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Abstract

GABAergic interneurons in the hippocampus are critically involved in almost all hippocampal 

circuit functions including coordinated network activity. Somatostatin-expressing orienslacunosum 

moleculare (O-LM) interneurons are a major subtype of dendritically projecting interneurons in 

hippocampal subregions (e.g., CA1), and express group I metabotropic glutamate receptors 

(mGluRs), specifically mGluR1 and mGluR5. Group I mGluRs are thought to regulate 

hippocampal circuit functions partially through GABAergic interneurons. Previous studies suggest 

that a group I/II mGluR agonist produces slow supra-threshold membrane oscillations (<0.1 Hz), 

which are associated with high-frequency action potential (AP) discharges in O-LM interneurons. 

However, the properties and underlying mechanisms of these slow oscillations remain largely 

unknown. We performed whole-cell patch-clamp recordings from mouse interneurons in the 

stratum oriens/alveus (O/A interneurons) including CA1 O-LM interneurons. Our study revealed 

that the selective mGluR1/5 agonist (S)-3,5-dihydroxyphenylglycine (DHPG) induced slow 

membrane oscillations (< 0.1 Hz), which were associated with gamma frequency APs followed by 

AP-free perithreshold gamma oscillations. The selective mGluR1 antagonist (S)-(+)-α-Amino-4-

carboxy-2-methylbenzeneacetic acid (LY367385) reduced the slow oscillations, and the selective 

mGluR5 antagonist 2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP) partially blocked 

them. Blockade of nonselective cation-conducting transient receptor potential channels, L-type 

Ca2+ channels, or ryanodine receptors all abolished the slow oscillations, suggesting the 
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involvement of multiple mechanisms. Our findings suggest that group I mGluR activation in O/A 

interneurons may play an important role in coordinated network activity, and O/A interneuron 

vulnerability to excitotoxicity, in disease states like seizures, is at least in part due to an excessive 

rise in intracellular Ca2+.
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1. Introduction

GABAergic interneurons are known to contribute to almost all aspects of cortical circuit 

functions through their molecular, anatomical, and physiological diversity (Pelkey et al., 

2017). In the hippocampus, distinct subtypes of GABAergic interneurons perform specific 

circuit operations, including coordinated network oscillations (e.g., theta and gamma 

network oscillations) and feedback/feedforward inhibition (Freund and Katona, 2007; 

Klausberger and Somogyi, 2008; Pelkey et al., 2017). GABAergic interneurons in the 

hippocampus express a variety of cell type-specific G protein-coupled receptors that regulate 

neurotransmission and excitability through extrinsic (e.g., acetylcholine and serotonin) and 

endogenous (e.g., endocannabinoids) neuromodulators (Armstrong and Soltesz, 2012; 

Freund and Katona, 2007; Pelkey et al., 2017). In addition to neuromodulators, glutamate 

binds to a group of G protein-coupled metabotropic glutamate receptors (mGluRs) that are 

expressed in certain types of hippocampal interneurons (Niswender and Conn, 2010; 

Shigemoto et al., 1997; van Hooft et al., 2000). mGluRs can be divided into three subgroups, 

groups I-III, based on their amino-acid sequence homology and G protein coupling (Yin and 

Niswender, 2014). Group I mGluRs, specifically mGluR1 and mGluR5, are highly expressed 

in GABAergic interneurons in hippocampal subregions (e.g., CA1) (Ferraguti et al., 2004; 

Lujan et al., 1996; Nagy et al., 2013; Shigemoto et al., 1997; van Hooft et al., 2000), where 

they regulate interneuron excitability, synaptic plasticity, and coordinated network 

oscillations (Kullmann and Lamsa, 2007; Le Duigou et al., 2015, 2011; Mcbain et al., 1994; 

Peterfi et al., 2012; Topolnik et al., 2006; Woodhall et al., 1999).

Oriens lacunosum-moleculare (O-LM) interneurons are one of the major subtypes of 

dendritically projecting interneurons that express somatostatin in the CA1 subregion of the 

hippocampus (Katona et al., 1999; Mcbain et al., 1994; Sik et al., 1995). As the name “O-

LM interneuron” indicates, this interneuron subtype typically has its soma and dendrites in 

the stratum oriens, and its axons are predominantly localized in the stratum lacunosum 

moleculare, forming inhibitory synapses primarily on the distal apical dendrite tuft of 

pyramidal cells (Katona et al., 1999). O-LM interneurons receive excitatory inputs 

originating primarily from CA1 pyramidal cells (Blasco-Ibanez and Freund, 1995). This 

unique characteristic allows O-LM interneurons to perform a prototypical feedback 

inhibitory circuit operation, which plays a key role in gating external glutamatergic inputs 

from the entorhinal cortex (Katona et al., 1999; Pelkey et al., 2017). O-LM interneurons are 

also known to participate in hippocampal network oscillations (e.g., theta and gamma 
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oscillations) (Katona et al., 2014; Varga et al., 2012). They express one of the alternative 

splicing isoforms of mGluR1, mGluR1α, and mGluR5 (Ferraguti et al., 2004; Lujan et al., 

1996; Nagy et al., 2013; Shigemoto et al., 1997; van Hooft et al., 2000). Published studies 

suggest that group I mGluRs in hippocampal interneurons contribute not only to 

synchronized network oscillations induced by mGluR activation (Martin, 2001; Pálhalmi et 

al., 2004; Whittington et al., 1995), but also to their vulnerability to excitotoxicity in 

pathological conditions such as seizures (Sanon et al., 2010).

