, digitized at
20 kHz with a NIDAQ (National Instruments) analog-to-digital board,
and acquired using Igor Pro 5.05A (Wavemetrics) script with
NIDAQmx (National Instruments) plugins. Cells were whole-cell
voltage-clamped at �70 mV for 5–10min to allow equilibration of
pipette and intracellular solutions before data collection of light
evoked responses. Cell series and input resistance were measured
using a �10-mV voltage step (50 ms) before each sweep. The input
resistance was calculated using V = IR, using the additional plateau
(steady-state) current required to hold the �10-mV step after reso-
lution of capacitive currents. Pulses of blue LED light (Thorlabs,
470 nm, 1 ms, 7.85 mW/cm2) were delivered through a 40� water
immersion objective above the YFP-positive hilar mossy cell (for
mossy cell recordings) or above the IML for DGC or PV-tdT basket
cell recordings, to optimally activate ChR2-expressing mossy cell
axons. The GABAA-receptor antagonist SR95531 (10 mM) was used
to pharmacologically isolate excitatory synaptic input during opto-
genetic stimulation when indicated. Off-target expression can
occur when using Cre-dependent viral vectors (Botterill et al.,
2021c); however, our imaging demonstrated ChR2 expression was
restricted to the hippocampus, and the pharmacologic sensitivity
of optogentically-evoked responses was consistent with selective
mossy cell activation. The di-synaptic nature of inhibitory currents
during mossy cell evoked responses was confirmed by holding
DGCs at the AMPAR reversal potential (0 mV) and applying the
AMPAR-antagonist NBQX (10 mM), which eliminated the evoked
inhibitory current at 0 mV as well as the evoked response at �70
mV (92.9 6 1.13% block; n = 8 cells from 5 mice) leaving only a
small residual (;6 pA) current completely insensitive to the
GABAAR antagonist SR95531 (10 mM). AMPAR-mediated
responses measured at �70 mV were short latency (,5 ms) with a
smooth rise phase, suggesting minimal functional activation from
the small number of observed infected CA3 cells, which could
potentially activate DGCs via a di-synaptic pathway (Scharfman,
1994a). NMDA receptor (NMDAR)-mediated currents were
recorded by holding DGCs at 140mV to relieve magnesium block,
and NMDAR-mediated current amplitudes were quantified 60 ms

after optogenetic simulation, after decay of the AMPAR-mediated
current.

Immunohistochemistry and imaging
To assess viral targeting, ipsilateral hemispheres from PV-Cre::tdT mice
injected with AAV5-Syn-Chronos were removed at the time of contra-
lateral acute slice preparation and drop-fixed in 4% paraformaldehyde
(PFA) in PBS for 24–48 h at 4°C. For mice exclusively used for immuno-
histochemistry, terminally anesthetized mice (2% 2,2,2-tribromoethanol,
0.8 ml) were transcardially perfused with cold 0.1 M PBS followed by fix-
ative containing 4% PFA in PBS. Brains were removed and postfixed
(4% PFA in PBS) overnight at 4°C. The hippocampus was sectioned
coronally (100mm) using a Leica VT 1000S vibratome and three to four
sections (600-mm interval between sections) were used for staining and
imaging analysis. Sections were permeabilized with 0.4% Triton X-100
in PBS (PBS-T), blocked with 10% horse serum in PBS-T at room tem-
perature for 1 h, and incubated in primary antibody [1:1000 goat anti-
calretinin (CG1, SWANT; Schiffmann et al., 1999), 1:500 mouse anti-
GAD67 (MAB5406, Sigma-Millipore; Varea et al., 2005), 1:500 guinea
pig anti-ZnT3 (197-004, Synaptic Systems; Hendricks et al., 2017)] over-
night at 4°C in 1.5% horse serum in PBS-T. Sections were rinsed with
PBS and then incubated at room temperature for 4 h in PBS-T with
1:500 Alexa Fluor 488-conjugated rabbit anti-GFP (A21311, Invitrogen),
1:500 donkey anti-goat 647 (A21447, Invitrogen), 1:300 donkey anti-
guinea pig 488 (706-545-148, Jackson ImmunoResearch), and 1:300
donkey anti-mouse 647 (A32787, Invitrogen) antibodies. The tdTomato
signal in PV-Cre::tdT mice was bright and visualized without antibody
enhancement. Tissue was counterstained with DAPI and mounted with
Fluoromount G (SouthernBiotech) onto Fisher Superfrost slides (Fisher
Scientific).

We acquired images for YFP1/tdT1 cells and ZnT3 labeling using
either a Zeiss LSM 780 or LSM 900 laser scanning microscope on a
motorized AxioObserver Z1 (Carl Zeiss MicroImaging). Zstack images
(;15 mm) were collected with either a 5�, 20�, 40� (oil immersion), or
63� (oil immersion) objective. For CA3 pyramidal cell counts, we used
an upright spinning disk confocal microscope (3i) to obtain single opti-
cal sections of DAPI-labeled CA3 cell nuclei in both hemispheres of two
hippocampal slices per mouse, using 405-nm excitation with a 40� (oil
immersion) objective. The Cell Counter plugin in FIJI (National
Institutes of Health) was used to count cell densities. Imaging and quan-
tification of cell densities were performed by an experimenter blinded to
the experimental conditions. For CA3 cell density measures, we analyzed
cells within a standardized area of 320� 100mm to compare cell counts
within the pyramidal cell layer, to account for any decrease in CA3 py-
ramidal cell layer width between mice.

