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Chinese Abstract 

海馬迴為學習和記憶功能相關的核區。在海馬迴中的齒狀迴結構是負責訊息進入

的主要閘門。在齒狀迴的局部迴路中包含異質性的細胞族群，可根據不同的分子

特性，細胞型態及電生理特質區分出 γ-氨基丁酸型抑制型神經細胞。而其中，表

現小白蛋白的神經細胞為細胞體抑制型神經細胞，它們對下游的神經細胞提供很

強的抑制作用，此外它們在控制神經活性及調控神經的同步性中也扮演了很重要

的角色。表現小白蛋白的神經細胞有高頻動作電位的特性，其軸突呈現樹枝狀散

佈在齒狀迴的顆粒細胞層中，這些神經細胞可以支配顆粒細胞、非高頻動作電位

細胞及高頻動作電位細胞。雖然從神經解剖學上的證據推測表現小白蛋白的神經

細胞也會去支配在齒狀迴門區的細胞，包含門區的中間神經細胞(hilar interneuron)

及苔蘚狀細胞(mossy cell)，但是表現小白蛋白的神經細胞和齒狀迴門區的神經細

胞之間的功能性聯結仍不清楚。因此，我們結合光遺傳學搭配電生理學的技術去

探討這個問題。我們的結果發現顆粒細胞和齒狀迴門區的中間神經細胞及苔蘚狀

細胞相比，顆粒細胞從表現小白蛋白的神經細胞端接受了很強的突觸性訊號。然

而，當不同時間性的抑制性訊號傳入顆粒細胞、齒狀迴門區的中間神經細胞及苔

蘚狀細胞時並沒有任何顯著性的差異，這也暗示在表現小白蛋白的神經細胞跟它

主要去支配的目標細胞的突觸，有著目標細胞非相關性的短期突觸增益效應。根

據表現小白蛋白的神經細胞可以扮演著 γ 振盪產生器的角色並且調控顆粒細胞

的同步作用，我們接著測試表現小白蛋白的神經細胞是否能調控門區細胞的同步

作用。我們的結果呈現表現小白蛋白的神經細胞可能調控細胞的同步作用，並且

是根據抑制性的聯結強度及門區突觸後細胞的特性。 
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English Abstract 

The hippocampus is a key brain structure for learning and memory. The dentate gyrus 

(DG) serves as a primary gate of the hippocampus. Local-circuit GABAergic inhibitory 

interneurons (INs) in the DG comprise a heterogeneous cell population with distinct 

molecular, morphological, and electrophysiological properties. Among them, 

parvalbumin expressing (PV+) INs are perisomatic INs that provide powerful inhibition 

to their downstream neurons. They also play an important role in controlling neuronal 

activity and therefore mediate neuronal synchronization. PV+ INs show fast-spiking (FS) 

firing pattern and exhibit extensive axonal arborization within the DG granule cell (GC) 

layer. They innervate GCs, non-FS INs, and FS INs in the GC layer with high 

connection rates. Although anatomical evidence suggests that PV+ INs also innervate 

hilar neurons (HNs), including hilar mossy cells (MCs) and hilar interneurons (HINs), 

the functional connections between PV+ INs and HNs remain unknown. Here, we 

combined optogenetics with electrophysiology to address this question. Our results 

showed that GCs receive strong synaptic inputs from PV+ INs compared to MCs and 

HINs. However, the temporal dynamics of inhibitory inputs to GCs, MCs, and HINs 

are not significantly different, indicating that synapses between PV+ INs and their target 

cells display target cell-independent short-term synaptic plasticity. Given that PV+ INs 

can function as a gamma oscillation generator and mediate synchronization of GCs, we 

next tested whether PV+ INs mediate synchronization of HNs. Our results indicate that 

PV+ INs can mediate synchronization of HNs, depending on the strength of inhibitory 

connections and postsynaptic HN identities. 
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AAV: adeno-associated virus 
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Introduction 

The hippocampus 

The hippocampus is named after its anatomical shape which resembles seahorse, from 

the Greek “hippo” meaning horse and “kampos” meaning sea monster. The 

hippocampus is a key brain structure for learning and memory (O’Keefe and 

Dostrovsky, 1971; Leutgeb et al., 2007; Moser et al., 2008), especially for declarative 

memory and spatial navigation (Squire, 1992). The hippocampus comprises two parts, 

the dentate gyrus (DG) and CA regions (Cornu Amonnis, commonly divided into the 

CA1, CA2, and CA3 subregions). The subfields of the hippocampus have a well 

laminated organization and the tightly packed cell bodies form an interlocking C-

shaped arrangement. The DG serves as the primary gate of the hippocampus. Cortical 

neurons carry major input and project their axons to the DG through perforant paths 

(PPs). They form synapses with glutamatergic excitatory principal cells, namely, 

granule cells (GCs) and local-circuit GABAergic inhibitory interneurons (INs) (Han et 

al., 1993; Freund and Buzsáki, 1996). Principal GCs send their axons called mossy 

fibers toward the CA3 area. The highly specialized mossy fibers form synapses on the 

proximal dendrites of CA3 principal cells and provide strong synaptic excitation onto 

CA3 principal cells (Geiger and Jonas, 2000; Rollenhagen et al., 2007). CA3 neurons 

in turn project to ipsilateral CA3, CA2 and CA1 neurons and contralateral CA3, CA2 

and CA1 through the projections called Schaffer collaterals/associational pathways and 

commissural projections, respectively (Schaffer, 1892; Szirmai et al., 2012). The output 

station of the hippocampus is the CA1 area. Finally, CA1 neurons project output axons 

to layer V neurons in the entorhinal cortex and/or the neurons in the subiculum (Naber 

and Witter, 1998; Ishizuka, 2001). Thus the entorhinal-hippocampal circuit forms a 
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closed-loop processing that computes the cortical sensory information. 

