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Abstract
Gamma-aminobutyric acidergic (GABAergic) interneurons (INs) in the dentate gyrus (DG) provide inhibitory control to granule
cell (GC) activity and thus gate incoming signals to the hippocampus. However, how various IN subtypes inhibit GCs in response
to different excitatory input pathways remainsmostly unknown. By using electrophysiology and optogenetics, we investigated
neurotransmission of the hilar commissural pathway (COM) and themedial perforant path (MPP) to the DG in acutely prepared
mouse slices. We found that the short-term dynamics of excitatory COM–GC and MPP–GC synapses was similar, but that the
dynamics of COM- and MPP-mediated inhibition measured in GCs was remarkably different, during theta-frequency
stimulation. This resulted in the increased inhibition–excitation (I/E) ratios in single GCs for COM stimulation, but decreased I/E
ratios for MPP stimulation. Further analysis of pathway-specific responses in identified INs revealed that basket cell-like INs,
total molecular layer- and molecular layer-like cells, received greater excitation and were more reliably recruited by the COM
than by the MPP inputs. In contrast, hilar perforant path-associated and hilar commissural–associational pathway-related-like
cells were minimally activated by both inputs. These results demonstrate that distinct IN subtypes are preferentially recruited
by different inputs to the DG, and reveal their relative contributions in COM-mediated feedforward inhibition.
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Introduction
The dentate gyrus (DG) serves as a primary gate, filtering and pro-
cessing sensory inputs entering the hippocampus (Amaral et al.
2007; Treves et al. 2008). Its principal neurons, granule cells (GCs),
have low intrinsic excitability and fire sparsely both in vivo and
ex vivo (Alme et al. 2010; Pernía-Andrade and Jonas 2014). Their
sparse firing serves as a protective shield, protecting hippocam-
pal circuits against runaway excitation (Behr et al. 1998; Coulter
and Carlson 2007). Most importantly, it enables the transform-
ation of massive overlapping cortical information into the
discrete representations that are required for rapid pattern separ-
ation (Leutgeb et al. 2007). In addition to low intrinsic excitability
(Schmidt-Hieber et al. 2007; Krueppel et al. 2011; Chiang et al.

2012), inhibitory circuit mechanisms also have been shown to
contribute to the sparse activation of GCs. For instance, the exci-
tatory input from the medial entorhinal cortex (MEC), called the
medial perforant path (MPP), is known to recruit fast-spiking bas-
ket cells (BCs), thereby providing feedforward inhibition onto GCs
(Ewell and Jones 2010; Dieni et al. 2013; Liu et al. 2014).

However, several important outstanding questions remain
unanswered with respect to the circuit-driven inhibition. First,
there are multiple classes of interneurons (INs) in the DG (Han
et al. 1993; Freund and Buzsáki 1996; Mott et al. 1997; Hosp
et al. 2014; Liu et al. 2014); apart from fast-spiking BCs, do other
IN subtypes contribute to GC input–output transformations?
Second, whether there are long-range excitatory afferents from
other brain regions (Soriano and Frotscher 1994; Boulland et al.
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2009; Vivar et al. 2012) andwhat their cellular targets are, if so. One
notable long-range excitatory afferent projecting to the DG is the
commissural pathway (COM), which originates from mossy cells
(MCs) in the contralateral hilus, and innervates the proximal den-
drites of GCswithin the innerone-thirdmolecular layer (IML;West
et al. 1979; Soriano and Frotscher 1994; Buckmaster et al. 1996;
Scharfman and Myers 2013). Previous in vivo studies showed
that COMactivation exerts a suppressive effect on concurrent per-
forant path (PP)-evoked population spikes in the DG through feed-
forward inhibition (Buzsáki and Czéh 1981; Buzsáki and Eidelberg
1981; Bilkey and Goddard 1987). The COM–PP inputs thus compose
a control circuit to regulate patterns of information flow. However,
a direct connection of COMafferents to specific inhibitory IN types
remains poorly understood.

The COM axonal projections substantially overlap with those
from the supramammillary nucleus (SuM) in the IML (Boulland
et al. 2009; Soussi et al. 2010; Kohara et al. 2014). In addition,
hilar MCs also form ipsilateral projections (i.e., the associational
pathway) to innervate the proximal dendrites of GCs within the
IML. Therefore, it is not possible to differentially activate these
excitatory pathways with conventional electrical stimulation.
Accordingly, here we used cell type-specific optogenetic tools to
selectively activate theMPP and COM (Yizhar et al. 2011; Chancey
et al. 2014).We found that photostimulation of each of these 2 in-
puts resulted in distinct inhibition patterns in GCs. Further ana-
lysis of pathway-specific responses revealed that BC-like cells
were reliably activated by both inputs. However, 2 dendrite-tar-
geting IN subtypes, the total molecular layer (TML)- andmolecu-
lar layer (ML)-like cells, received greater excitation from the COM
and were more reliably recruited by the COM than by the MPP
inputs. Taken together, our results indicate that in addition to
BC-like cells, TML- and ML-like cells substantially contribute to
COM-mediated inhibition.

Materials and Methods
Animals

All animalswere handled in accordancewith the national and in-
stitutional guidelines, and protocols were approved by the Ani-
mal Care and Use Committee of the National Yang-Ming
University. All Grik4-cre animals used for electrophysiology
were adult (2–5 months old) transgenic hemizygote mice (stock
#006474; Jackson Laboratory, Bar Harbor, ME, USA). To target ex-
citatory neurons, we used wild-type mice with a C57BL/6 genetic
background. Mice of both sexes of the above strains were in-
cluded in these studies.

Virus

We generated an adeno-associated virus serotype 5 (AAV5) carry-
ing Cre-inducible channelrhodopsin-2 (ChR2)-enhanced yellow
fluorescent protein (eYFP) transgene AAV5-EF1α-DIO-hChR2
(H134R)-eYFP-WPRE-pA provided by Dr Karl Deisseroth (Stanford
University, Stanford, CA, USA) to target expression of hilar MCs.
The AAV5 packaging (pLT-RC03) and adenovirus helper (pHGTI-
Adeno1) constructs were gifts from Dr Jeng-Shin Lee (Harvard
Gene Therapy Initiative, Harvard Medical School, Boston, MA,
USA). To target the excitatory neurons in the MEC, we used the
AAV5 carrying CaMKIIα promoter-driven ChR2 tagged with
mCherry [AAV5-CaMKIIα-hChR2(H134R)-mCherry-WPRE-pA],
which was produced by the University of North Carolina Vector
Core Facilities, Chapel Hill, NC, USA.