Data and statistical analysis
We used Igor Pro 5.05A (Wavemetrics) for curve fitting using an itera-
tive least-squares method and evoked PSC analysis and GraphPad for
additional statistical analysis. To quantify evoked responses,15–20 traces
were averaged and measured for a given condition in each cell. Events
characterized by a typical fast rise phase and exponential decay were
selected for analysis. To compare the AMPAR/NMDAR ratio between
cells, the peak AMPAR-mediated current amplitude at �70 mV was di-
vided by the NMDAR-mediated current magnitude, measured from the
combined evoked current at140 mV, 60ms after stimulation, when the
AMPAR-mediated component had completely decayed to baseline
(Hashimotodani et al., 2017). NMDAR-mediated currents were best fit-
ted with a two exponential decay (fast and slow components; Tovar and
Westbrook, 1999; Tovar et al., 2000), and a similar weighted decay was
used to assess kinetics for these evoked currents. For all histologic and
electrophysiology data, normality was tested using the Shapiro–Wilk test
to determine use of parametric or nonparametric statistical analysis.
Data were compared using a Student’s t test for parametric outcome
measures, whereas a Mann–Whitney U test was used for nonparametric
data. Data are expressed as mean 6 SEM, with significance set at
p, 0.05. Sample sizes were selected to detect an effect size of 30–50%
and a power of 0.8 with a set to p, 0.05.
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Results
Reduced monosynaptic excitation of
DCGs by mossy cells after SE
We combined in vivo injections of chan-
nelrhodopsin-expressing viral vectors with
acute brain slice electrophysiology to ana-
lyze alterations in functional mossy cell-
DGC connectivity three to four weeks after
pilocarpine-induced SE. In this model,
spontaneous seizures typically begin two to
three weeks after SE (Mello et al., 1993;
Shibley and Smith, 2002), followed by
granule cell axon (mossy fiber) sprouting
approximately onemonth after SE (Mello
et al., 1993; Borges et al., 2003). We chose
this time point to minimize polysynap-
tic activation of DGCs by sprouted
mossy fibers (Hendricks et al., 2019).
Under these conditions, single optoge-
netically-evoked EPSCs had sharp rise
times, short latency, and low jitter,
suggesting that recurrent activity was
not contributing to our responses.

Crlr-Cre mice express Cre recom-
binase in hilar mossy cells of the hip-
pocampus, with some expression in
proximal CA3 cells (Jinde et al., 2012).
When crossed with Rosa26-tdTomato re-
porter mice (Ai14), our preliminary anal-
ysis revealed significant off-target Cre-
mediated recombination in pyramidal
cells widely throughout CA3, as well as
in Purkinje cells of the cerebellum.
Thus, we used direct hilar injections of
Cre-dependent viruses to selectively
express ChR2 in mossy cells. In control
mice, there was widespread ipsilateral
ChR2-YFP expression in hilar mossy
cells (72.8 6 4.4% of calretinin-positive
cells co-labeled with ChR2-YFP; N= 4
control mice), with a dense band of
bilateral IML ChR2-YFP expression in
all slices and sections used in this study,
corresponding to mossy cell axonal
projections (Fig. 1A,B). As per the orig-
inal report (Jinde et al., 2012), in some
sections we observed a small number of
infected CA3 cells near the injection
site. We also observed that a small
number of mossy cells were sometimes
labeled in the contralateral hilus, per-
haps via axonal transduction (Burger et
al., 2004; Castle et al., 2014) or ventric-
ular viral spread. ChR2-YFP-expressing
cells were never observed outside of the
hippocampus. ChR2-YFP expression
was not observed in GAD1 hilar inter-
neurons or DGCs (data not shown).

ChR21-labeled mossy cell density was reduced following
pilocarpine-induced SE (control = 6220 6 1020 cells/mm3, N= 5
mice; post-SE= 3030 6 460, N=5 mice: unpaired t test, t(8) =
2.853, p=0.0214; Fig. 1D,E), consistent with hilar mossy cell loss
(Zhang et al., 2015). Mossy cell loss was not related to viral

injection, as calretinin labeling was also reduced after pilocar-
pine-induced SE in noninjected animals (control = 3590 6
980 cells/mm3, N= 5 mice; post-SE= 1040 6 340, N=5 mice:
unpaired t test, t(8) = 2.568, p= 0.0332; Fig. 1F). Although calreti-
nin tends to preferentially label the more ventral mossy cell pop-
ulation (Houser et al., 2020; Botterill et al., 2021a), our dual