Dentate gyrus microcircuits 

The DG serves as the primary gate of the hippocampus and thus controls information 

processing. Information transferred from the entorhinal cortex layer II to the DG 

through the PPs. The PPs innervate GCs and local INs. The axon collaterals of GCs 

innervate mossy cells (MCs) and INs in the hilus. Hilar interneurons (HINs) also send 

axons to innervate GCs (Acsády et al. 1998). Other GABAergic INs are also involved 

in information processing in the DG microcircuits. Parvalbumin-expressing (PV+) 

basket cells (BCs) innervate GCs and provide short-term plasticity (Kraushaar and 

Jonas, 2000). Thus, feedforward inhibition arises when excitatory afferent inputs from 

cortical areas and activates both GCs and local GABAergic INs, which in turn inhibit 

GCs. Feed-back inhibition arises when a small population of GCs activate GABAergic 

INs which exert fast and strong inhibition on the non-coding GCs, respectively (Liu et 

al., 2014). The MCs form hilar commissural/associational (C/A) projections to 

innervate the GCs of the ipsi- and contralateral DG (Nakashiba et al., 2008). 

GABAergic INs in the DG 

Local-circuit GABAergic inhibitory INs in the DG comprise a heterogeneous cell 

population with distinct molecular, morphological, and electrophysiological properties 

(Freund and Buzsáki, 1996; Somogyi and Klausberger, 2005; Hosp et al., 2014; Liu et 

al., 2014). They are divided into two classes, soma-targeting and dendrite-targeting INs 

(Freund and Buzsáki, 1996). These two classes of inhibitory INs mediate the inhibitory 

control and also provide distinct spatiotemporal control over GC activity (Pouille and 

Scanziani, 2001). In the DG, a class of soma-targeting INs, PV+ BCs, generate reliable 
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and powerful phasic inhibition onto GCs (Kraushaar and Jonas, 2000). PV+ INs are a 

type of inhibitory INs and play an important role in controlling neuronal activity and 

therefore mediate neuronal synchronization (Cobb et al., 1995; Bartos et al., 2007). In 

contrast to soma-targeting INs, dendrite-targeting INs are more complex and 

heterogeneous. According to previous studies (Han et al., 1993; Freund and Buzsáki, 

1996; Hosp et al., 2014; Liu et al., 2014), dendrite-targeting neurons include hilar 

perforant path-associated cells (HIPPs), hilar C/A path-associated cells (HICAPs), and 

total molecular layer interneurons (TMLs). Dendrite-targeting INs are involved in 

regulating dendritic electrical and biochemical signaling and synaptic plasticity (Miles 

et al., 1996; Leão et al., 2012; Chiu et al., 2013；Hosp et al., 2014). 

Mossy cells in the hilus 

There are two classes of glutamatergic principal cells in the DG. One is GCs, which are 

the vast majority cells in the DG, and the other is MCs, which are the least numerous 

cell type in the hilar region (Amaral et al., 1990; Henze and Buzsáki, 2007; Scharfman 

and Myers, 2013). MCs have characteristic appearance called thorny excrescences 

because the appearance of proximal dendrites with numerous large spines (Amaral, 

1978). The soma and dendrites of MCs are restricted in the hilus. The hilar MCs form 

the C/A afferents in the both dentate gyri and innervate proximal dendrites of GCs 

within the inner molecular layer. MCs are known to be highly excitable. They receive 

large, frequent barrages of spontaneous synaptic input (Ishizuka and Kosaka, 1998) 

from a small number of GCs and provide a strong excitatory output to a large numbers 

of GCs. The excitatory commissural afferents that originate from the MCs have a net 

inhibitory effect on GCs via activation of inhibitory neurons (Buzsáki and Eidelberg, 

1981; Douglas et al., 1983; Santhakumar et al. 2000; Jinde et al., 2012). Due to the 
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unique connections, MCs have been suggested to play an important role in normal 

signal processing in learning and memory, especially pattern separation (Lisman, 1999; 

Myers and Scharfman, 2009; Jinde et al., 2012).  
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Specific Aims 

In the hippocampus, PV+ BC INs are mostly fast-spiking (FS) and innervate to the 

perisomatic area of target cells. They can target to GCs and function as a gamma 

oscillation generator (Cobb et al., 1995; Bartos et al., 2007). Although there is apparent 

anatomical evidence that PV+ INs innervate hilar neurons (HNs) (Acsády L et al. 2000; 

Murakawa and Kosaka, 2001), little is known about the functional connections between 

PV+ INs and HNs and the network function. In this study, I combined optogenetics with 

electrophysiological recordings to address two fundamental questions. First, I recorded 

the postsynaptic target cells to examine the functional connection. Second, I performed 

simultaneous dual recording from two HNs by using cell-attached recording and study 

whether PV+ INs mediate synchronization of HNs. 
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Materials and Methods 

Animals 

PV-cre (B6;129P2-Pvalbtm1(cre)Arbr/J) knock-in mice (aged 4-8 weeks) were obtained 

from The Jackson Laboratory (008069; Bar Harbor, ME, USA). Mice were maintained 

on a reverse 12 hr light/dark cycle and were given food and water ad libitum. All 

experimental procedures involving animals were performed and approved by the 

Institutional Animal Care and Use Committee of National Yang-Ming University. 

Acute hippocampal slice preparation 

PV-cre mice were anaesthetized with isoflurane and killed by rapid decapitation, in 

accordance with national and institutional guidelines. Mice brains were rapidly 

removed and 300 m thick coronal hippocampal slices were cut in ice-cold sucrose 

solution containing the following (in mM): 87 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 

KCl, 10 glucose, 75 sucrose, 0.5 CaCl2, and 7 MgCl2 using a vibratome (DTK-1000, 

Dosaka). Slices were incubated in oxygenated (95% O2, 5% CO2) sucrose solution in a 

holding chamber at 34 °C for 30 min and stored in the chamber at room temperature 

until used.  