The group I/II mGluR agonist, 1S,3R-1-aminocyclopentane-1,3-dicarboxylic acid (ACPD), 

is known to induce membrane potential oscillations selectively in oriens/alveus (O/A) 

interneurons including CA1 O-LM interneurons, but not in other interneuron subtypes 

(Mcbain et al., 1994; van Hooft et al., 2000; Woodhall et al., 1999). The same studies also 

revealed that slow oscillations are associated with high-frequency action potential (AP) 

discharges during suprathreshold depolarizing phases. However, the properties and 

underlying mechanisms of mGluR-mediated membrane oscillations remain largely 

unknown. In this study, we performed whole-cell patch-clamp recordings from O/A 

interneurons (including O-LM interneurons) in the CA1 subregion of the mouse 

hippocampus to examine the actions and underlying mechanisms of group I mGluRs on 

membrane potential oscillations. The data show that mGluR1 and mGluR5 activation in CA1 

O/A interneurons generate intrinsic slow membrane oscillations that are associated with 

intrinsic gamma oscillations during depolarizing phases. We also found that non-selective 

transient receptor potential (TRP) channels, voltage-gated L-type Ca2+ channels, and 

ryanodine-sensitive internal Ca2+ stores contribute to group I mGluR-mediated slow 

oscillations in CA1 O/A interneurons.

2. Materials and Methods

All experimental procedures were carried out in accordance with the National Institute of 

Health (NIH) and approved by the Institutional Animal Care and Use Committee (IACUC) 

of the University of Arkansas for Medical Sciences (UAMS).

2.1. Animals

Four to eight week old C57BL/6 mice (The Jackson Laboratory stock # 000664) of either 

sex were used for electrophysiological recordings from CA1 O-LM interneurons. All efforts 

were made to minimize pain and suffering and to reduce the number of animals used.

2.2. Brain slice preparation

Brain slice preparation procedures were similar to those described previously (Kang et al., 

2018). Animals were deeply anaesthetized with isoflurane then decapitated, and their brains 

were submerged in cold, oxygenated (95% O2 and 5% CO2) slicing medium containing (in 

mM): 85 NaCl, 1.25 NaH2PO4, 4 MgCl2, 0.5 CaCl2, 24 NaHCO3. 2.5 KC1, 75 sucrose, and 

25 glucose. Horizontal hippocampal slices (300 μm thick) were cut using a vibrating 

microtome (Leica VT 1200, Leica Microsystems, Buffalo Grove, IL, USA) tissue slicer. The 

solution was bubbled with 95% O2 and 5% CO2. Slices were maintained at 33°C for 30 min, 

then at room temperature until they were used for whole-cell patch-clamp recordings.
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2.3. Electrophysiology

Whole-cell patch-clamp recording procedures used in the present study were similar to those 

described previously (Kang et al., 2018). Electrophysiological recordings were performed 

from hippocampal O/A interneurons at 33°C in oxygenated (95% O2 and 5% CO2) artificial 

cerebrospinal fluid (ACSF) containing (in mM): 126 NaCl, 2.5 KC1, 26 NaHCO3, 2 CaCl2, 

2 MgCl2, 1.25 NaH2PO4, and 10 glucose. Slices were superfused with ACSF at a rate of 2.5 

ml/min. Individual neurons were visualized using an upright microscope (Eclipse FN1, 

Nikon Instruments Inc., Melville, NY, USA) with infrared differential interference contrast 

(DIC) optics. The interneuron subtypes were initially distinguished by their location, size 

and electrophysiological properties. A subpopulation of recorded interneurons were filled 

with 0.2 % biocytin, and their subtypes were later confirmed by their morphological and 

immunochemical properties (see the section 2.6 Histology and result section). Whole-cell 

patch-clamp recordings were obtained from O/A interneurons in the CA1 region of the 

hippocampus with borosilicate patch pipettes (3–5 MΩ) filled with an internal solution 

containing (in mM): 126 K-gluconate, 4 KCl, 10 HEPES, 4 ATP-Mg, 0.3 GTP-Na, and 10 

phosphocreatine. The pH and osmolarity of the internal solution were adjusted to 7.2 and 

290 mOsm respectively. Recordings were obtained using MultiClamp700B amplifiers 

(Molecular Devices, Sunnyvale, CA, USA). After forming the whole-cell configuration, the 

recording was allowed to rest for at least 3 min prior to data acquisition. Signals were 

sampled at 10 kHz, low-pass filtered at 3 KHz using Digidata 1440A analog-to-digital 

digitizer (Molecular Devices, Sunnyvale, CA, USA), and stored on computer for subsequent 

analysis using pClamp 10 software (Molecular Devices, Sunnyvale, CA,USA). Series 

resistances were continuously monitored and recordings were discarded if the series 

resistance increased >20%.