Stereotaxic Injection

Mice (postnatal day >30) were anesthetized with 4% isoflurane
(vol/vol; Halocarbon Laboratories, North Augusta, SC, USA) in
100% oxygen in an induction chamber (air flow rate: 4 mL/min),
and their heads were shaved for further operation. Mice were
placed onto the stereotaxic frame (Stoelting Co., Wood Dale, IL,
USA). The mouths and noses of the mice were covered by an an-
esthetizing mask, supplied with approximately 1.5% isoflurane
air flow (4 mL/min). A homeothermic blanket (Panlab Harvard
Apparatus, Barcelona, Spain) was placed below the mice to
keep the body temperature constant (34 °C). After securing the
head with 2 ear bars, 75% ethanol was used to sterilize the surgi-
cal area and the eyes were protected by ophthalmic gel. To target
hilar MCs of the dorsal hippocampus, a midline scalp incision
(∼1 cm) was made with scissors and the skin pulled aside to ex-
pose the skull. A small craniotomy (coordinates from Bregma:
anteroposterior (AP): −2 mm; mediolateral (ML): ±1.3 mm) was
made directly over the dorsal hippocampus. The viral vector
was delivered through the craniotomy to the 2 locations within
the dorsal hippocampus (dorsoventral (DV): −2 and −1.8 mm),
using a 10-μL NanoFil syringe (World Precision Instruments, Sar-
asota, FL, USA) and a 35-gauge beveled metal needle. Injection
volume (0.5 μL at each location) and flow rate (0.1 μL/min) were
controlled with a nanopump Controller (KD Scientific, Holliston,
MA, USA). After viral injection, the needle was left in place
0.2 mm above the injection sites for 10 min before it was with-
drawn slowly. Similar proceduresweremade for targeting excita-
tory neurons in the MEC except that the craniotomy and
subsequent viral injection were delivered to the 2 locations with-
in theMEC (coordinates fromBregma: AP:−4.7 mm;ML: ±3.3 mm;
DV: −3.5 and −3.3 mm). After viral injection, the incision was
closed by suturing and mice were placed back to the home cage
for recovery. All animals were allowed at least 3 weeks of rest be-
fore thenext experimental stagewas commenced, ensuring com-
plete recovery and sufficient gene expression.

Preparation of Brain Slices

After at least 3 weeks of recovery, virus-injected mice (postnatal
day >51) were anesthetized with isoflurane and transcardially
perfused with cold carbogenated (95%O2 and 5% CO2) sucrose so-
lution (∼30 mL) containing (in mM): 87 NaCl, 25 NaHCO3, 1.25
NaH2PO4, 2.5 KCl, 10 glucose, 75 sucrose, 0.5 CaCl2, and 7 MgCl2.
The brain was dissected out and coronal slices (300 μm)were pre-
pared in the same carbogenated sucrose solution using a vibrat-
ing tissue slicer (DTK-1000; Dosaka, Kyoto, Japan) under a dim red
light. Following sectioning, slices were incubated in a holding
chamber filled with the carbogenated sucrose solution at 34°C
for about 25 min, then shifted to room temperature for further
experiments.

Electrophysiology and Optical Stimulation

For experiments, individual slices were transferred to a sub-
merged chamber and were continuously perfused with carboge-
nated artificial cerebrospinal fluid (ACSF) containing the
following (in mM): 125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCl,
25 glucose, 2 CaCl2, and 1 MgCl2. The ChR2-eYFP or ChR2-mCher-
ry expression patternwas confirmed by epifluorescence and neu-
rons were visually selected for recordings under infrared Dodt
gradient contrast optics (Leica DM6000 CFS, Leica Microsystems,
Wetzlar, Germany). Axonal fibers expressing ChR2 were stimu-
lated with 473-nm light, which was delivered from a 200-μm
multimode optical fiber (0.39 numerical aperture, Thorlabs,
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Newton, NJ, USA) coupled with a 473-nm, diode-pumped, solid-
state laser (OEM Laser Systems, Midvale, UT, USA). The distance
between the tip of optic fiber and the recorded single cell/pairwas
approximately 100–300 μm, and the distance between the re-
corded pair was smaller than the tip diameter (200 μm). The
area of photostimulation was large enough to cover the entire
DG under this condition. Near-maximum light intensity was
also used to avoid the possible difference of light intensity due
to displacement of fiber between recorded pair. The onset and
duration of light pulseswere detected byaGaP Photodiode (wave-
length range: 150–550 nm, 1 ns rise time, Thorlabs) placed near
the submerged chamber. For cell-attached and whole-cell
patch-clamp recordings, pipettes (4–8 MΩ) pulled from borosili-
cate glass tubing (outer diameter, 1.5 mm; inner diameter,
0.86 mm; Harvard Apparatus, Holliston, MA, USA) were filled
with low Cl− internal solution, containing the following (in
mM): 136.8 K-gluconate, 7.2 KCl, 0.2 EGTA, 4 MgATP, 10 HEPES, 7
Na2-phosphocreatine, 0.5 Na3GTP (pH 7.3 with KOH), and 0.5%
biocytin (wt/vol; Life Technologies, Grand Island, NY, USA). To
measure the inhibitory (I)–excitatory (E) conductance ratio, Cs-
based intracellular solution was used, containing (in mM): 121.5
CsMeSO3, 0.1 EGTA, 4MgCl2, 13.5 CsCl2, 10 HEPES, 5 QX-314 brom-
ide, 2 Na2ATP, 10 Na2-phosphoreatine, 0.3 Na3GTP, and 0.2% bio-
cytin (wt/vol). Excitatory and inhibitory synaptic responses were
evoked by 10 Hz train photostimulation (light pulse duration,
5 ms; intertrain interval, 15 s). Pipette capacitance and series re-
sistance were compensated (100% in current clamp and 70% in
voltage clamp). For interactions of COM and PP experiments,
transverse slices containing the ventral DG were selected be-
cause the PP projection from the EC can be largely preserved in
the subiculum in this preparation. The PP fibers were stimulated
for 0.1 ms with constant current (range of 10–1000 μA) using a
monopolar electrode placed in the subiculum to avoid the direct
activation of DG IN axons. Field recordings were performed with
ACSF-filled patch pipettes (with a resistance of <1 MΩ). Datawere
recorded with Multiclamp 700B amplifiers (Molecular Devices,
Sunnyvale, CA, USA), filtered at 4 kHz, and sampled at 10 kHz
with a Digidata 1440 interface (Molecular Devices) controlled by
pClamp 10.2 software (Molecular Devices). All recordings were
conducted in dim light conditions. The recording temperature
was 23 ± 2 °C in the majority of experiments and 34 ± 2 °C in sub-
sets (Fig. 6 and see Supplementary Fig. 5).

Immunohistochemistry

To identify the recorded neurons (filled with 0.2 or 0.5% biocytin),
brain slices were fixed overnight with 4% paraformaldehyde (wt/
vol) in phosphate-buffered saline (PBS). After washing with PBS 3
times, slices were incubated with streptavidin-conjugated Alexa
Fluor 594 or 488 (1 : 400; Life Technologies) in PBS and 0.3% Triton
X-100 (vol/vol; USB Co., Cleveland, OH, USA) overnight at 4 °C.
After washing 6 times with PBS, slices were mounted onto slides
withmountingmediumVectashield (Vector Laboratories, Burlin-
game, CA, USA). For nuclear staining, slices were incubated with
4′,6-diamidino-2-phenylindole (DAPI; 1 : 5000; Life Technologies)
for 15 min before finally washing with PBS 6 times. Labeled cells
were imaged using a confocal/two-photon laser excitationmicro-
scope (Leica SP5 module, Leica Microsystems). Confocal image
stacks were reconstructed with Neuromantic 1.6.5 software (de-
veloped by Darren Myatt, University of Reading, Reading, Berk-
shire, UK). To characterize Cre recombinase expression in the
Grik4-cre mouse line, the ROSA26-LacZ reporter mouse line was
crossedwith theGrik4-cremouse. The offspring, which contained
both cre and lacZ genes, were used for X-gal staining. In brief,