Figure 1. Mossy cell loss after SE reduces their excitation of DGCs. A, Schematic of experimental design involving unilateral
injection of AAV5-flex-ChR2-YFP virus into the dentate hilus of Crlr-Cre mice. Transduction of ChR21 hilar mossy cells appeared
throughout the septo-temporal axis of the ipsilateral hippocampus with a small number of contralateral hilar cells and ipsilat-
eral CA3 pyramidal neurons. B, Representative image of ipsilateral and contralateral ChR2-YFP expression (green), which labels
calretinin expressing mossy cells (red) in the ipsilateral hilus and forms dense ipsilateral and contralateral IML projections, con-
sistent with mossy cell axon innervation. Nuclear stain (DAPI, blue) also shown. C, Experimental timeline, in which virus is
injected two weeks before pilocarpine-induced SE or saline injections. D, Representative images of ChR2-YFP and calretinin
expression in control and post-SE mice, three weeks after saline/pilocarpine injections. Mossy cells are identified by their hilar
location and size (arrowheads), as distinct from small calretinin-positive adult born neurons (arrows), which localize primarily
to the subgranular zone and granule cell layer, and are increased after SE (lower images). E, Hilar ChR21 cell density is
reduced in post-SE mice (*p, 0.05, unpaired t test). F, Hilar calretinin1 cell densities (*p, 0.05, unpaired t test) from con-
trol and post-SE mice not injected with virus, also demonstrating mossy cell loss after SE. G, Schematic illustrating DGC record-
ing configuration during acute slice experiments, and optogenetic activation of mossy cell axons. H, Representative recordings
of optogenetically-evoked EPSPs in DGCs from control or post-SE tissue. I, Mossy cell-evoked EPSP amplitudes obtained in DGCs
from control and post-SE mice (***p, 0.001, Mann–Whitney).
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observations of both decreased calretinin-positive and YFP-posi-
tive cells are consistent with many prior observations of mossy
cell loss after pilocarpine-induced SE (Jiao and Nadler, 2007;
Zhang et al., 2015; Bui et al., 2018).

To examine direct excitatory activation of DGCs by mossy
cells, we measured the EPSPs evoked by optogenetic stimulation
of ChR2-expressing mossy cell axons in whole-cell current clamp
in the presence of the GABAAR antagonist SR95531 (10 mM). In
prior reports, optogenetic stimulation of sprouted DGC axons
in pilocarpine-treated mice caused multipeak evoked responses
in recorded DGCs, because of the recurrent activation of neigh-
boring granule cells (Hendricks et al., 2019). However, in our
experiments, optogenetic stimulation of mossy cells reliably trig-
gered single peak, short latency EPSPs in DGCs in both control
and post-SE mice, indicating that evoked responses were from
mossy cell axons and not from recurrent excitatory inputs from
DGC axons that sprouted after SE. Mossy cell-evoked EPSPs
were markedly reduced in DGCs from post-SE mice compared
with control DGCs [control = 7.55 6 1.83mV, n=11 cells (7
mice), post-SE = 1.96 6 0.44mV, n= 16 cells (6 mice); Mann–
Whitney, p=0.0006; Fig. 1G–I]. The latency to depolarization
(10% rise time) was not affected (control = 3.406 0.17ms, post-
SE = 3.54 6 0.14ms, t(25) = 0.61, p=0.55). The reduction in EPSP
amplitude paralleled the reduced mossy cell density after SE, sug-
gesting that the reduction in EPSP amplitude could be attributed to
the loss of functional innervation resulting frommossy cell loss.

Loss of hilar interneurons and CA3 pyramidal neurons typi-
cally occurs in the first days after SE, while axon reorganization
often requires a few weeks to develop, in parallel with the onset
of variable spontaneous behavioral seizures (Shibley and Smith,
2002; Borges et al., 2003; Buckmaster et al., 2017). To help con-
textualize the relative time point of our analysis within disease
progression after SE, we examined tissue sections to assess some
of the histopathological features associated with epileptogenesis
in our model: CA3 neuron loss and DGC axon (mossy fiber)
sprouting. At this experimental time point, we observed consist-
ent loss of CA3 neurons in post-SE mice relative to controls
(control = 3130 6 110 cells/mm2, N=5 mice; post-SE = 2160 6

120 cells/mm2, N=5 mice; unpaired t test,
p = 0.0003; Fig. 2A,B) and variable mossy
fiber sprouting (three of the five post-SE mice
had detectable zinc transporter 3 (ZnT3)
staining in the granule cell layer and/or IML;
Fig. 2C), consistent with the three- to four-
week post-SE time point representing an early
phase in epileptogenesis.

The reduced light-evoked EPSP was not
because of diminished optogenetic activation
of surviving mossy cells, as surviving mossy
cells in post-SE mice reliably responded to
light pulses with single action potentials as
did ChR21 mossy cells in control mice (Fig.
3A–C). Input resistance was also unaltered in
surviving mossy cells (control = 128 6 28
MV, post-SE = 1236 18 MV, unpaired t test,
t(16) = 0.15, p=0.89). However, after SE, mossy
cells had an increased frequency of spontaneous
EPSPs [sEPSPs; control = 3.776 0.77Hz, n=7
cells (5 mice); post-SE = 9.91 6 1.17Hz, n=7
cells (6 mice); t(12) = 4.388; p=0.0009, unpaired
t test; Fig. 3D,E], similar to previous reports
(Zhang et al., 2015) without an effect on sEPSP
amplitude [control =2.086 0.30mV, n=7 cells
(5 mice); post-SE=2.05 6 0.26mV, n=7 cells

(6 mice); unpaired t test, t(12) = 0.089, p=0.93]. However, the
increase in sEPSPs was not associated with increased spontaneous
firing of mossy cells in our slice preparation [control =0.38 6
0.17Hz, n=8 cells (5 mice); post-SE=0.466 0.17Hz, n=9 cells (5
mice); unpaired t test, t(15) = 0.336, p=0.74]. Additionally, we did
not observe spontaneous mossy cell bursting (�3 action potentials
on a single sEPSP) in either group, nor did we observe increased
bursting in response to optogenetic depolarization or current injec-
tion into ChR2-YFP1mossy cells (data not shown).