Virus preparation 

We obtained the channelrhodopin-2 (ChR2)-expressing viruses from two resources: 

First, an adeno-associated virus serotype 5 (AAV5) vector (AAV5-EF1-DIO-

hChR2(H134R)-eYFP-WPRE-hGH or AAV5-EF1-DIO-hChR2(H134R)-mCherry-

WPRE-hGH) was produced by University of North Carolina Vector Core Facilities 

(Chapel Hill, NC, USA). Second, an AAV5 was generated and purified by our 
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collaborator Dr. Tai, Min-Hong’s laboratory in the National Sun Yat-Sen University 

(Kaohsiung, Taiwan). The ChR2-eYFP transgene construct, the packaging (pLT-RC03) 

and adeno helper constructs (pHGTI-Adeno1) were needed for the virus generation. 

The transgene, packaging and helper constructs were transfected into E1-transformed 

human embryonic kidney 293 (HEK293) cells by calcium phosphate method. All 

transgene constructs are gifts from Dr. Karl Deisseroth (Standford University, CA). The 

viral packaging and helper constructs are gifts from Dr. Lee, Jeng-Shin (Harvard Gene 

Therapy Initiative, Harvard Medical School, Boston, MA, USA). To silence the PV+ 

INs in the behavior experiment, an AAV5 carrying cre-inducible halorhodopsin 

(NpHR)-eYFP transgene (AAV-EF1α-DIO-eNpHR3.0-eYFP) would be expressed on 

the PV+ INs, whereas an AAV5 carrying cre-inducible eYFP transgene (AAV-EF1α-

DIO-eYFP) was used for the control experiment. These two viruses were produced by 

University of North Carolina Vector Core Facilities (Chapel Hill, NC, USA).  

Stereotaxic microinjection and optical fiber implantation 

Mice (aged 4-8 weeks) were housed in the animal center with food and ad libitum water 

until surgery. Mice were anaesthetized with 4 % isoflurane (vol/vol; Halocarbon 

Laboratories, North Augusta, SC, USA) mixed with 100 % oxygen in the chamber, and 

their heads were shaved for further operation. Mice were placed on a homeothermic 

blanket to keep the body temperature constant (34 °C) and mounted in a stereotaxic 

apparatus (Stoelting Co., Wood Dale, IL, USA) and kept under constant isoflurane air 

flow (2.25 mL/hour) anesthesia during surgery. High titers of AAV type 5 or 8 carrying 

ChR2 tagged with eYFP or mCherry were microinjected into the dorsal hippocampal 

DG (coordinates from Bregma: Anterior-Posterior: -2 mm; Medial-Lateral: 1.7 mm; 

Dorsal-Ventral: -2 mm and -1.8 mm), using a 10 μl NanoFil syringe (World Precision 
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Instruments, Sarasota, Florida, USA) and a 35-gauge beveled metal needle. Injection 

volume (0.5 μl at each site) and the flow rate (0.1 μl/min) will be controlled with a 

nanopump Controller (KD Scientific, Holliston, MA, USA). The 35-gauge steel was 

held in place 0.1 mm above the injection site for 10 min after injection before being 

slowly withdrawn. For the behevior experiment, an AAV carrying eNpHR3.0 tagged 

with eYFP or mCherry was bilaterally microinjected into the DG (Anterior-Posterior:  

-2 mm; Media-Lateral: ± 1.7 mm; Dorsal-Ventral: -2 mm and -1.8 mm). The fiber-optic 

cannula for implantation consisted of a ferrule (1.25 mm in diameter and 6.4 mm long; 

Precision fiber product, Inc) and flat tip of an optical fiber (230 μm in diameter). The 

implantation of fiber-optic cannula into the DG for illumination of PV+ IN was 

performed immediately after injection of viruses. To fix the fiber-optic cannula on the 

skull, C&B Superbond (Sun Medical) was applied to the surface of the skull around the 

cannula for 10 min. After the C&B Superbond hardened, the cannula was released from 

the home-made holder. Dental cement (GC corporation, Tokyo, Japan) was applied 

around the cannulation site. After virus injection and optical fiber implantation, mice 

were returned to their home cage for at least 3 weeks to allow for virus expression. 

Electrophysiology and optical stimulation 

During experiments, individual slices were placed in a recording chamber and 

continuously perfused with oxygenated 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 recording temperature was at room temperature (23 ± 2 °C). 

The ChR2-eYFP or ChR2-mCherry expression pattern was confirmed with 

fluorescence light (510 nm or 530 nm wavelength) by Xenon lamp and images were 

taken by EM-CCD camera (QuantEM 512SC, Photometrics, USA). ChR2 was excited 

http://www.photometrics.com/
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by blue light (470 nm; LED4D162, controlled by DC4104 driver, Thorlabs), which was 

delivered directly through the objective, the optical stimuli were simultaneously 

recorded by a GaP photodiode (wavelength range: 150-550 nm, 1ns rise time, Thorlabs).   

Whole-cell recordings were made using a Multiclamp 700B amplifier (Molecular 

Devices, Sunnyvale, CA, USA). Recording electrodes (3–6 MΩ) were pulled from 

borosilicate glasses with filament (outer diameter, 1.5 mm; inner diameter, 0.86 mm; 

Harvard Apparatus, Holliston, MA, USA). For performing patch-clamp recordings on 

postsynaptic neurons, recording pipettes were filled with high Cl- internal solution 

containing the following (in mM): 15 K-gluconate, 140 KCl, 0.1 EGTA, 2 MgCl2, 4 

Na2ATP, 10 HEPES, and 0.4 % biocytin (g/ml; Life Technologies, Grand Island, NY, 

USA) (osmolarity: 310 mOsm/L). For recordings on ChR2-eYFP-expressing neurons, 

recording pipettes were filled with internal solution containing the following (in mM): 

120 K-gluconate, 24 KCl, 0.2 EGTA, 4 MgATP, 10 HEPES, 7 Na2-phosphocreatine, 

0.5 NaGTP, and 0.4 % biocytin (4 mg/ml). For the investigation of the inhibitory effect 

of PV+ INs and their target cells, recording pipettes 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. The light-evoked IPSPs were recorded in the current-clamp configuration. 

For the detection of spontaneous spike responses of HNs, cell-attached recordings 

(pipette resistance 4–7 MΩ) were performed (Lien et al., 2006). To increase the spiking 

activities, 10 μM carbarchol were applied in the cell-attached and current-clamp 

recordings. For all recordings, pipette capacitance was almost fully compensated. 