mice were anesthetized with pentobarbital (50 μg/mL) and trans-
cardially perfused with PBS, followed by 4% paraformaldehyde in
PBS. The fixed brain was removed and post-fixed in 4% parafor-
maldehyde for an additional 6 h. After dehydrating with 30% su-
crose in PBS, the fixed brain was embedded in optimal cutting
temperature compound (Sakura Finetek Japan Co., Tokyo, Japan)
for cryosectioning into 30 μmcoronal slices. The sliceswere incu-
bated with X-gal working solution containing (in mM): 10 phos-
phate buffer, 150 NaCl, 3.5 K3Fe(CN)6, 3.5 K4Fe(CN)6, 1 MgCl2, 0.3
chloroquine, 0.01% Na-deoxycholate (wt/vol), 0.2% octyl-1-
phenoxypolyethoxyethanol (NP-40, vol/vol), and 0.1% X-gal (wt/
vol) at 30 °C for 16 h, followed by intensifying solution (0.3 mM
chloroquine in PBS) for an additional 8 h. After washing the slices
with PBS 3 times, slices were mounted onto slides with the
mounting medium Entellan® new (Merck, Darmstadt, Germany).
X-gal signals were visualized and photographed using a stereo-
scopic microscope (Leica EZ4D, Leica Microsystems).

Chemicals and Drugs

The N-methyl--aspartate receptor (NMDAR) antagonist
-2-amino-5-phosphonopentanoate (-AP5), α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA)/kainate receptor-spe-
cific antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
and the sodium channel antagonists tetradotoxin citrate (TTX)
andQX-314 bromidewere purchased fromAscent Scientific, Avon-
mouth, UK. X-gal was purchased from GMbiolab Co., Taichung,
Taiwan.NP-40 used inX-gal stainingwas purchased fromBioShop
Canada, Inc., Burlington, ON, Canada. All other reagentswere pur-
chased from Sigma-Aldrich Co., Saint Louis, MO, USA.

Data Analysis and Statistics

Data were analyzed using Clampfit 10.2 (Molecular Devices) and
Prism 5.0 (GraphPad). The onset of the synaptic response was de-
termined by the intersection of a line through the 20% and 80%
points of the rising phase of the excitatory postsynaptic current
(EPSC) and the baseline. To calibrate evoked inhibitory postsynap-
tic currents (IPSCs) during successive 10 Hz photostimulations, a
single exponential fit of the decay of the preceding IPSC was sub-
tracted from the subsequent IPSC. The IPSC amplitude after sub-
traction was used for the conductance calculation. To calculate
the conductance, the EPSC and the IPSCwere divided by their driv-
ing forces, respectively. The input resistance (Rin) wasmeasured as
the ratio of the steady-state (last 100 msof the 1-s pulse; average of
1–4 traces) voltage response and the 1-s hyperpolarizing current
pulse amplitude (100 pA). Spike delay was calculated as the time
elapsed from the onset of photostimulation to the peak of action
current in cell-attached recordings. Data are presented as mean±
standard errorofmean (SEM). Error bars infigures also showSEMs.
Statistical significance was tested using the Mann–Whitney rank-
sum test or two-way repeated-measures ANOVA using GraphPad
Prism 5.0. Significance levels were set at P < 0.05 (*), P < 0.01 (**),
and P < 0.001 (***) for the entire family of comparisons.

Results
Selective ChR2 Expression in the COM or MPP

To selectively investigate neurotransmission of the COM and the
MPP to the DG, we applied optogenetic control strategies. To
target the COM, we unilaterally injected a Cre-inducible AAV
expression vector serotype 5 [AAV5-EF1α-DIO-hChR2(H134R)-
eYFP-WPRE-pA] into the hilar region of the dorsal hippocampus
of Grik4-cre hemizygous mice (Fig. 1A). We first assessed the
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distribution and efficiency of Cre/loxP recombination in this
transgenic line by crossing it with the ROSA26-LacZ reporter
mouse and analyzing X-gal-stained brain sections from cre/lacZ
double-transgenicmice (seeMaterials andMethods). As reported
earlier (Nakazawa et al. 2002), Cre recombinase activitieswere de-
tected in CA3 pyramidal neurons, GCs, and neurons in the hilar
region (Fig. 1B, left upper). Three weeks after injection, the
ChR2-eYFP fusion protein was expressed in CA3 pyramidal neu-
rons, GCs, putative MCs, and their axonal projections on the ipsi-
lateral side as well as the COM axonal projections across the
hippocampal commissure (Fig. 1B, left lower). Notably, ChR2-
eYFP was densely expressed along the IML of the contralateral
side of the dorsal DG (Fig. 1B, right and see Supplementary
Fig. 1), consistent with previous reports that MC axonal bundles

primarily target the proximal dendrites of contralateral GCs
(West et al. 1979; Buckmaster et al. 1996; Scharfman and Myers
2013). Also, it is worth noting that we did not observe ChR2-
eYFP expression in the IML of the contralateral DG when the
viral transductionwasmainly restricted in the CA3 area of the in-
jection site (see Supplementary Fig. 2). To characterize the puta-
tive ChR2-eYFP-labeled MCs in the hilus, we filled them with
biocytin during whole-cell recordings and correlated their
morphologies with their intrinsic properties. In the injection
site, the biocytin-filled cells that expressed ChR2-eYFP had char-
acteristic MC morphology including thorny excrescences on
proximal dendrites (Fig. 1C, arrowhead). When the ChR2-eYFP-
labeled MC was illuminated with a blue light pulse in the pres-
ence of the AMPA receptor-specific antagonist CNQX (10 μM), it

Figure 1. ChR2 expression in the COM and the MPP to the DG. (A) Schematic diagram illustrates a coronal section from a Grik4-cremouse injected unilaterally with a viral

vector AAV5-EF1α-DIO-ChR2-eYFP into the hilar region of the dorsal hippocampus. Axis: L, lateral; V, ventral; M, medial; D, dorsal. (B) Left upper, coronal section stained

with X-gal from the dorsal hippocampus of Grik4-cremice crossed with the loxP-flanked Rosa26LacZ reporter line. Left lower, fluorescence image of ChR2-eYFP expression

in the dorsal hippocampus; the boxed area is shown at a highermagnification on the right. The borders of the GCL are outlined. Note the laminated ChR2-eYFP expression

in the IML of the contralateral DG. (C) Left, themorphology of a biocytin-filledMC. The boxed area is shown at a highermagnification in the inset; arrowhead indicates the

thorny excrescences; scale bar in the inset: 10 μm. Middle, fluorescence image of ChR2-eYFP expression in the hilar region. Right, the merged image. (D) Top,

photostimulation (0.8 mW) evoked spikes in an MC (shown in C) in current clamp. Membrane voltage is indicated. Bottom, ChR2-mediated photocurrent was recorded

in voltage clamp (held at −60 mV) upon photostimulation (1.1 mW). The blue bar indicates the light pulse. (E) Schematic diagram illustrates a coronal section from a

wild-type mouse injected with a viral vector AAV5-CaMKIIα-ChR2-mCherry into the MEC. (F) Left upper, ChR2-mCherry expression at the injection site MEC. Left

lower, ChR2-mCherry expression in the hippocampus; the boxed area is shown at a higher magnification on the right. Right, fluorescent image reveals the laminated