Functional properties of mossy cell-DGC synapses after SE
To gain further insights into the network consequences of mossy
cell loss after SE, we examined the properties of excitatory synap-
ses from mossy cells onto DGCs using voltage-clamp recordings.
As would be expected from the reduced optogenetically-evoked
potentials (Fig. 1F–H), optogenetically-evoked mossy cell EPSCs
were also reduced in DGCs in post-SE mice [AMPAR-mediated
EPSC; control = 45.9 6 9.6 pA, n= 21 cells (8 mice), post-SE =
19.6 6 5.1 pA, n=21 cells (9 mice); Mann–Whitney, p=0.0067;
Fig. 4B,D]. NMDAR-mediated EPSCs, recorded at a holding
potential of 140mV, were similarly reduced in post-SE DGCs
(control = 29.76 5.2 pA, n=16 cells, post-SE= 12.66 4.9, n= 13
cells; Mann–Whitney, p= 0.0048; Fig. 4B,E). There was no differ-
ence in the AMPAR/NMDAR ratio between groups (control =
1.37 6 0.16, post-SE= 1.24 6 0.20; Mann–Whitney, p= 0.57;
Fig. 4F), indicating that there were no significant changes in the
receptor complement at mossy cell-DGC excitatory synapses af-
ter SE. Both series resistance and input resistance of target DGCs
were similar between groups (input resistance: control = 398 6 46
MV, post-SE = 4876 56MV, t(40) = 1.24, p=0.22; series resistance:
control =15.1 6 1.3 MV, post-SE=17.6 6 1.8 MV, t(40) = 1.17,
p=0.25), indicating that differences in these passive membrane
properties did not contribute to the reduced AMPAR-mediated
input in DGCs from post-SEmice.

Mossy cell-DGC EPSC rise and decay kinetics were also unaf-
fected by SE (AMPA 10–90% rise-time: control = 3.536 0.35ms,
post-SE = 3.25 6 0.28ms, Mann–Whitney, p= 0.88; AMPA

Figure 2. Histopathologic changes three to four weeks after SE injury. A, Representative high magnification images of
CA3 cell nuclei (as revealed by DAPI staining) in sections from control and post-SE mice (white dashed lines indicate the
CA3 cell body layer boundaries). B, CA3 cell loss in post-SE mice (***p, 0.001, unpaired t test). C, Mossy fiber terminal
labeling (ZnT3, green) in control and post-SE mice, qualitatively demonstrating small amounts of mossy fiber sprouting
(MFS) in some mice. Magnification of granule cell and IML in insets.
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decay tau: control = 7.62 6 0.39ms, post-
SE= 8.09 6 0.63ms, Mann–Whitney, p= 0.78;
NMDA weighted decay: control = 177 6 14ms,
post-SE = 163 6 16ms, t(23) = 0.64, p=0.53).
Additionally, paired pulse stimulation revealed
similar paired pulse depression at mossy cell-
DGC synapses in post-SE mice and controls
(100-ms interstimulus interval: control = 0.75 6
0.06 P2/P1 ratio, n=14 cells, post-SE= 0.84 6
0.10 P2/P1 ratio, n= 14 cells; Mann–Whitney,
p=0.95; Fig. 4G–I). Together, these results sug-
gest that reduction in population EPSC ampli-
tudes at mossy cell-DGC synapses could be
largely attributed to a decrease in the number of
mossy cells, but that surviving mossy cell-DGC
excitatory synapses have typical presynaptic and
postsynaptic properties.

Mossy cell-driven output favors feedforward
inhibition of DGCs after SE
Di-synaptic feedforward inhibition of DGCs by
mossy cells is a prominent component of the
dentate mossy cell circuit (Hsu et al., 2016;
Scharfman, 2016). In addition to reduced excita-
tion of DGCs, mossy cell loss could reduce ex-
citation of interneurons, and thus also reduce
feedforward inhibition. Therefore, we optoge-
netically stimulated mossy cells to examine di-
synaptic GABAAR-mediated IPSCs. Despite a
substantial reduction in the mossy cell-driven
AMPAR-mediated current after SE (57%
decrease, Fig. 4D), there was a smaller reduc-
tion (44%) in the feedforward GABAergic
input from mossy cells onto DGCs that barely
reached significance [control = 41.8 6 9.6 pA,
n = 21 cells (8 mice), post-SE = 23.3 6 6.4 pA,
n = 21 cells (9 mice); Mann–Whitney, p =
0.049; Fig. 5B,C]. When examined on a cell-
by-cell basis, the ratio of inhibition to excita-
tion (I:E ratio) driven by mossy cell activation
was significantly increased after SE (GABAR/
AMPAR-mediated amplitude; control = 1.776
0.58, post-SE = 3.42 6 1.27; Mann–Whitney,
p = 0.015; Fig. 5D). Thus, although both direct and indirect
connectivity to DGCs was reduced after SE, there was relative
preservation of the di-synaptic inhibitory output from surviv-
ing mossy cells onto DGCs, shifting the net synaptic output of
mossy cells toward greater inhibition of DGCs.