Series resistance (Rs) was compensated to ~80% in the voltage-clamp configuration. 

Signals were low-pass filtered at 4 kHz and sampled at 10 kHz using Digidata 1440A 

(Molecular Devices). A Digidata 1440 A connected to a personal computer was used 

for stimulus generation and data acquisition. Pulse sequences were generated by 

http://www.thorlabs.com/
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pClamp 10.4 (Molecular Devices). All recordings were made at 22–24˚C. 

Biocytin filling and post-hoc morphological recovery 

To identify the morphology of target cells, neurons were loaded with biocytin (4 mg/ml, 

dissolved in intracellular solution) during whole-cell recording for at least 30 min. 

Subsequently, sections were fixed overnight in 4 % paraformaldehyde, washed and 

stored in 0.1 M PBS. After washing with 0.1 M PBS, slices were incubated with Alexa 

594 or Alexa 488 conjugated avidin (1:400; Invitrogen, Carlsbad, CA, USA) in 0.1 M 

PBS and 0.3 % triton X-100 overnight at 4 ˚C. After wash three times for 20 minutes, 

slices were embedded in Vectashield mounting medium (Vector Laboratories, 

Burlingame, CA, USA). We used two-photon microscope to examine the labelled cells 

with a pulsed titanium: sapphire laser (Chameleon-Ultra II tuned to 800 nm for Alexa-

594 and 720 nm for Alexa 350; Coherent, Portland, OR, USA) attached to a Leica 

DM6000 CFS (Leica, Wetzlar, Germany) that was equipped with a 20x/1.0 numerical 

aperture (NA) water immersion objective (HCX APO L; Leica, Wetzlar, Germany). For 

identification of ChR2-eYFP-labelled PV+ cell, we used EM-CCD camera (QuantEM 

512SC, Photometrics, USA) coupled with MetaFluor software (Molecular Devices, 

USA). The ChR2-eYFP expression pattern was imaged by confocal microscopy (Leica 

DM6000 CFS). 

Contextual fear conditioning and in vivo photo-stimulation 

For animal behavior experiments, mice were handled at least 2 days before performing 

the behavior test (Hurst and West 2010). Contextual fear conditioning was performed 

in the chamber two days. The chamber (17.8 × 17.8 × 30.5 cm, Coulbourn Instruments) 

was equipped with shock floor which consisted of stainless-steel rods was used to 

http://www.photometrics.com/
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deliver the foot shock. On Day 1, optical fibers were attached through optical fiber cable 

which contained an FC/PC adaptor (Precision fiber product, Inc) and coupled to a 589 

nm, diode-pumped, solid-state (DPSS) laser (OEM Laser Systems, Midvale, UT, USA). 

Next, mice were placed into the chamber to habituate for 2 min. After 2-min habituation, 

mice received 3 trials (ITI, inter-trial interval: 1 min) of foot shock (0.6 mA, 2 s) in the 

following 3 min. The yellow light was delivered through the optical fiber from the 589 

nm DPSS laser during the training period. The chamber was cleaned with 70 % ethanol 

before and after each session. After the last shock, mice were observed for 1 min and 

then returned to the home cage. Twenty-four hours later, mice were first placed into the 

chamber for 5 min without foot shock and light to access the contextual fear, then 

followed by the light on for 5 min and light off for 5 min. After removal of optic fiber 

cable, mice returned to the home cage. To evaluate the fear learning in Day 1 training 

session, we recorded the freezing time in habituation and each trial, and recorded the 

freezing time during the total observation time in Day 2 contextual. The percentage of 

freezing time is calculated by following equation:            

𝐹𝑟𝑒𝑒𝑒𝑧𝑖𝑛𝑔 (%) = (𝑡𝑜𝑡𝑎𝑙 𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 (𝑠)  𝑡𝑜𝑡𝑎𝑙 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (𝑠)⁄ ) × 100 % 

The freezing time was defined as more than 2 s immobility, with crouching posture, 

except for respiratory response. Freezing behavior was scored post hoc by using the 

instantaneous time sampling. 

Data analysis and statistics 

The criteria for defining a responsive cell was based on the averaged IPSCs (at least 20 

IPSCs). The cell was counted as a responsive cell only when its averaged peak IPSC 

amplitude is greater than 3-fold standard deviation (SD) of the baseline. Data were 

analyzed using Clampfit 10.4 (Molecular Devices) and Prism 5.0 (GraphPad Software, 
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San Diego, CA, USA). The decay of the uIPSC was fitted with a bi- exponential 

function. Data were presented as mean  standard error of mean (SEM). Error bars 

represent SEM. Statistical significance was tested by the Wilcoxon-signed rank test and 

Kruskal-Wallis test. The significance level (p value) as indicated using Prism 5.0. To 

test if two HNs were synchronous firing, cross-correlation functions (Perkel et al., 1967; 

Nevet et al., 2007) were performed. Within a pair of two HNs, 10 spike trains were 

recorded simultaneously. One HN was taken as the reference cell, the other was target 

cell, and each reference spike were centered by the reference spiking time. We marked 

timing for each spike in the window and calculated a count of the spikes of the target 

cell at specific time delays with a 50-ms bin size for a time window of ± 500 ms. Finally, 

all count of spikes were summed in a time window, generating an accumulated 

histogram.  
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Results 

Identification of PV+ INs in the dorsal DG 

By combining optogenetics and electrophysiology, I investigated the functional 

connections between PV+ INs and MCs. The type 5 AAV carrying double-floxed ChR2-

eYFP transgene under the control of EF1α promoter was injected into the unilateral side 

of dorsal hippocampal DG of PV-cre mice (Fig. 1A). The eYFP-labelled axons were 

mainly observed in the granule cell layer (GCL) and partially in the molecular layer 

and hilus at the virus injection side (Fig. 1B). To further confirm eYFP+ cells expressing 

ChR2 (Fig. 2A1), I recorded eYFP+ cells under IR-DIC configuration (Fig. 2A2). The 

recorded eYFP+ cell displayed high-frequency (> 160 Hz at 23 ± 2 °C) action potentials 

(AP) in response to depolarizing current pulses. The input resistance (Rin) of eYFP+ cell 

was measured by injecting a hyperpolarizing (1 s; 100 pA) current step (Rin= 80 ± 10 

MΩ) (Fig. 2B). Overall, the morphological and physiological properties are consistent 

with the description of PV+ INs. I next determined whether the delivery of blue light 

can activate ChR2. APs and photo-currents were generated reliably by delivering 1 ms 

pulses of blue light (470 nm) (Fig. 2C). After post-hoc biocytin staining, I used 

Neuromantic software to reconstruct the morphology of the PV+ IN (Fig. 2D). 