ChR2-mCherry expression in the MML of the DG. DAPI staining (B,C,F) defines the area of the GCL.
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depolarized and generated spikes in current clamp (Fig. 1D,
upper). Similarly, an inward ChR2-mediated photocurrent
(peak amplitude, 1391 ± 714 pA, n = 4) was detected in voltage
clamp (Fig. 1D, lower). To target theMPP, we injected an AAV5 en-
coding ChR2-mCherry under the control of the CaMKIIαpromoter
[AAV5-CaMKIIα-hChR2(H134R)-mCherry] into the MEC of wild-
type mice (Fig. 1E). Three weeks after injection, ChR2-mCherry-
expressing neurons and their axonal projections were observed
around the MEC injection site (Fig. 1F, left upper) and the dorsal
hippocampus (Fig. 1F, left lower). Notably, ChR2-mCherry-la-
beled fibers were clearly demarcated in part of the IML and the
medial one-third molecular layer (MML), indicating selective
ChR2 expression in the MPP (Fig. 1F, right; also see Supplemen-
tary Fig. 1).

GCs Receive More Inhibition Than Excitation From
the COM

To determine the proper intensity for photostimulation, we var-
ied the light intensities (duration 5 ms) and recorded the optically
evoked inward EPSCs in GCs (Vhold =−75 mV, near the IPSC rever-
sal potential; [Cl−]i = 7.2 mM). The GCs were filled with biocytin
during recordings and were identified post hoc (Fig. 2A). Analysis
of the input–output relationship showed that the EPSC amplitude
was saturated at high light intensities (Fig. 2B). The near-max-
imal light intensity (blue area in Fig. 2B; 30–60 mW for COM–GC
and 53–60 mW for MPP–GC) was chosen for subsequent experi-
ments to ensure maximum recruitment of INs during light
stimulation. In a subset of experiments, we chose 2 intermediate

Figure 2.Distinct I/E ratios at COM–GC andMPP–GC synapses during repetitive stimulation. (A) Confocal image stacks show selective ChR2-eYFP (upper, green) and ChR2-

mCherry (lower, red) expression in the COM and MPP, respectively. Images were superimposed with biocytin-labeled GCs (white). (B) Photostimulation of COM (upper) or

MPP (lower) with increasing light intensities corresponding to the increments of EPSCs (Vhold =−75 mV) in GCs. Photostimulation was applied every 15 s. The maximal

light intensity in the blue area was used for subsequent experiments. Representative traces of averaged EPSCs evoked by blue light at 5 levels of laser intensity were

shown above the input–output curves. (C) Example traces of light-evoked EPSC (red, Vhold =−25 mV) and IPSC (blue, Vhold = 10 mV) recorded in a GC in the continuous

presence of the NMDAR blocker -AP5 (50 μM). Photostimulation was applied every 15 s. (1) ACSF; (2) application of the AMPA receptor blocker CNQX (10 μM); and (3)

washout. Upper: COM–GC synapse. Lower: MPP–GC synapse. (D) Plots of experiments shown in (C). Application of CNQX and the sample traces shown in (C) are

indicated by bars. Upper, COM–GC EPSG: red-filled circles; COM–GC IPSG: blue-filled circles. Lower, MPP–GC EPSG: red open circles; MPP–GC IPSG: blue open circles. (E)

Summary plots of CNQX effect on light-evoked EPSG and IPSG at the COM (upper) or MPP (lower). Symbols are the same as in (D). (F) Synaptic delay (Δt) between the

light-evoked IPSC and EPSC at the COM (upper) or MPP (lower). The vertical dashed lines mark the onset of EPSC and IPSC. ***P < 0.001. (G,H) Top traces: EPSCs (red,

Vhold =−25 mV) and IPSCs (blue, Vhold = 10 mV) evoked by 10 Hz photostimulation of COM (G) or MPP (H). Bottom, summary of EPSGs and IPSGs during theta-frequency

photostimulation of COM (G, n = 12) or MPP (H, n = 11). Photostimulation train was applied every 15 s. (I) Summary of the I/E ratio versus the stimulus number during

10 Hz photostimulation of COM or MPP. Dashed lines, I/E ratio = 1; n = 12 for COM–GC; n = 11 for MPP–GC. **P < 0.01. Data are expressed as mean ± SEM.
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holding potentials (Vhold = −25 mV, near the experimentally de-
termined IPSC reversal potential and Vhold = 10 mV, near the ex-
perimentally EPSC reversal potential; see Supplementary Fig. 3)
with Cs-based internal solution ([Cl−]i = 35 mM; see Materials
and Methods) to measure EPSCs and IPSCs, respectively. To
avoid contamination of NMDAR-mediated currents, we mea-
sured IPSCs and I/E ratios in the presence of the NMDAR blocker
-AP5 (50 μM; Fig. 2C). Because the same driving forces (35 mV)
were used for excitation and inhibition,we can thus directly com-
pare excitatory and inhibitory conductances. We recorded optic-
ally evoked EPSCs (215 ± 43 pA; n = 13 in the COM group;
215 ± 28 pA; n = 12 in the MPP group; Vhold = −25 mV) and IPSCs
(277 ± 55 pA; n = 13 in the COM group; 327 ± 41 pA; n = 12 in the
MPP group; Vhold = 10 mV). We know that the kinetic properties
of EPSCs are related to the electrotonic distance of the synapses,
which is dependent on the laminar organization of the inputs.
Consistent with this notion, the 20–80% rise time and decay
time constant of evoked EPSCs at the COM were significantly
shorter than those at the MPP (20–80% rise time, COM, 1.0 ± 0.1
ms, n = 13 vs. MPP, 1.8 ± 0.1 ms, n = 12; P < 0.0001; decay time
constant, COM, 4.6 ± 0.1 ms, n = 13 vs. MPP, 5.9 ± 0.4 ms, n = 12; P =
0.006; Table 1). In a subset of experiments (Fig. 2C–E), bath appli-
cation of CNQX (10 μM) abolished light-evoked EPSCs and IPSCs at
both synapses, confirming that the EPSCs are indeed glutamater-
gic, AMPA/kainate receptor-mediated and that the IPSCs are
disynaptic.

We next examined the synaptic delay of the EPSC following
photostimulation. Synaptic delay was calculated from the time
of the onset of photostimulation to the onset of the EPSC. The
average delay of the EPSC at the COM–GC and MPP–GC synapses
was 2.9 ± 0.1 ms (n = 13) and 3.9 ± 0.2 ms (n = 12), respectively
(Table 1). Because EPSCs significantly preceded IPSCs, we thus
measured the delay (Δt) of the IPSC relative to the EPSC following
photostimulation (Fig. 2F). The average Δt of the IPSC at the COM–

GC and MPP–GC synapses was 3.9 ± 0.3 ms (n = 13) and 6.7 ± 0.5
ms (n = 12), respectively. A significantly longer Δt at the MPP–GC
synapse (MPP vs. COM; P = 0.0003, Mann–Whitney rank-sum
test; Fig. 2F) suggests that INs were activated with longer excita-
tory postsynaptic potential (EPSP)-spike latencies (Maccaferri
and Dingledine 2002) or recruited through recurrent excitatory
inputs (Bartos et al. 2011).

