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Kwon and Castillo, 2008), these results also argue against the
possibility that the earliest innervation arises from neighbor-
ing mature GCs (Vivar et al., 2012).

Optogenetic activation of MCs and MPP
To selectively activate MCs, we injected AAV carrying synapsin
promoter-driven ChR2 tagged with either mCherry (ChR2-

mCherry) or EYFP (ChR2-EYFP) into the
right hilus of POMC-EGFP mice. Many
cells near the injection site were infected,
including MCs, interneurons, and GCs
(Fig. 2A). MCs that expressed ChR2 were
identified by characteristic morphology in-
cluding thorny excrescences and physiolog-
ical properties including a high frequency of
spontaneous EPSPs and nonaccommodat-
ing action potentials (APs) with little after-
hyperpolarization (Scharfman and Myers,
2012). ChR2-expressing MCs depolarized
in response to brief pulses of blue light
and fired APs (Fig. 2A, inset). AP firing,
but not ChR2-mediated depolarization,
was blocked by TTX (data not shown).

MCs project axons along the septo-
temporal axis to distal areas of the ipsilateral
dentate gyrus (DG; associational pathway)
and to the contralateral DG (Ribak et al.,
1985; Ratzliff et al., 2004; Scharfman and
Myers, 2012; commissural pathway). We
found robust ChR2 expression in the hilus
and IML of the contralateral (left) DG (Fig.
2B). In the presence of the GABAA receptor
antagonist picrotoxin (PTX), blue light
pulses (1 or 10 ms) evoked EPSCs in mature
GCs (Fig. 2C). Light-evoked EPSCs were
blocked by WIN to a degree similar to that
of electrically evoked IML EPSCs (70 �
6% reduction; n 	 4; p � 0.05). Further-
more, light-activated NMDAR EPSCs
recorded at 
40 mV were blocked by
WIN to a similar extent (67 � 10%
block, n 	 4, p � 0.05; data not shown).

We also injected AAV-ChR2 into the
entorhinal cortex to drive expression in
the MPP, resulting in axonal labeling in
the MML of the ipsilateral DG (Fig. 2D,E).
Light-evoked EPSCs in mature GCs were
sensitive to DCG-IV to an extent similar
to electrically evoked MML EPSCs (Fig.
2F, 66% reduction, n 	 3, p � 0.05). Thus,
ChR2 can be used to selectively activate
extrahippocampal and intrahippocam-
pal excitatory inputs (Kumamoto et al.,
2012).

Mossy cells innervate newborn GCs
To determine whether selective activa-
tion of MCs could evoke EPSCs in new-
born GCs, we first found contralateral
slices with sufficient MC axonal ChR2
expression to evoke light-activated EP-
SCs in mature GCs (as in Fig. 2B,C).
Light-evoked EPSCs were smaller than

electrically evoked EPSCs (Fig. 3A; 34 � 6 pA and 128 � 27
pA, respectively; p � 0.01, paired t test, n 	 15), suggesting
that not all IML fibers expressed ChR2. After testing for ChR2
expression by first recording from mature GCs, we subsequently
identified neighboring newborn GCs that had electrically evoked
NMDAR EPSCs (Fig. 3A, bottom). Under these conditions, we
found light-activated EPSCs in 62% of newborn GCs (13 of 21
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Figure 2. ChR2-mediated glutamate release. A, ChR2-mCherry expression (red) in an injected (ipsilateral) DG with a MC filled
with biocytin (white). Insets, MC spiking in response to current steps (top, 200 pA, 200 ms) or 455 nm light (blue). Scale bar, 100
�m. GCL, granule cell layer. B, ChR2-mCherry-labeled commissural MC axons in the hilus and IML of the contralateral DG. Scale bar,
100 �m. C, Light-evoked EPSCs recorded from a mature GC before (black) and after (gray) WIN. WIN sensitivity was similar for
light-evoked (n 	 4) and IML electrically evoked EPSCs (n 	 9; data from Fig. 1B). D, ChR2-EYFP expression in the MPP (arrows)
following injection into the entorhinal cortex (EC). Scale bar, 100 �m. E, ChR2-EYFP expression (green) in the MPP. GCs are labeled
with DAPI (blue). Scale bar, 50 �m. F, Light-evoked EPSCs in a mature GC before (black) and after (gray) DCG-IV. DCG-IV sensitivity
was similar for light-evoked (n 	 3) and MML electrically evoked EPSCs (n 	 9; data from Fig. 1A).
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cells), confirming MCs provide early glu-
tamatergic inputs. Light-activated re-
sponses in newborn GCs were blocked by
NBQX and AP5 (n 	 3; data not shown),
as well as WIN (n 	 4). Unlike mature
GCs, light-activated EPSCs in newborn
GCs had the same amplitude as electri-
cally evoked EPSCs (12 � 2 pA and 15 � 3
pA; p 	 0.3, paired t test, n 	 9), indicative
of the largely all-or-none nature of the ini-
tial glutamatergic inputs (Chancey et al.,
2013).