Optical control of PV+ INs 

Next, I investigated the functional connections between the PV+ INs and their 

postsynaptic neurons (Fig. 3). With 1 ms pulses of blue light, I recorded inhibitory 

postsynaptic currents (IPSCs) in single MCs and HINs in the presence of the ionotropic 

glutamate receptor antagonist kynurenic acid (2 mM) (Fig. 3B1, 3E1). The IPSCs were 

blocked after addition of the GABAA receptor antagonist SR 95531 (1 M) (Fig. 3B3, 
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3E3), indicating GABAA receptor-mediated transmission. Its short-term plasticity also 

showed multiple pulse depression (Fig. 3B2, 3F2). The recorded neurons were filled with 

biocytin and post-hoc recovered. The recorded cell was identified as MC by the soma 

and dendrites restricted in the hilus (Fig. 3C) and the distinctive morphology including 

the complex spines, so called thorny excrescences (Fig. 3C, box). The light-induced 

IPSC1 was plotted against the light intensity (from 0 to 100 %). The IPSC1 recorded in 

several neurons (n = 3) showed that 50 % light intensity (that is, LED power equals to 

7.5 mW) was sufficient to induce maximum postsynaptic responses (Fig 4A). I next 

compared the synaptic properties of PV+ IN-GC, PV+ IN-MC, PV+ IN-HIN synapses 

(Fig. 4). Dentate PV+ IN-GC synapses showed stronger synaptic strength compared to 

PV+ IN-MC and PV+ IN-HIN synapses (Fig. 4B-F). The temporal dynamics of 

inhibitory inputs to GCs, MCs, and HINs was not significantly different (Fig. 4G-I), 

indicating that synapses between PV+ INs and their target cells display target cell-

independent short-term synaptic plasticity. To further investigate the inhibitory effect 

of PV+ INs on target cell output, I first recorded light-evoked IPSPs in GCs and MCs 

in the current-clamp mode (held at -40 mV) in the presence of 10 μM carbarchol (Fig. 

5A1, B1). A single GC was held at -40 mV in current-clamp mode showed larger 

hyperpolarized potentials than MC in response to repetitive 5 Hz photo-stimulation (Fig. 

5A2, B2). The spike histogram of a single GC (Fig. 5A3) showed the less spike during 

photo-stimulation compared with that of a single MC (Fig. B3). The data showed that 

PV+ INs provide stronger inhibition on GCs than MCs. 

PV+ IN-mediated GABA release mediates synchronization between 

two HNs 

Next, I investigated the PV+-mediated network function. PV+ INs provide precise 
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control of timing and probability of spike generation in target cells (Pouille and 

Scanziani, 2001). This characteristic could serve as a gamma oscillation generator and 

contribute to the synchronization of principal cells and the generation of fast network 

oscillations (Cobb et al., 1995; Buzsáki and Draguhn, 2004; Klausberger and Somogyi, 

2008). To investigate the effect of PV+ INs on oscillatory activity of target cells, I 

performed simultaneous cell-attached recording from two randomly selected HNs 

(including MCs and HINs). The spontaneous action currents were recorded from two 

HNs before and after photo-stimulation (Fig. 6A1, 6B1). We next tested the functional 

connections between PV+ INs and HN1 and HN2. As illustrated (Fig. 6A2, 6B2), whole-

cell recording from these two HNs showed that light-evoked IPSCs (Fig. 6B1, 6B2). To 

test if two HNs were synchronous firing, I performed cross-correlation analysis (Perkel 

et al., 1967; Nevet et al., 2007). During photo-stimulation, two HNs show tendency to 

synchronize together (Fig. 6A3). On the other hand, two HNs did not show the 

synchronization under 5 Hz stimulation (Fig. 6B3). The results indicated that PV+ INs 

mediate synchronization of HNs, likely depending on inhibitory connections and 

postsynaptic HN identities. 

Optical silencing of PV+ INs in the DG 

Given that DG is essential for generating contextual memories (Hernández-Rabaza et 

al., 2008). To investigate the function of PV+ INs in the DG in the behavioral aspect, I 

performed in vivo optogenetics to bilaterally silence PV+ axonal terminals in the DG. 

PV-cre mice were injected with either an AAV carrying halorhodopsin tagged with 

eYFP (AAV-DIO-eNpHR-eYFP) as the test group (NpHR group) or an AAV-DIO-

eYFP as the control group. Mice were implanted with optical fibers after virus injection 

(Fig. 7B left). After one month, I performed the contextual fear learning test. On Day1, 
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optical fibers were attached through an FC/PC adaptor to the 589 nm DPSS laser. Next, 

mice were placed into the chamber box to habituate for 2 min. The yellow light (589 

nm) was delivered through the optical fiber from the yellow laser during the training 

period. After 24 hours, mice were placed into the same chamber box to test the fear 

level (Fig. 7A right). I calculated the percentage of freezing time during the habituation, 

ITI1, ITI2, ITI3 periods of training (Fig. 7B). All mice showed no freezing level during 

the habituation time. The result showed that the control group and NpHR group both 

increased the freezing time with the increasing times of foot shock (Fig. 7B). The data 

also indicated that mice with silencing PV+ INs showed enhanced freezing levels during 

training. Next, I compared freezing levels of these two groups during the test period on 