Dentate GCs have been shown to receive coherent theta (4–
10 Hz)-band EPSCs in vivo (Pernía-Andrade and Jonas 2014). We
finally investigated the synaptic excitation and inhibition during
successive inputs coming from either the COM or the MPP. To
compare synaptic inhibitory drive across different levels of exci-
tatory drive, we derived their corresponding peak excitatory and
inhibitory postsynaptic conductances (i.e., IPSG vs. EPSG) and

expressed inhibition relative to excitation [IPSG/EPSG (I/E) ratio].
When 10 brief (5 ms) light pulses at 10 Hz were delivered to the
COM, the EPSCs depressed much more than the IPSCs (Fig. 2G),
yielding higher I/E ratios in GCs (see Supplementary Fig. 4 for
IPSC calibration). In contrast, the IPSCs significantly depressed,
whereas the EPSCs remained relatively constant, during 10 Hz
photostimulation of MPP (Fig. 2H). This results in striking facilita-
tion in the I/E ratio at the COM–GC synapse, but depression at the
MPP–GC synapse during repetitive stimulation (Fig. 2I, n = 12 for
COM–GC and n = 11 for MPP–GC; P = 0.0027, two-way repeated-
measures ANOVA). When comparing the I/E ratio at the 10th
light pulse, the mean I/E ratio at the COM (4.2 ± 0.7, n = 12) is
about 7-fold greater than that at the MPP (0.6 ± 0.2, n = 11). Note
that the higher I/E ratios at the COM when compared with the
MPPare also observedwhen recordings aremade at physiological
temperature (see Supplementary Fig. 5). Collectively, synaptic dy-
namics of IPSCs at the COMdistinct from that at theMPP suggests
that activation of COM and MPP pathways may differentially re-
cruit different IN populations.

Comparison of COM- and MPP-mediated EPSCs Across
Various IN Types

To dissect afferent-driven γ-aminobutyric acidergic (GABAergic)
transmission onto GCs, we directly investigated the excitatory
input to different types of INs. Patch-clampwhole-cell recordings
were obtained from INs located near the border between the
granule cell layer (GCL) and hilus or in the ML. To normalize
ChR2 expression levels between slices, we simultaneously re-
corded pairs of a local IN and an adjacent GC in the DG in brain
slices (Fig. 3A,B). The critical advantage of this simultaneous
paired-recording technique is that it enables the direct compari-
son of synaptic input strength to 2 cells, while stimulating an
identical group of axons (Lee et al. 2013). We measured the amp-
litude of the light-evoked EPSC in both cells (Vhold =−75 mV near
the IPSC reversal potential; [Cl−]i = 7.2 mM) and computed its
normalized values. To minimize in-group heterogeneity due to
differing maturation stages among GCs, only GCs with an Rin

lower than 600 MΩ (corresponding to mature GCs, Schmidt-
Hieber et al. 2004; Vivar et al. 2012; Dieni et al. 2013)were included
for analysis (Fig. 3C). Overall, the Rin of GCs showed no difference
between COMandMPPphotostimulation groups (Fig. 3C; 279 ± 14
MΩ; n = 35 in the COM group vs. 308 ± 17 MΩ; n = 29 in the MPP
group, P = 0.1379, Mann–Whitney rank-sum test).

On the basis of target selectivity of the axon, somatic loca-
tions, and physiological properties, 5 different IN subtypes have
been distinguished in the DG, including BC-, hilar commis-
sural–associational pathway-related (HICAP)-, hilar PP-asso-
ciated (HIPP)-, TML-, and ML-like cells (Han et al. 1993; Freund
and Buzsáki 1996; Mott et al. 1997; Hosp et al. 2014; Liu et al.
2014). A detailed characterization of the synaptic responses in
all INs revealed single or multiple EPSC events following each
light pulse (see Supplementary Fig. 6). To investigate mono-
synaptic connections, we selectively analyzed the first EPSCs
for all experiments. The synaptic delays of COM- and MPP-
mediated EPSCs in all IN subtypes were similar to those in GCs,
which were known to receive monosynaptic transmission from
the COM and MPP (Table 2). Note that these synaptic delays
were shorter than those measured in the presence of TTX
(1 μM) and 4-aminopyridine (4-AP, 1 mM; COM, 3.1 ± 0.3 ms and
MPP, 4.9 ± 0.2 ms in control vs. COM, 6.1 ± 0.7 ms and MPP, 9.5 ±
1.0 ms in the TTX and 4-AP; see Supplementary Fig. 7), confirm-
ing monosynaptic transmission between COM and INs and
between MPP and INs.

Table 1 Properties of EPSC and IPSC in GCs

Input Synaptic
delaya (ms)

20–80%
Rise time (ms)

Decay time
constant (ms)

EPSC
COM (13) 2.9 ± 0.1 1.0 ± 0.1 4.6 ± 0.1
MPP (12) 3.9 ± 0.2 1.8 ± 0.1 5.9 ± 0.4

IPSC
COM (13) 6.8 ± 0.3 5.3 ± 0.2 96.7 ± 5.9
MPP (12) 10.6 ± 0.5 5.7 ± 0.5 92.8 ± 7.3

Note: Numbers of cells are given in parentheses.
aSynaptic delay was calculated as the time elapsed from the onset of

photostimulation to the onset of first EPSC or IPSC.
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BC-like cells were identified by their axonal arborizations
being largely confined to the GCL (Fig. 3D, upper, 5/8 cells in the
COM group and 3/5 cells in the MPP group were confirmed post
hoc, based on morphology) and their characteristic fast-spiking
pattern (8/8 cells in the COM group and 5/5 cells in the MPP
group had a maximum firing rate of >80 Hz at 23 ± 2 °C). We
found that both pathways evoked larger EPSCs in BC-like cells
than in GCs during the 10-Hz photostimulation train. On average,
the normalized EPSCs evoked by COM stimulation were greater
than those by MPP stimulation (Fig. 3D, n = 8 in the COM group
vs. n = 5 in the MPP group, P = 0.029, two-way repeated-measures
ANOVA).

We next investigated the response properties of HICAP- and
HIPP-like cells to COM and MPP stimulation, respectively. The
axonal arborizations of HICAP-like cells were mainly confined
to the IML (Fig. 3E, upper), whereas the arborizations of HIPP-
like cells extended from the MML to the outer one-third of the
ML (Fig. 3F, upper). Notably, both COM- and MPP-evoked EPSC
amplitudes in HICAP- and HIPP-like cells were significantly smal-
ler than in GCs during 10-Hz train photostimulation (Fig. 3E,F,
middle). Unlike HICAP- and HIPP-like cells, TML-like cells, as re-
ported previously [Soriano and Frotscher 1993; Mott et al. 1997;
Hosp et al. 2014; termed atypical HIPP cells in Liu et al. (2014)],
had their cell bodies located at the hilar–GCL border and

Figure 3. Target cell-specific synaptic efficacy at COM– and MPP–IN synapses. (A) Schematic diagram depicts the projections of COM (green) and MPP (red) and the area

where dual whole-cell recordings were performed. (B) Dual whole-cell recordings of an IN and a GC during photostimulation of COM (green, left) or MPP (red, right)

afferents in coronal hippocampal slices. (C) Scatter plot of Rin of all recorded GCs. (D–H) Comparison of light-evoked EPSCs between COM– and MPP–IN synapses. Top,

exemplar reconstructions of recorded INs. Dendrites, soma, and axons are shown in magenta, red, and black, respectively. The IML (green zone) is outlined according

to ChR2-eYFP expression of the same slice. Middle, averaged traces for each dual recording; 10 Hz photostimulation of either COM- (upper) or MPP- (lower) evoked