Mossy cell-mediated input to PV1 basket cells is preserved
after SE
Commissural projecting neurons in the hippocampus, which
includes mossy cells, provide substantial synaptic input onto
PV1 basket cells, primary mediators of feedforward inhibition,
and to a lesser extent other interneuron populations in the den-
tate (Hsu et al., 2016). PV1 basket cells reside within the sub-
granular zone of the dentate gyrus (Ribak and Seress, 1983;
Soriano and Frotscher, 1989; Vaden et al., 2020), and
receive excitatory innervation from mossy cells, as well as
from semilunar DGCs and medial entorhinal fibers (Hsu et
al., 2016; Rovira-Esteban et al., 2020). Because of the impor-
tance of PV1 basket cells in mediating feedforward inhibi-
tion of DGCs, we examined the mossy cell to PV1 basket

cell circuit as a potential site of plasticity for the relative
preservation of di-synaptic inhibitory mossy cell output af-
ter SE. To label PV1 basket cells for slice recording experi-
ments, we crossed a PV-specific Cre driver line mouse
(Hippenmeyer et al., 2005) with a tdTomato reporter mouse
line, to identify these cells for subsequent recording.

Consistent with prior immunohistochemistry in epileptic
rodent brain (Buckmaster and Dudek, 1997; Wittner et al.,
2001), we did not observe a change in PV1 basket cell density
following pilocarpine-induced SE (control = 602.9 6 121.8 PV-
tdT1 cells/mm3, N=13 mice, post-SE = 535.1 6 127.4 PV-
tdT1 cells/mm3, N=9 mice; p= 0.60, Mann–Whitney; Fig. 6A,
B). Following SE, PV1 cells also showed no differences in sEPSC
amplitude and frequency (amplitude: control = 33.5 6 3.4 pA,
n= 11 cells/7 mice, post-SE = 29.5 6 3.9 pA, n=8 cells/6 mice;
t(17) = 0.777; p= 0.45, unpaired t test; frequency: control = 3.236
0.74Hz, n=11 cells/7 mice, post-SE = 4.996 1.61Hz, n= 8 cells/
6 mice; p= 0.35, Mann–Whitney; Fig. 6C–E), indicating that
these interneurons are present in normal number and maintain
excitatory input after SE-induced reduction in the number of
mossy cells.

Figure 3. Characterization of ChR2-expressing mossy cells in control and post-SE mice. A, Representative high
magnification images of ChR21 hilar cells (green), co-labeled (arrows) with calretinin (red). B, Schematic of record-
ing setup. C, LED-evoked action potentials in ChR21 mossy cells after single pulses or 10-Hz trains of 1-ms light
stimulation, demonstrating similar activation of cells from control and post-SE mice. D, Representative sEPSP record-
ings from ChR21 mossy cells from control and post-SE mice in the absence of light stimulation. E, ChR21 mossy
cells from post-SE mice have an increased sEPSP frequency relative to controls (***p, 0.001, unpaired t test).
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To selectively examine the mossy cell-mediated input to PV1
basket cells, we unilaterally injected the dentate hilus of PV-Cre::
tdT mice with a non-Cre-dependent channelrhodopsin virus
(AAV5-Syn-Chronos-GFP), to target commissural projections of
mossy cells to the contralateral dentate gyrus. This resulted in
the expected widespread infection of cells throughout the dentate
gyrus in the ipsilateral hemisphere, but more importantly
allowed us to selectively stimulate mossy cell inputs in slices
from the contralateral hemisphere while recording from geneti-
cally identified (tdTomato1) PV1 basket cells. Chronos-GFP
expression in the contralateral hippocampus was restricted to
mossy cell axons in the IML (Fig. 7A,B). Two weeks after virus
injection and mossy cell labeling, mice were randomized to ei-
ther control or pilocarpine-mediated SE. At the same early time
point (three to four weeks after SE), acute hippocampal slices

were prepared to examine the connectivity
of mossy cells with both DGCs and PV-
tdT1 basket cells using whole-cell patch-
clamp recordings (Fig. 7C).

Surprisingly, AMPAR-mediated synaptic
input onto PV-tdT1 cells was unaltered af-
ter SE [control = 61.26 13.6pA, n=13 cells
(8 mice), post-SE=49.1 6 10.7pA, n=8
cells (6 mice); Mann–Whitney, p=0.92; Fig.
7D,F]. There was also no change in the
paired pulse ratio [control = 1.50 6 0.08
PPR, n=13 cells (8 mice), post-SE = 1.496
0.14 PPR, n=5 cells (4 mice); Mann–
Whitney, p=0.70; Fig. 7G–I], suggesting
that an increase in release probability at this
synapse does not compensate for the reduc-
tion in the number of mossy cells post-SE.