Day 2. The freezing level up to 50 % showed that both groups can recall the fear 

memory (Fig. 7C), but the freezing levels showed no difference between these two 

groups (Fig. 7C). The result indicated that contextual fear learning did not affect 

memory retrieval on Day 2. These two groups also showed no difference in freezing 

level during the light-on period on Day 2, indicating the yellow light per se was not an 

associated cue during the contextual training. To further confirm that eYFP+ cells 

expressed NpHR (Fig. 7D1), eYFP+ cells were recorded in the whole-cell configuration 

(Fig. 7D2). As illustrated (Fig. 7D3), the APs of eYFP+ cells were effectively suppressed 

during yellow light illumination. Taken together, PV+ INs may play a role in pattern 

separation during learning. 
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Discussion 

Summary 

Overall, my results reveal the functional connections between PV+ INs and their targets 

GCs, MCs and HINs. First, dentate PV+ INs show stronger synaptic input to GCs than 

MCs and HINs. Second, the short-term plasticity between PV+ INs and postsynaptic 

target cells are not significantly different, indicating target cell-independent short-term 

plasticity. Given that PV+ INs can target GCs and function as a gamma oscillation 

generator, our results indicated that PV+ INs may mediate synchronization of HNs, 

depending on the strength of inhibitory connections and postsynaptic HN identities. 

The indirect influences of PV+ INs on MCs or HINs 

My work mainly focused on the direct innervations of PV+ INs to MCs or HINs in the 

DG microcircuit. The results show that PV+ INs send inhibitory output to MCs and 

HINs in the presence of ionotropic glutamate receptor antagonist (Fig. 3B1, 3E1). Given 

that GCs send their axons to innervate MCs and HINs, there may be a possibility that 

PV+ INs can affect the activity of MCs or HINs through GCs. In this case, PV+ INs may 

provide strong inhibition to GCs and decrease their activity. Therefore, the MCs and 

HINs activity were decreased. Taken together, PV+ INs can decrease the activities of 

MCs and HINs through either direct innervations to MCs and HINs or indirect 

influences on GCs. 

Over-bouton stimulation 

Because the axon arbors of PV+ INs were mainly restricted in the GCL, less axon 

collaterals were located in the hilus region. It is thus technically challenging to test the 
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functional connections between PV+ INs and neurons located in the hilus by using 

paired recordings. To overcome this problem, we combined optogenetics and 

electrophysiology to address the functional connections between PV+ INs and MCs and 

HINs. With fullfield, over-bouton illumination, we selectively activated genetically 

defined ChR2-expressing PV+ INs and recorded their outputs in their target cells. 

However, recent studies have shown that optically (over-bouton illumination) 

evoked synaptic currents often exhibited the artificial synaptic depression with the use 

of AAV2-ChR2 (Zhang and Oertner, 2007; Cruikshank et al., 2010; Olsen et al., 2012; 

Jackman et al., 2014). In our study, the IPSCs recorded in the target cells of PV+ INs 

all show multiple-pulse synaptic depression. To exclude the possibility of artificial 

synaptic depression caused by AAV5-ChR2, we performed BC-GC paired recordings. 

Recordings from BC-GC pairs show that the degree of multiple pulse depression is 

similar to optically evoked synaptic responses. Therefore, it is likely that the synaptic 

depression of PV+ IN-MC and PV+ IN-HIN synapses are not caused by ChR2. We are 

aware that the decay time constant (12.41 ± 2.45, n = 6; Fig. 8A) recorded in BC-GC 

pairs was significantly shorter than that (21.88 ± 1.7, n = 12; **p < 0.05, Wilcoxon-

signed rank test) evoked by optical stimulation. The possible explanation is that optical 

stimulation evoked firing of multiple BCs with small jitters or caused by multiple spike 

generation in single BCs (see Fig. 8B-D).  

The role of PV+ IN-HN synapses 

The sparse firing activity of GCs is thought to be important for pattern separation and 

spatial information encoding (Leutgeb et al., 2007; McHugh et al., 2007; Moser et al., 

2008). GABAergic inhibition is known to contribute to the sparse firing of GCs. 

Previous studies suggest that GABAergic inhibition may directly target MCs, leading 
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to suppression of their excitatory effect on GCs (Scharfman, 1995). The inhibitory 

inputs to MCs are from terminals that contain PV or cholecystokinin and HIN (Acsády 

et al., 2000; Larimer and Strowbridge, 2008). Therefore, the innervation of MCs by 

PV+ INs might play a role in pattern separation. My study is the first to provide 

functional evidence for PV+ IN-mediated inhibition onto HNs. In the DG microcircuit, 

GCs are activated by the inputs from the entorhinal cortex. However, feed-forward and 

recurrent (feedback) inhibition and C/A inhibition provided by MCs limit the 

subsequent activation of the recently-activated GCs (Lisman, 1999; Jinde et al., 2012). 

Inhibition of MCs could also reduce the activation of these recently-activated GCs and 

may be important for functions related to pattern separation. Our data indicated that 

PV+ INs can mediate synchronization of HNs at theta rhythm (see Fig. 6A3). MCs is 

capable of synchronizing a large number of GCs in the septotemporal axis of the 

hippocampus (Scharfman, 1995). Thus, we speculate that PV+ INs may regulate the 

activity of GCs in the distal region through long-range projecting MCs. Intriguingly, 

the influence of PV+ INs on the excitability of HNs in some cases is minimal, suggesting 

that the effect provided by PV+ INs likely depend on the strength of inhibitory 

connections and postsynaptic HN identities. Because the type of ChR2 we used could 

not follow the high frequency photo-stimulation. We chose theta frequency to 

investigate the functional effect of PV+ INs on HNs. In addition to theta oscillations, 

GABAergic INs, especially, PV-expressing subtypes, play a key role in the generation 

of gamma (30 – 80 Hz) oscillations in various regions of the brain (Bartos et al., 2007; 

Buzsáki and Wang, 2012; Varga et al., 2012). To examine whether PV+ INs are involved 

in gamma oscillations in the hilar network, expression of ChR2 variant (pAAV-Ef1α-