To determine whether MPP also
contributes to glutamate release to new-
born GCs, we followed the same exper-
imental paradigm with MEC-injected
mice. We first found ipsilateral slices
with sufficient MPP ChR2 expression to
induce light-evoked EPSCs in mature
GCs (Fig. 3B; 30 � 11 pA compared with
145 � 20 pA for electrically evoked EP-
SCs; n 	 14, p � 0.001). In neighboring
newborn GCs that had EPSCs evoked by
electrical stimulation, we never detected
light-activated EPSCs (Fig. 3B, bottom;
0 of 14 cells). In addition, ChR2 expres-
sion in the lateral perforant path did not
drive EPSCs in newborn GCs (n 	 0 of 6;
data not shown), suggesting that connec-
tivity to the perforant path was not yet
established.

Mossy cells drive GABA release onto
newborn GCs
Although the MPP does not innervate
POMC-EGFP
 newborn GCs, MPP
stimulation can provide depolarization
through feedforward GABA release
(Overstreet Wadiche et al., 2005). We
therefore asked whether MCs could also
provide GABA release to newborn GCs. In
contralateral slices from AAV-ChR2
hilar-injected mice (in the absence of
PTX), we first found that light evoked
both EPSCs (recorded at EGABA 	 �70
mV) and IPSCs (recorded at Eglutamate 	 0
mV) in mature GCs. Consistent with MC-
evoked disynaptic inhibition of GCs
(Jinde et al., 2012), light-evoked IPSCs were completely blocked
by either NBQX or PTX (Fig. 4A; n 	 4 and 3, respectively).
Neighboring newborn GCs also showed light-evoked disynaptic
GABAA receptor-mediated PSCs that were blocked by either
NBQX or PTX (Fig. 4B; n 	 3 and 4, respectively). In PTX,
subsequent recording at 
40 mV revealed monosynaptic
NMDA EPSCs (Fig. 4B, bottom). Thus, MCs generate both
monosynaptic glutamate and disynaptic GABA release to new-
born GCs. As expected, the latency of disynaptic GABA PSCs
was longer than that of monosynaptic NMDAR EPSCs (6.7 �
1.4 ms vs 3.4 � 0.5 ms, p � 0.05). Yet, the duration of GABA
PSCs and NMDA EPSCs was similar (Fig. 4C; decay � 	 78 �
15 vs 81 � 11 ms, p 	 0.8; n 	 7 and 10), suggesting that
MC-evoked GABAergic depolarization could potentially con-

tribute to relief of the voltage-dependent Mg 2
 block at ini-
tially silent MC synapses (Chancey et al., 2013).

Discussion
Hilar MCs are innervated by the perforant path, CA3 pyrami-
dal cells, and GC MFs and, in turn, provide translaminar ex-
citatory connections in the septo-temporal axis to ipsilateral
and contralateral GCs and interneurons (Williams et al., 2007;
Scharfman and Myers, 2012; Jinde et al., 2013). Our results
show that MCs are poised to translate intrahippocampal and
extrahippocampal activity to adult-born neurons during a
critical period for survival when the first excitatory synapses
are established (Chancey et al., 2013).

Consistent with our findings, Kumamoto et al. (2012) re-
ported EPSCs arising from both MCs and perforant path ax-
ons in newly generated GCs at 14 d post-retroviral labeling.
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Rabies virus-mediated trans-synaptic tracing also reveals
time-dependent innervation from multiple cell types and
brain areas. Vivar et al. (2012) show trans-synaptic labeling
from 21-d-old GC cells in hilar MCs, local interneurons, as-
trocytes, and the entorhinal cortex. Surprisingly, they also
found evidence for transient innervation from mature GCs
and CA3 pyramidal cells. We found no functional evidence for
innervation by mature GCs, but we cannot rule out a potential
contribution by CA3 cells that can project to the IML (Li et al.,
1994). Our results are consistent with trans-synaptic viral la-
beling of hilar MCs during the second postmitotic week fol-
lowed by MEC labeling in the third postmitotic week
(Deshpande et al., 2013). Since mechanisms of viral tracing are
unclear and synaptic signaling can occur via spillover from
distantly located release sites (Markwardt et al., 2009, 2011;
Capogna and Pearce, 2011; Coddington et al., 2013), a com-
bination of functional and anatomical approaches provides
the clearest understanding of synaptic communication.

Our results suggest that MCs play an important role in regu-
lating neurogenesis by providing early glutamatergic synapses to
newly generated GCs. At this developmental stage, GABAergic
depolarization allows NMDAR activation required for AMPA
receptor incorporation at silent synapses (Chancey et al., 2013),
suggesting a need for coordinated GABAergic and glutamatergic
signaling. MC-evoked disynaptic GABA signaling to newborn
GCs thus potentially provides the circuitry to synchronize gluta-
mate and GABA release for activity-dependent synapse unsilenc-
ing (Chancey et al., 2013). Interestingly, selective loss of MCs
impairs pattern separation (Jinde et al., 2012), a DG-associated
task that has been linked to adult-born neurons (Clelland et al.,
2009; Sahay et al., 2011; Nakashiba et al., 2012; Niibori et al.,
2012). MC innervation of adult-generated neurons could also
promote the participation of adult-generated neurons in DG net-
work activity.
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