To confirm that the maintained
mossy cell-PV1 basket cell functional
connectivity was not because of techni-
cal differences between the two different
experimental approaches (Cre-depend-
ent or Cre-independent vectors), or to
potential variation in channelrhodopsin
expression between animals, we made
recordings from granule cells in the same
slices as our PV-tdT1 recordings (either
simultaneously or sequentially), while opto-
genetically stimulating the same set of con-
tralateral mossy cell projections. Consistent
with prior recordings, optogenetically-
evoked excitatory (AMPAR-mediated) cur-
rents in DGCs were reduced after SE
[control = 11.7 6 2.1 pA, n=13 cells (8
mice), post-SE = 5.36 0.8 pA, n=8 cells (6
mice); Mann–Whitney, p=0.0004; Fig. 7D,
E], demonstrating a selective loss of mossy-
cell mediated inputs to DGCs compared
with inputs to PV1 interneurons. The
functionally preservedmossy cell-PV1 bas-
ket cell circuit, despite widespread mossy
cell loss, suggests that the overall connectiv-
ity between the remaining mossy cells and
target PV1 basket cells must increase to
compensate and maintain overall excitatory
drive of the PV1 interneuron network,
which helps explain the relative preserva-
tion of mossy cell-meditated feedforward
inhibition after SE.

Discussion
Hilar mossy cells form long-range bilateral projections in the hippo-
campus, and are the only intrinsic hippocampal inputs to provide
widespread excitatory innervation of DGCs. Modification of mossy
cell activity using chemogenetics is sufficient to alter learning tasks
in mice (Bui et al., 2018), with others demonstrating the critical role
of mossy cells in behavioral and memory tasks (Azevedo et al.,
2019; Oh et al., 2020; Botterill et al., 2021b; Fredes and Shigemoto,
2021). These observations highlight the possible role of mossy cells
in coordination and control of hippocampal functions, such as pat-
tern separation in the dentate gyrus and DGC phase-locking
(Soltesz et al., 1993; Buckmaster and Schwartzkroin, 1994;

Figure 4. Mossy cell loss after SE does not alter receptor composition or short-term plasticity of remaining mossy cell-DGC
synapses. A, Schematic illustrating DGC recording configuration during optogenetic activation of mossy cell axons. B,
Representative EPSCs in DGCs resulting from mossy cell activation in control and post-SE mice. The black trace was recorded
at �70 mV (AMPAR-mediated) and the blue trace was recorded at 140 mV (AMPAR-mediated and NMDAR-mediated),
both with GABAA receptors blocked. C, Peak-scaled responses (to AMPAR-EPSC peak; light colored traces from post-SE mice)
in control and post-SE conditions. D, Summary data showing light-evoked AMPAR-mediated response amplitudes in DGCs
from control and post-SE mice (**p, 0.01, Mann–Whitney). E, Summary data showing light-evoked NMDAR-mediated
response amplitudes in DGCs from control and post-SE mice (**p, 0.01, Mann–Whitney). F, The ratio of AMPAR:NMDAR-
mediated response amplitudes is unchanged after SE (p= 0.57, Mann–Whitney). G, Representative currents evoked by
paired-pulse stimulation (100-ms interval) in DGCs from control and post-SE mice. H, Peak-scaled paired-pulse responses
from G (green trace from post-SE mice). I, Paired pulse ratio is unchanged for mossy cell-evoked responses in DGCs from con-
trol versus post-SE mice (p= 0.95, Mann–Whitney).
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Danielson et al., 2017; GoodSmith et al., 2017;
Senzai and Buzsáki, 2017). Our results con-
firm that mossy cell loss in the pilocarpine
model of TLE reduces overall excitatory con-
nectivity between the mossy cell population
and DGCs. Surprisingly, however, there also
was a shift in the net output of the mossy cell
network, with a relative preservation of mossy
cell-mediated inhibitory tone in the dentate
microcircuit. The maintained inhibitory tone
reflects adaptive circuit plasticity post-SE and
suggests that residual mossy cell activity could
have anti-seizure effects in epilepsy.

Implications of mossy cell circuit
plasticity for epileptogenesis
Mossy cell loss is a dominant feature of TLE
in humans and in animal models (Nadler et
al., 1980; Babb et al., 1984; Lowenstein et al.,
1992; Obenaus et al., 1993; Blümcke et al.,
2000), and has led to highly discussed
hypotheses on its contribution to hippocam-
pal hyperexcitability.

The first set of hypotheses on the role of
mossy cell loss during epileptogenesis
focused on excitatory connectivity between
mossy cells and DGCs. Although one might
expect that mossy cell loss would decrease
excitatory input to DGCs, recordings of
mossy cells in other disease models sug-
gested that mossy cell loss was coincident
with increased excitatory activation of the
remaining mossy cells, and contributed to
elevated excitation of DGCs (Santhakumar
et al., 2000, 2005; Zhang et al., 2015). Taken
together, these “irritable” mossy cells were
hypothesized to drive dentate hyperexcit-
ability and potentially contribute to seizure
activity (Santhakumar et al., 2000; Ratzliff et
al., 2002).