DIO-hChR2 (E123T/T159C)-mCherry) with fast kinetic in PV+ INs is required for the 

future experiments.  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3909463/#bib3
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3909463/#bib3
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PV+ INs in the DG are involved in learning 

Given that DG is essential for generating contextual memories (Hernández-Rabaza et 

al., 2008). At the behavioral level, suppression of PV+ INs (i.e., disinhibition of 

pyramidal neurons) is necessary for certain forms of learning, whereas activation of 

PV+ cells may promote extinction (Letzkus et al., 2011; Wolff et al., 2014; Sparta et al., 

2014). At the network level, how inhibition driven by PV+ INs regulates activities of 

local and remote GCs need to be examined. To understand the functional roles of PV+ 

INs in the DG in the behavioral aspect, I will perform further behavioral tests related to 

learning and memory using in vivo optogenetic silencing technique. The behavioral 

tests that I plan to perform are the contextual fear test and novel object recognition test. 

The preliminary data of contextual fear test suggest that NpHR group mice showed 

better learning behavior during training. In the contextual fear training test, a sustained 

and prolonged yellow light (589 nm) was delivered to inactivate PV+ INs in the DG. 

The net effect of inhibiting PV+ INs in the DG microcircuit might separate into two 

phases: the rapid excitation phase and following inhibition phase. At the mono-synaptic 

transmission level, silencing of PV+ INs would cause disinhibition of GCs, thus 

enhancing the DG output. At the disynaptic transmission network level, the following 

inhibitory phase occurs as the disinhibition of other GABAergic INs would provide 

inhibition to GCs. On the other hand, the disinhibition of GCs may provide feed-back 

inhibition to inhibit other non-coding GCs. Recent studies indicated that distinct 

populations of neurons respond to a specific memory engram (Josselyn SA, 2010; Liu, 

et al., 2012). One possible explanation for our finding is that at the first foot shock under 

training, a sparse population of GCs are responsible for encoding the fear learning, and 

the inhibition of PV+ INs under the second time of foot shock are more likely to activate 
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the same distinct population of GCs. 

Future directions 

The c-Fos staining is required to confirm the enhanced excitability of the GC population 

following optogenetic silencing of PV+ INs. The location of implanted optical fibers 

need to be further checked. A fundamental question remains to be discussed. Previous 

studies showed that PV-expressing GABAergic neurons at the GCL/hilar border project 

contralaterally (Goodman and Sloviter, 1992). To solve these paradoxical findings, I 

plan to inject higher titers of AAV-ChR2 into the PV-cre mice and perform the 

immunostaining of eYFP, which can enhance the eYPF signal.  
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Figures 

 

Figure 1. ChR2-eYFP expression in the DG 

A. Scheme of injection of AAV5 carrying double-floxed inverted open reading frame 

(DIO) encoding ChR2-eYFP into the dorsal hippocampus of PV-cre mice. The Ef1α 

promoter driven transgene ChR2-eYFP shown on the right side. The PV+ INs of the 

injection site can express ChR2-eYFP through Cre-Lox recombination. Axis: L, lateral; 

V, ventral; M, medial; D, dorsal. 

B. Left: PV+ INs and their axonal arborizations on the ipsilateral side of AAV injection. 

Right: the merge image of eYFP signal and IR-DIC image. Note that no eYFP 

expression was detected in the contralateral side. The borders of GCL are outlined. ML, 

molecular layer; H, hilus; GCL, granule cell layer.  
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Figure 2. Light-evoked spikes and currents in fast-spiking INs 

A1. Fluorescence image of a ChR2-eYFP+ neuron, suggesting PV+ IN. The borders of 

GCL are outlined. H, hilus; GCL, granule cell layer; ML, molecular layer. 

A2. IR-DIC image of the recorded PV+ IN shown in A1. 

B. High-frequency APs and hyperpolarized membrane responses elicited in the same 

ChR2-eYFP+ neuron. The protocol was shown in the bottom. 

C. APs (upper traces) and photo-activated currents (lowers traces) were evoked by 

delivering brief (1 ms) pulses of blue light (blue traces). FS IN was holding at -70 mV 

in current-clamp and voltage clamped at -70 mV. 

D. Reconstruction of the same recorded PV+ fast-spiking IN in A1. 
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Figure 3. Functional connections of PV+ IN-MC and PV+ IN-HIN 

synapses 

A1, D1. Experimental scheme showing optical activation of PV+ axons with a patch-

clamp recording from an MC (A1) and an HIN (D1). 

A2, D2. Firing pattern and hyperpolarized membrane responses induced in the MC and 

HIN by the protocol shown in the bottom. 

B1, E1. Photo-stimulation evoked IPSCs (averaged traces, red) recorded in the MC and 

HIN (blue traces, interpulse interval: 100 ms) in the presence of kynurenic acid (2 mM). 

Gray traces were individual IPSCs (30 sweeps). 

B2, E2. Similar to B1 and E1, 10 Hz photo-stimulation (blue traces) evoked IPSCs, 

displaying multiple-pulse depression. 
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B3, E3. IPSCs were blocked by SR 95531 (1 M). 

C. Merged fluorescence image of ChR2-eYFP (green) expression and biocytin (red) 

staining of a representative MC in the hilus. The boxed area is shown at higher 

magnification (60x) in the inset. Arrowhead indicated complex spines known as thorny 

excrescences.  

F. Merged fluorescence image of ChR2-eYFP (green) expression and biocytin (red) 

staining of a representative HIN at the border between the GCL and hilus. Note that 

complex spines were not detected in the HIN. 
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Figure 4. The functional properties of GCs, MCs and HINs 

A. The plot showing normalized IPSC amplitude versus LED power intensity. 

B-D. Top: schematic diagram illustrates PV+ IN-GC, PV+ IN-MC and PV+ IN-HIN 

synapses. Bottom: averaged IPSCs in GCs (dark gray trace), MCs (dark blue trace), 

HINs (green trace) evoked by 10 Hz photo-stimulation (blue traces). Light gray traces 

were individual IPSCs (30 sweeps). 