EPSCs in an IN and a GC. EPSCs recorded in GCs are used to normalize the variability of ChR2 expression. Bottom, summary graphs show normalized EPSGs in each

type of INs evoked by the COM and MPP. *P < 0.05; ***P < 0.001. Numbers of cells are given in parentheses. Data are expressed as mean ± SEM.
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projected their axons throughout the entire ML (Fig. 3G, upper).
Notably, TML-like cells responded differently to COM and MPP
stimulation. TML-like cells received stronger input from the
COM compared with GCs. However, the input strengths from
theMPP to TML-like cells and to GCs were similar (Fig. 3G, middle
and bottom). During 10-Hz repetitive stimulation, thenormalized
COM-evoked EPSGs were significantly greater than the normal-
ized MPP-evoked EPSGs (Fig. 3G, middle, n = 10 in the COM
group vs. n = 7 in the MPP group, P = 0.0116, two-way repeated-
measures ANOVA). Finally, we identified a subpopulation of
INs, hereafter called ML-like cells, which had their somatic loca-
tion and axonal arborizations confined to the ML (Fig. 3H, upper).
ML-like cells received a larger excitatory input from the COM
compared with the MPP. The normalized EPSGs generated by
the COM were always significantly larger than those generated
by the MPP during 10-Hz train stimulation (Fig. 3H, n = 7 in the
COM group vs. n = 6 in the MPP group, P = 0.0003, two-way
repeated-measures ANOVA).

Taken together, COM- and MPP-mediated transmission onto
INs is target cell-dependent. BC-, TML-, andML-like cells received
significantly stronger inputs from the COM relative to the MPP. In
contrast, HICAP- and HIPP-like cells received relatively weak in-
puts from both afferents. Furthermore, target cell-specific facili-
tation and depression were observed in both COM and MPP
pathways (see Supplementary Fig. 8). The heterogeneity of exci-
tatory afferent inputs to INs suggests that the COM and MPP are
likely to recruit different IN subpopulations.

TML- and ML-Like Cells Were Preferentially Recruited
by the COM

Does the COM versus MPP recruit different IN subtypes? In add-
ition to the heterogeneity of excitatory afferent inputs to INs,
other properties such as membrane time constant (Buhl et al.
1996), input resistance (Khurana et al. 2011), EPSP kinetics
(Maccaferri and Dingledine 2002), and the strength of inhibitory

inputs (Banks et al. 2000) also affect EPSP-spike coupling. Here,
we directly addressed spike transmission in 5 identified IN
classes in the DG. Recordings were obtained in the cell-attached
configuration to avoid interfering with the intracellular ionic
composition. The spikes, detected as extracellular action cur-
rents, were recorded from the somata of dual-recorded INs and
GCs (Fig. 4A,B). Following cell-attached recordings, we made bio-
cytin-filled whole-cell recordings from the same cells and identi-
fied cell morphology post hoc. We first compared spike timings
between GCs and INs in response to COMversusMPP photostimu-
lation. In all sets of dual recordings, GCs exhibited a similar spike
delay in response to COM versus MPP photostimulation (COM, 8.5
± 0.9 ms, n = 5; Fig. 4A vs. MPP, 8.4 ± 0.7 ms, n = 7; Fig. 4B; P = 0.7551,
Mann–Whitney rank-sum test). Relative to GC spike timing,
BC-like cells generated spikes with a shorter delay (COM, 6.2 ± 0.5
ms, n = 5; Fig. 4A vs. MPP, 6.3 ± 0.6 ms, n = 4; Fig. 4B; P = 1, Mann–
Whitney rank-sum test). In contrast, both HICAP- and HIPP-like
cells showed a longer delay in response to either COM or MPP
stimulation if they spiked (Fig. 4A,B). Notably, both TML- and
ML-like cells showed differential responses to COM versus MPP
stimulation. They exhibited a shorter spike delay in response to
COM photostimulation (TML-like cell, 5.2 ± 0.5 ms, n = 7; Fig. 4A;
ML-like cell, 4.6 ± 0.9 ms, n = 4; Fig. 4A) compared with that in re-
sponse toMPP photostimulation (TML-like cell, 12.8 ± 1.4 ms, n = 2;
Fig. 4B; ML-like cell, 9.7 ± 0.2 ms, n = 3; Fig. 4B).

We next compared the spike probabilities between GCs and INs
by simultaneously dual recordings from a GC and an adjacent IN
during 10-Hz train photostimulation. In all sets of dual recordings,
the great majority (∼71%) of GCs did not spike in response to 10-Hz
train stimulation of either COM or MPP (Fig. 5A–E) and GCs that
spiked exhibited a very low spike probability (ranging from 0 to
0.3). In contrast to GCs, BC-like cells (9 of 9 cells) displayed a high
spike probability with a short latency in response to either COM or
MPP stimulation (Fig. 5A). Unlike BC-like cells, HICAP- andHIPP-like
cells generated significantly less spikes in response to eitherCOMor
MPP stimulation (Fig. 5B,C). TML- and ML-like cells showed

Table 2 Properties of EPSC in DG INs

Input Synaptic delaya (ms) 20–80% Rise timeb (ms) Decay time constantc (ms) Normalized conductanced

BC-like
COM (8) 2.6 ± 0.1 0.4 ± 0.0 2.6 ± 0.3 14.8 ± 5.1
MPP (5) 4.3 ± 0.4 1.2 ± 0.2 5.5 ± 0.7 2.5 ± 0.6

HICAP-like
COM (5) 2.9 ± 0.2 1.3 ± 0.3 6.7 ± 0.8 0.2 ± 0.1
MPP (6) 4.5 ± 1.1 1.8 ± 0.5 11.6 ± 0.8 0.1 ± 0.0

HIPP-like
COM (5) 3.2 ± 0.2 1.0 ± 0.3 7.5 ± 1.6 0.2 ± 0.1
MPP (5) 5.2 ± 0.6 1.8 ± 0.3 8.9 ± 1.1 0.3 ± 0.1

TML-like
COM (10) 2.9 ± 0.1 0.8 ± 0.1 6.9 ± 0.6 2.7 ± 0.6
MPP (7) 5.4 ± 1.3 1.8 ± 0.3 9.2 ± 1.8 0.3 ± 0.1

ML-like
COM (7) 3.1 ± 0.2 0.8 ± 0.1 4.6 ± 0.4 6.6 ± 0.7
MPP (6) 4.1 ± 0.3 1.5 ± 0.1 6.6 ± 0.9 2.1 ± 0.4

GC
COM (35) 3.1 ± 0.1 1.1 ± 0.1 5.7 ± 0.1 1.0 ± 0.0
MPP (29) 4.4 ± 0.2 2.1 ± 0.1 6.9 ± 0.2 1.0 ± 0.0

Note: Numbers of cells are given in parentheses.
aSynaptic delay was calculated as the time elapsed from the onset of photostimulation to the onset of first monosynaptic EPSC.
b20–80% rise time was measured from the first monosynaptic EPSC.
cDecay time constant was measured from the synaptic events that only contain monosynaptic EPSCs.
dFirst monosynaptic EPSG of the IN was normalized to that of the GC.
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strikingly different responses to COM versus MPP stimulation. Both
TML- and ML-like cells reliably generated spikes with low failure
rates in response to repeated COM stimulation (Fig. 5D,E). In con-
trast, both TML- and ML-like cells exhibited a low spike probability
in response to MPP stimulation (Fig. 5D,E). Note that ML-like cells
preferentially responded to the onset of train stimulation (Fig. 5E).