The alternative “dormant basket cell hy-
pothesis” focused explicitly on the feedfor-
ward inhibitory component of the mossy
cell circuit. This hypothesis was initially
based on observations in slices from electrically kindled rats, in
which granule cell hyperexcitability (i.e., multiple DGC popula-
tion spikes after a single perforant path stimulus) was associated
with mossy cell loss and decreased granule cell inhibition
(Sloviter, 1991; Sloviter et al., 2003). An inability to drive paired-
pulse inhibition in slices from epileptic animals led to the sugges-
tion that loss of excitatory input from mossy cells may have
rendered the remaining GABAergic basket cells “dormant.”
However, this interpretation has been controversial, as other
studies have demonstrated that GABAergic hilar interneurons
are also vulnerable to loss in other brain injury models
(Santhakumar et al., 2000). Regardless, the dormant basket cell
hypothesis suggested that mossy cell loss might contribute to epi-
leptogenesis by reducing basket cell activation.

These two hypotheses were more recently examined in mice
using two different strategies. Jinde et al. (2012) used transgenic
mice to selectively express an inducible diphtheria toxin receptor
in mossy cells. The specific ablation of almost all mossy cells did
not cause spontaneous seizures or epilepsy when mice were

followed for up to sixweeks after ablation, although whole-cell
patch-clamp recordings in DGCs demonstrated a transient
hyperexcitability. These observations demonstrated that isolated
mossy cell loss does not cause spontaneous seizures, and that the
net effect of mossy cells, even in an epileptic brain, might be to
reduce hippocampal hyperexcitability. Bui et al. (2018) used in
vivo EEG recordings of seizures in a mouse model of TLE, while
optogenetically activating or inactivating the surviving mossy cell
population at the beginning of potential seizure-like discharges.
Optogenetic activation of surviving mossy cells actually aborted
seizures, whereas silencing mossy cells increased seizure fre-
quency in these mice. Although these data do not neatly fit into
the previous hypotheses, the elevated excitability of the dentate
gyrus following mossy cell ablation (Jinde et al., 2012) and net
anti-seizure effect of residual mossy cells in epilepsy (Bui et al.,
2018) highlight the importance of mossy cells in inhibitory con-
trol of the dentate gyrus as proposed in the dormant basket cell
hypothesis.

Consistent with these in vivo data, our results suggest a net in-
hibitory effect of residual mossy cell activity. However, adaptive

Figure 5. Relative preservation of mossy cell-driven feed-forward inhibition after mossy cell loss. A, Schematic of the
dentate mossy cell microcircuit, in which mossy cells (green) directly excite DGCs (purple) and also drive di-synaptic feed-
forward inhibition via GABAergic interneurons, such as dentate basket cells (red). B, Representative optogenetically-evoked
mixed currents in DGCs (�70 mV, no drugs; green), as well as pharmacologically isolated, AMPAR-mediated currents
(�70 mV w/10 mM SR95531; black), and GABAR-mediated (SR95531-sensitive; red) currents in DGCs from control and
post-SE mice. C, Summary data demonstrating reduced feedforward inhibition in DGCs from post-SE mice (*p, 0.05,
Mann–Whitney). D, The ratio of inhibition:excitation in DGCs after mossy cell activation is increased after SE, indicating rel-
ative preservation of feedforward inhibition after SE (*p, 0.05, Mann–Whitney).
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plasticity in the mossy cell-PV1 basket
cell circuit demonstrates that basket cells
are not as “dormant” as might be inferred
by the degree of mossy cell loss. The net
inhibitory output of the mossy cell circuit
suggests that mossy cells may play an im-
portant role in maintaining inhibition of
mature, neonatally-generated DGCs in the
epileptic brain.

Although we did not observe increased
mossy cell firing in post-SE mice, the
reduced nature of circuits in a slice prepa-
ration might not accurately reflect patterns
of mossy cell firing in vivo. The increased
sEPSP frequency in surviving mossy cells
after pilocarpine-induced SE does fit with
the notion of “irritable”mossy cells, but this
enhanced activation could serve to preserve
inhibitory tone in the dentate microcircuit,
as demonstrated with increased seizures
when mossy cells are inhibited in vivo (Bui
et al., 2018). Thus, perhaps mossy cells might
be better described as “adaptable” rather
than “irritable” in the epileptic hippocampal
circuit.

Mossy cells also provide synaptic input
onto immature DGCs, ectopically migrated
granule cells, and semilunar granule cells in
the IML (Williams et al., 2007; Chancey et
al., 2014), and future studies examining how
mossy cell loss affects these other excitatory
neurons in the dentate could provide a more
complete understanding of how mossy cell
output impacts the overall dentate network
function during epileptogenesis. Although
we did not observe burst firing in mossy
cells, higher frequency mossy cell firing
might differentially recruit excitatory or in-
hibitory inputs, which could potentially be
studied using optogenetic proteins with
faster kinetics. Overall, a shift in the circuit
balance to favor inhibition is reminiscent of
reorganized inputs onto surviving inhibitory
interneurons post-SE and after traumatic
brain injury, which have been theorized to
preserve circuit homeostasis in disease
(Halabisky et al., 2010; Hunt et al., 2011;
Butler et al., 2017).