E. Top: schematic of paired recording from a FS IN to GC pair. Middle: five APs were 

evoked in the FS IN by injection of brief current pulses (1 ms, 10 Hz). Bottom: averaged 

IPSCs in GCs (red trace) were evoked by presynaptic FS IN. Presynaptic FS INs were 

current clamped at -70 mV, whereas postsynaptic GCs were voltage clamped at -80 mV. 

F. Summary of peak amplitude of IPSCs in GCs, MCs and HINs (*p < 0.05, Wilcoxon-

signed rank test).  

G. Summary of decay time constant of IPSCs in GCs, MCs and HINs (p = 0.3679, n.s., 

not significant, Kruskal-Wallis test).  

H. Summary of paired-pulse ratio of IPSCs in GCs, MCs and HINs (p = 0.3679, n.s., 
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Kruskal-Wallis test). 

I. Summary of multiple-pulse ratio of PV+ IN-GC, PV+ IN-MC, PV+ IN-HIN, and BC-

GC synapses (p = 0.6697, n.s., Kruskal-Wallis test). 
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Figure 5. PV+ INs provide stronger inhibition on GCs than MCs 

A1, B1. Top: experimental scheme showing optical activation of PV+ axons with patch-

clamp recordings of a GC and MC. Bottom: light-evoked IPSPs (average traces, red) 

recorded in a single GC and MC held at -40 mV in current-clamp. Light gray traces 

were individual IPSPs (30 sweeps). 
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A2, B2. Top: blue light stimulation (5 Hz) evoked marked hyperpolarized potentials in 

GCs but not in MCs. Cells were held at -40 mV in current-clamp in the presence of 10 

μM carbachol. Bottom: raster plot of spikes before, during and after photo-stimulation 

from GCs, and MCs. 

A3, B3. Spike histogram of a single GC and MC as in A2, B2. Note that less spikes in 

the GC during photo-stimulation (blue traces). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

30 
 

 

Figure 6. PV+ IN-mediated GABA release may mediate 

synchronization between two HNs 

A1, B1. Simultaneous cell-attached recording (red trace) from two HNs by delivering 5 

Hz blue light stimulation (blue traces). 

A2, B2. Whole-cell recording configuration showed that PV+ INs innervated HN1 and 

HN2 (red traces) by delivering 5 Hz blue light stimulation (blue traces). Light gray 

traces represented individual IPSCs (30 sweeps). 

A3, B3. Cross-correlation analysis of two HNs as in A1, B1. A3 showed that 

synchronization between two HNs during photo-stimulation. B3 showed that two HNs 

did not show the synchronization during 5 Hz photo-stimulation. The superimposed 

green traces showed sine waves of 5 Hz (A3) and 2.62 Hz (B3). 
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Figure 7. Silencing PV+ INs in the DG improves fear learning  

A. Left: schematic diagram of AAV5-DIO-eYFP or AAV5-DIO-eNpHR-eYFP 

injection and optical fiber implantation into both dorsal hippocampi of PV-cre mice for 

the contextual fear test. Right: the protocol of contextual fear test. On Day 1, mice were 

placed into the chamber box to habituate for 2 min. After 2-min habituation, mice 

received 3 trials (ITI, inter-trial interval: 1 min) of foot shock (0.6 mA, 2 s) in the 

following 3 min. Twenty-four hours later, mice were first placed into the chamber for 5 

min without foot shock and light to assess the contextual fear, then followed by the light 

on for 5 min and finally light off for 5 min. The fiber-optic cannula were connected to 

optical fiber cables. The yellow light (10 mW) was delivered through the optical fibers 
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from the 589 nm DPSS laser as indicated. 

B. Left: the percentage of freezing time was calculated for each mouse during the H 

(habituation), ITI1, ITI2, ITI3 periods of training. The open circle represents the control 

group (eYFP), whereas the filled circle represents the NpHR group (eNpHR3.0-eYFP). 

Right: the percentage of freezing behavior of control and NpHR groups. Data represent 

mean ± SEM. Note that mice with silencing of PV+ INs showed better learning behavior 

during training.  

C. The percentage of freezing time during the test period on Day 2. Note that freezing 

level was not affected by optogenetic inhibition of PV+ INs. 

D1. Fluorescence image of an eNpHR-eYFP+ neuron, suggesting PV+ IN. The borders 

of GCL are outlined. GCL, granule cell layer; ML, molecular layer. 

D2. IR-DIC image of the recorded PV+ IN shown in D1. 

D3. High-frequency APs were elicited in the same eNpHR-eYFP+ neuron and 

suppressed during yellow light illumination. The time course of depolarizing current 

step was shown in the bottom. 
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Figure 8. Differences in IPSCs evoked by optical stimulation and 

paired recording  

A. Summary of decay time constant of IPSCs in GCs evoked by optical stimulation 

(GCOp, n = 12) and direct AP generation in presynaptic FS INs (GCpair; n = 6) (*p < 

0.05, Wilcoxon-signed rank test). 

B. Top: schematic of optical activation of PV+ axons with whole-cell patch-clamp 

recordings of a GC. Bottom: photo-stimulation (blue, interpulse interval: 100 ms) 

evoked IPSCs (a single sweep, gray) recorded in the GC in the presence of kynurenic 

acid (2 mM). Arrowheads indicate asynchronous compound IPSCs. 

C. Top: two consecutive APs (red trace) were evoked in the FS IN by injection of brief 

current pulses (black trace, 3 nA/ 1 ms; interpulse interval: 100 ms). Bottom: a single 

IPSC in GCs (black) were evoked by AP induction in a presynaptic FS IN. Presynaptic 

FS INs were current clamped at -70 mV, whereas postsynaptic GCs were voltage 

clamped at -80 mV. Note the faster decay of the unitary IPSC evoked by a single 

presynaptic FS IN. 

D. Top: schematic of optical activation of PV+ axons with whole-cell patch-clamp 

recording of a PV+ IN. Bottom: APs (upper trace) were evoked by delivering brief light 

pulses (blue, 1 ms). The FS IN was held at -70 mV in current-clamp.  
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