In summary, our data revealed input-specific recruitment of
INs, which is a previously uncharacterized property of these
cell types. Notably, the shorter spike delay of TML- and ML-like
cells in response to COM stimulation (Fig. 4A) may account for
the short EPSC–IPSC latency found at COM–GC synapses com-
pared with MPP–GC synapses (Fig. 2F).

Figure 4. EPSP-spike coupling in INs and GCs. (A,B) Upper, schematic diagram showing photostimulation of either COM (A, green) or MPP (B, red) and recording

configurations. Dual recordings were simultaneously made from INs and GCs. Lower, spike delay (Δt) in response to COM or MPP stimulation (blue bars). Left, example

traces indicate extracellular action currents (6 superimposed sweeps) recorded from INs and GCs in the cell-attached, voltage-clamp mode. From top to bottom, traces

from morphologically identified BC-, HICAP-, HIPP-, TML-, and ML-like cells and GCs. Right, averaged Δt for the COM (filled circles) and MPP (open circles). Numbers in

parentheses represent recruited cell number/total recorded cell number.

Figure 5. Differential recruitment of INs by the COM and MPP. (A–E) Spike probabilities of INs and GCs in response to 10 Hz photostimulation of COM or MPP. The light

intensity that gave rise to saturated synaptic currents was applied here. Example traces indicate action currents recorded from INs and GCs. Spike raster plots below

the traces show firing during 6 trials. Bottom, spike probabilities of INs and GCs. ***P < 0.001; numbers of cells are given in parentheses. Data are expressed asmean ± SEM.
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Regulation of MPP Input Efficacy by COM Activation

As summarized in Figure 6A, TML-, ML-, and BC-like cells receive
stronger excitatory input from the COM than the MPP. Further-
more, preferential recruitment of TML- and ML-like cells by the
COM, but not by the MPP, likely contributes to the sustained
high I/E ratios in GCs during 10-Hz train stimulation of COM
(Fig. 2I). Finally, we determined the functional relevance of
COM activation. We performed recordings of field potential in
the GCL to monitor the population spike (pSpike) to PP stimula-
tion, a primary excitatory input to the DG (Fig. 6B). The pSpike
area is regarded as a measure of the number of GCs that spike
synchronously to the input stimulus (Temprana et al. 2015). We
tested the effect of COM activation at different timing relative
to the cortical input on the GC pSpikes at higher temperature.
At 34 °C, bursts of 5 electrical shocks at 10 Hz applied to the PP
alone elicited pSpikes recorded in the GCL (Fig. 6B, black).
Notably, concurrent activation of COM by photostimulation

increased the pSpike areas (Fig. 6B, blue and C). In contrast,
pSpike areas to PP activation were greatly decreased when the
COM was activated 10 ms before the PP (Fig. 6B, light blue and
C). Thus, activation of COM at behaviorally relevant frequency
can gate cortical information flow, depending on the temporal re-
lationship between the COM and the MPP (Fig. 6C).

Discussion
The hilar COM is known to exert a suppressive effect on GC dis-
charge via the activation of local INs in the DG (Buzsáki and
Czéh 1981; Buzsáki and Eidelberg 1981; Bilkey and Goddard
1987). To date, the cellular targets of the hilar COM remainmostly
unknown. Our study directly addressed this long-lasting ques-
tion in hippocampal physiology. Using cell type-specific optoge-
netic tools, we found that COM activation caused substantially
greater inhibition in GCs, through preferential recruitment of
TML- and ML-like cells compared with MPP activation.

Figure 6. Summary of COM- and MPP-mediated neurotransmission, IN recruitment, and impact on GC activities. (A) Summary diagram of 5 distinct IN classes in the DG

based on the morphological classification scheme. Filled circles mark the cell body location. The cell bodies give rise to thick lines indicating the dendritic trees. The

hatched boxes are the domains where the axon of each IN primarily arborizes. Green and red dashed lines indicate the COM and MPP projections, respectively.

Efficacy of COM- and MPP inputs to different INs types is represented by the dashed line thickness. Vertical ticks depict spikes in response to 10 Hz photostimulation

(blue) of COM or MPP. (B) Top, schematic of experiment configuration: a field recording electrode was placed in the GCL to monitor pSpikes. A stimulation electrode

was placed in the subiculum to activate the PP (red); the axonal fibers of COM (green) expressing ChR2 were stimulated with blue light. Each vertical bar represents a

single-stimulating pulse. Bottom, pSpike responses to the PP and COM stimulation. Black traces, PP stimulation alone. Blue traces, simultaneous activation of PP and

COM (Δt = 0 ms). Light blue traces, COM stimulation was delivered 10 ms before PP stimulation (Δt =−10 ms). (C) Summary of effect of COM activation on pSpike area,

which reflects the number of GCs that spike synchronously to PP stimulation. The magnitude of pSpike area (normalized to the first pSpike area to PP alone) was

plotted against the stimulation number. PP stimulation alone (PP alone) represents average from 10 recordings, and data points in the other 2 data sets represent

average from 5 recordings. **P < 0.01. Data are expressed as mean ± SEM.
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The DG integrates information from multiple brain regions,
including the entorhinal cortex via the PP, the contralateral
hilus via the commissural fibers, the medial septum via the sep-
tohippocampal pathway (Bilkey and Goddard 1987), and the SuM
via the SuM–hippocampal pathway (Soussi et al. 2010). Relative to
input afferents from the entorhinal cortex, investigations of syn-
aptic transmission of hilar MCs and SuM neurons onto GCs are
notably scarce. To some extent, the relative neglect of these 2 in-
puts is explained by the great overlap of their axonal fibers in the
IML (Boulland et al. 2009; Soussi et al. 2010; Kohara et al. 2014). It
is, therefore, impossible to selectively activate only one of them
using conventional electrical stimulation. With selective ChR2
expression in the COM, we were able to stimulate the axonal fi-
bers expressing light-activated channel, ChR2 and dissect its cir-
cuit function. However, a potential complication associated with
the use of AAV-ChR2 is the artificial synaptic depression reported
in some cases (Zhang and Oertner 2007; Cruikshank et al. 2010;
Jackman et al. 2014).With our experimental condition, this possi-
bility isminimal and if any, it does not alter themain conclusion.
First, we found that synaptic transmission evoked by electrical
stimulation at the CA3–CA1 synapse, a well-characterized syn-
apse, exhibits similar dynamics as that evoked by optical stimu-
lation (see Supplementary Fig. 9). These findings are contrary to a
recent report by Jackman et al. (2014). Second, fiber volley record-
ings from the IML showed that 10 Hz photostimulation evokes
relatively reliable presynaptic axonal firing with only a transient
depression in the initial responses (see Supplementary Fig. 10).
Third, the light-evoked, normalized EPSGs (∼2-fold) obtained at
MPP–ML-like cell synapses (Fig. 3H) in this study are similar to
those measured at PP–molecular layer PP-associated cell (MOPP)
synapses evoked by electrical stimulation (Li et al. 2013). Finally,
if any artificial synaptic depression at COM–IN synapses should
be taken into account, our results would rather support the con-
clusion that the COM, compared with the MPP, can more reliably
activate TML- and ML-like cells.