Another important factor may also be
the involvement of hilar mossy cells during
both the initial insult and subsequent epi-
leptogenesis following various brain inju-
ries. Although our data are consistent with
observations made from mice that had
developed epilepsy (Bui et al., 2018), in
which mossy cell activation had a net anti-
seizure effect, a recent report demonstrated
that chemogenetic inhibition of mossy cells
before the induction of SE was sufficient to
reduce overall seizure severity and progres-
sion to chronic epilepsy (Botterill et al.,
2019). This observation would suggest that
mossy cell activity may differentially engage

Figure 6. Cell density and spontaneous excitatory synaptic inputs onto PV1 basket cells are similar between control and
post-SE mice. A, Images of PV-tdT1 cells in the dentate gyrus of control and post-SE mice (dashed white line denotes the
granule cell layer/hilus border and arrows indicate PV1 basket cells). B, PV-tdT1 basket cell density is not different
between control and post-SE mice (p= 0.60, Mann–Whitney). C, Representative sEPSC recordings in PV-tdT1 cells from
control and post-SE mice in the absence of light stimulation. D, sEPSC amplitude in PV-tdT1 basket cells from control and
post-SE mice is unaltered (p= 0.45, unpaired t test). E, sEPSC frequency is similar in PV-tdT1 basket cells from control and
post-SE mice, demonstrating that surviving PV-tdT1 basket cells are not dormant in post-SE mice (p= 0.35, Mann–
Whitney).

Figure 7. Overall mossy cell-driven excitation of PV1 basket cells is preserved despite mossy cell loss after SE A,
Schematic of unilateral channelrhodopsin (Chronos-GFP) virus injection in PV-Cre::tdTomato mice. B, Images demonstrate
Chronos-GFP expression (green) in the ipsilateral dentate and the contralateral IML, consistent with mossy cell expression.
PV-tdT1 basket cells shown in red. C, Schematic of the dual recording setup to test mossy cell connectivity onto DGCs and
PV-tdT1 basket cells in PV-Cre::tdTomato mice. D, Representative optogenetically-evoked EPSCs recorded from simultane-
ously-recorded PV-tdT1 basket cells and DGCs in control and post-SE mice. E, Evoked mossy cell-DGC EPSC amplitudes in
control and post-SE mice, demonstrating reduced amplitudes after SE (***p, 0.001, Mann–Whitney). F, From the same sli-
ces assayed in panel E, evoked mossy cell to PV-tdT1 EPSCs are not reduced after in post-SE mice (p= 0.92, Mann–
Whitney). G, Representative currents evoked by paired-pulse stimulation (100-ms interval) in PV-tdT1 basket cells from con-
trol and post-SE mice. H, Peak-scaled responses from G. I, Paired pulse ratio is unchanged for mossy cell-evoked responses in
PV-tdT1 basket cells from control and post-SE mice (p= 0.70, Mann–Whitney).
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hippocampal circuits before, and likely during, epileptogenesis,
particularly during the progression of structural and functional net-
work changes involving progressive cell loss and axon rearrange-
ment. During epileptogenesis, the onset of spontaneous seizures
may contribute to further functional hippocampal circuit changes,
and variability in the rate of progression toward epilepsy.

Mechanisms of mossy cell circuit plasticity
Preservation of feedforward inhibition onto DGCs despite signif-
icant mossy cell loss suggests that circuit plasticity may help
maintain homeostasis after brain insults. Typically, circuit plas-
ticity involves a combination of structural and functional adapta-
tion. Strengthening of mossy cell-PV1 basket cell connections
could be mediated through higher release probability, axon/ter-
minal sprouting, or modification of postsynaptic receptors. The
lack of change in paired pulse ratio in our experiments suggests
that probability of release did not change. Thus, surviving mossy
cells likely strengthen connections to target interneurons by ei-
ther sprouting additional synapses or by strengthening of indi-
vidual synapses. Axon sprouting by other principal neurons after
brain injury contributes to increased excitatory innervation of
interneurons (Halabisky et al., 2010; Hunt et al., 2011; Butler et
al., 2017), and seems a candidate mechanism for preserved
mossy cell-mediated feedforward inhibition. Additionally, mossy
fiber sprouting into the IML occurs after brain insults and forms
functional excitatory synapses onto DGCs (Hunt et al., 2010;
Hendricks et al., 2017, 2019), although it is currently unclear
whether these sprouted granule cell axons drive inhibitory basket
cell function. Although we provide evidence for functional
changes at the mossy cell-basket cell synapse, future studies
could examine whether changes in the basket cell intrinsic prop-
erties such as the action potential threshold, or selective preserva-
tion of the coupling of specific sources of excitatory synaptic
input to basket cell firing, might present additional opportunities
for the homeostatic preservation of inhibition during epilepto-
genesis. Reduced interneuron excitability has been noted in other
models of epilepsy (Tai et al., 2014); however, there have also
been observations of impaired output of these interneurons onto
target DGCs as well (Zhang and Buckmaster, 2009). Together,
identification of the synaptic mechanisms underlying plasticity
of the mossy cell–PV cell connections, as well as further analysis
of the PV-DGC output properties, will be critical to fully under-
stand how mossy cell loss in epilepsy impacts dentate circuit
function in disease.

Future work determining the mechanisms that underlie the
selective plasticity for mossy cell-PV1 basket cell synapses, as
well as the potential involvement of other interneuron subtypes
including nonbasket cells, will be important to determine how
generally applicable these circuit changes are after various brain
insults (i.e., traumatic brain injury and stroke), and if the
enhancement of this adaptive plasticity could be a promising
therapeutic strategy to increase inhibition of DGCs in epilepsy,
thus reducing dentate hyperexcitability and, hopefully, seizures.
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