Consistent with previous studies using electrical stimulation
(Ewell and Jones 2010; Dieni et al. 2013), photostimulation of MPP
at 10 Hz caused rapid reduction in IPSGs, resulting in decreases in
I/E ratios. Recruitment of specific IN subpopulations by the MPP
likely accounts for this depression. As illustrated in Figure 5,
photostimulation of MPP reliably recruited BC-like cells, whereas
ML-like cells were transiently activated during the onset of 10-Hz
train stimulation. Therefore, the initial MPP-driven inhibition
onto GCs arises from both IN subpopulations, but the sustained
inhibition is solely contributed by BC-like cells. Previous studies
(Kraushaar and Jonas 2000; Liu et al. 2014) have shown that the
dynamics of BC–GC synapses exhibit frequency-dependent de-
pression. Therefore, those findings explain the rapid reduction
in I/E ratios observed in the present study since BCs are the
main contributor to MPP-driven inhibition to GCs under our
stimulation paradigm. Contrary to MPP activation, COM stimula-
tion exhibits greater inhibition in GCs, resulting in marked in-
creases in I/E ratios. Notably, COM activation not only recruits
BC-like cells, but also reliably recruits TML- and ML-like cells
throughout the entire 10-Hz train stimulation. Consistent with
the sustained high I/E ratios during spike train, TML-like cell to
GC cell synapses exhibited less or no depression at 10 Hz (see
Supplementary Fig. 11). Thus, the activation of TML- and ML-
like cells during repetitive input activity likely accounts for in-
creasing I/E ratios in COM-driven inhibition.

It is important to note that not all BC-like cells in this study
were identified on the basis of their morphological features.
Five of 13 cells were identified as BC-like cells by the characteristic
fast-spiking patterns because of incomplete recovery of axonal

arborization. Therefore, axo-axonic cells (AACs), which also dis-
play high-frequency action potential firing, are likely included in
the present study (Weng et al. 2010; Liu et al. 2014). Among all
morphological identified fast-spiking INs, we found an AAC-like
cell (1/13 cells; see Supplementary Fig. 12), which displayed the
vertical rows of several boutons called “cartridges” along the pu-
tative axon initial segment of GCs (see Supplementary Fig. 12B).
Likewise, ML-like cells defined here may include MOPP cells
and neurogliaform cells. Both of them are shown to form func-
tional synapses with GCs and contribute to feedforward inhib-
ition onto GCs (Armstrong et al. 2011; Li et al. 2013). However,
we only identified a single putative neurogliaform cell (1/14
cells), which showed typical axon projections across the fissure
into the CA1 region (Armstrong et al. 2011) and was not included
in this study. Finally, all INs with their axon projection to the
outer ML (OML) in this study were classified as HIPP-like cells. Al-
though original description of HIPP cells found the dendrites re-
stricted in the hilus (Han et al. 1993), our recent study (Liu et al.
2014) showed that a large proportion of HIPP-like cells, which pro-
ject their axons to the OML, have the dendritic arbor in the ML
[also see Hosp et al. (2014)]. In keeping with this notion, we ob-
served that all HIPP-like cells (10 cells) in this study display
their dendrites outside the hilus.

Our results show that various IN types (except BC-like cells)
are differentially activated by different afferent pathways, sug-
gesting that different IN types selectively mediate segregation
of information flow. It seems that reliable recruitment of BC-
like cells by both COMandMPP is ascribed to the strong excitatory
drive, which overcomes the poor synaptic integration properties
(Hu et al. 2014). It is worth noting that HIPP- and HICAP-like cells
exert highly dynamic inhibition onto dendritic parts of GCs (Liu
et al. 2014). They generate weak inhibition onto GCs when they
fire sparsely. However, they generate powerful and reliable in-
hibitory output when they are switched from the single to the
burst spiking mode (Liu et al. 2014). This gives rise to an interest-
ing question: How are HIPP- and HICAP-like cells activated in the
context of extrinsic afferent systems? To answer this question,
systematic investigations of other subcortical afferents to these
INs are indispensable. These systems mainly include afferents
originating from the medial septum/diagonal band of Broca GA-
BAergic and cholinergic neurons, neurochemically distinct types
of neurons located in the SuM area, serotonergic fibers from the
median raphe, noradrenergic afferents from the pontine nucleus
and locus coeruleus, dopamine axons originating in the ventral
tegmental area, and the commissural projection system (Leranth
and Hajszan 2007). Overall, extrahippocampal and intrahippo-
campal excitatory input-specific recruitment of certain IN subpo-
pulationsmay underscore a “division of labor” in cortical circuits,
where distinct computational functions are implemented by
various types of local inhibitory INs.

It is also important to point out that some limitations exist in
the present study for the understanding of COM-mediatedneuro-
transmission. First, selective COM targeting depends on the effi-
cacy of the Grik4-cremouse line and Cre-dependent expression of
AAV-ChR2. Interestingly, a previous study reports that calretinin-
negative MCs in the dorsal DG are preferentially manipulated by
thismethod, whereas the ventral calretinin-positiveMCs are less
affected (Nakazawa et al. 2002). It is also noted that MCs not only
exhibit the difference in calretinin immunoreactivity along the
dorsoventral axis, but also vary in complexity of thorny excres-
cences, synaptic responses, and their intrinsic properties (Blas-
co-Ibáñez and Freund 1997; Fujise et al. 1998; Jinno et al. 2003).
These observations suggest that different MC subpopulations
along the axis might play various physiological roles. To further
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elaborate the functional characteristics of the COM, targeting
MCs using different Cre lines, for example, the MC/CA3-cre
#4688 line (Jinde et al. 2012), may be helpful in further specifying
the function of COM-mediated transmission. Second,most of our
study focused on COM-mediated transmission to the contralat-
eral dorsal DG, although we noted that the COM projects along
the entire longitudinal axis of the contralateral DG. Whether
the synaptic transmission of COM–ventral DG and COM–dorsal
DG differs functionally remains an interesting question. More-
over, the functions of the hippocampus are not equal along the
hippocampal longitudinal axis (Strange et al. 2014). For example,
there is a gradual enlargement of place-field scale along the dorso-
ventral axis (Kjelstrup et al. 2008). Therefore, the role of the COM in
coordinating different functional modalities in different hippo-
campal transverse units demands extensive investigations.

Despite the above-mentioned limitations, our study provides
evidence about the source of COM-mediated inhibitory control
over GCs and supports the in vivo observation that GCs exhibit
hyperexcitability in response to PP stimulation after MCs were
ablated extensively throughout the entire longitudinal axis
(Jinde et al. 2012). Some functional correlations were associated
with hyperexcitable GCs, including increased theta power of DG
local field potentials, elevated anxiety, and impaired contextual
discrimination (Jinde et al. 2012). Further experiments using tem-
porally precise tools to excite or silence the COM in vivo during
behavioral tasks are required.

Supplementary Material
Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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