2.4. Data analyses

The data were analyzed using Clampfit 10 software (Molecular Devices). Peak 

depolarization amplitude was measured from baseline (resting membrane potential) 

following exposure to drugs. Since (S)-3,5-dihydroxyphenylglycine (DHPG) produced long-

lasting membrane depolarization along with membrane potential oscillations, the peak 

amplitude of either oscillations or slow depolarization was considered for all drug 

treatments. Exposure to DHPG for 60 sec led to slow membrane oscillations for 2-5 min 

following application. Thus, the number of plateau-like slow oscillations were counted for 5 

min after exposure to pharmacological agents. AP discharges and AP-free perithreshold 

oscillations of 0.5-2 sec during peak depolarization (approximately −25 mV) were used to 

construct the power spectra of voltage recordings using pClamp 10 software in a way similar 

to that previously described (Kang et al., 2018). The power spectra showed distinct peaks at 

gamma frequencies. Peak frequency is referred to as the maximal frequency of AP 

discharges or intrinsic perithreshold oscillations in O/A interneurons in response to DHPG.

2.5. Administration of pharmacological agents

Concentrated stock solutions of pharmacological agents were dissolved in appropriate 

diluents and stored as recommended by the manufacturer. These drugs were diluted in 

physiological solution to the required concentration just before use. Pharmacological agents 
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were obtained from Tocris Bioscience (Ellisville, MO, USA), Alomone Labs (Jerusalem, 

Israel) or Sigma-Aldrich (St. Louis, MO, USA). 2-Amino-5-phosphonopentanoic acid 

(APV), (2S)-3-[[(1S)-1-(3,4- Dichlorophenyl)ethyl]amino-2-hydroxypropyl]

(phenylmethyl)phosphinic acid hydrochloride (CGP55845), 2,3-Dihydroxy-6-nitro-7-

sulfamoyl-benzo(F) quinoxaline (NBQX), and 6-Imino-3-(4- methoxyphenyl)-1(6H)-

pyridazinebutanoic acid hydrobromide (SR95531) were purchased from Alomone 

Laboratories. DHPG, (S)-(+)-α-Amino-4-carboxy-2-methylbenzeneacetic acid (LY 367385), 

2-methyl-6-(phenylethynyl)pyridine hydrochloride (MPEP), 2-aminoethoxydiphenylborate 

(2-APB), flufenamic acid (FFA), Tetrodotoxin (TTX), ryanodine, nimodipine, and 1,2-

Bis(2-aminophenoxy)ethane-N,N,N',N',-tetraacetic acid (BAPTA) were purchased from 

Tocris Bioscience. DHPG was bath applied for 45-60 s. Group I mGluRs were blocked using 

either LY 367385 (100 μM) or MPEP (50 μM), selective blockers of mGluR1 and mGluR5, 

respectively. Brain slices were either pre-incubated with mGluR antagonists or blockers 

(e.g., nimodipine) for 15-30 min before recording when the chemicals were used. BAPTA 

was included in the recording pipette.

2.6. Histology

Some putative O/A interneurons were filled with 0.2 % biocytin during recordings in order 

to reconstruct their morphology and test their immunopositivity for somatostatin and 

mGluR1α. After recording for >15 min, slices were transferred to a fixative containing 4 % 

paraformaldehyde and 0.2 % picric acid in 0.1 M phosphate buffer (pH 7.4) at 4°C for 2 

days. Then, the slices were washed 3 times with a 0.1 M phosphate buffer (5 min incubation 

for each wash), and transferred to a 30 % sucrose in 0.1 M phosphate buffer for incubation at 

4°C. Brain slices were embedded in O.C.T. compound (Fisher Scientific, Hampton, NH, 

USA) and frozen on dry ice. The frozen brain tissues in O.C.T. compound were used for 

cryosectioning to obtain 50 μm slices. These brain slices were used for post hoc analyses of 

recorded cells based on immuno-reactivities to somatostatin (EMD Millipore, Burlington, 

MA, USA; Clone YC7, MAB354MI; 1:1,000, rat) and mGluR1α (Frontier Institute Co. Ltd., 

Ishikari, Hokkaido, Japan; mGluRlα-GP-Af660; 1:1,000, guinea pig). Secondary antibodies 

conjugated to Alexa 488/647 (Invitrogen, Carlsbad, CA, USA) or CF633 (Biotium, Fremont, 

CA, USA) that were raised in goat against rat or guinea pig were used to detect the location 

of the primary antibodies. Streptavidin conjugated to Rhodamin Red-X (Jackson 

ImmunoResearch, West Grove, CA, USA; 1:500) was used to detect biocytin. All primary 

and secondary antibodies were diluted in Tris-buffered saline containing 0.3% Triton-X 100 

and 1% normal goat serum. The sections were then mounted in Vectashield (Vector 

Laboratories, Burlingame, CA, USA) and subjected to Z-stack image acquisitions using a 

Nikon C1 confocal microscope equipped with S Fluor 40x NA 1.3 objective lens (Nikon 

Instruments Inc., Melville, NY, USA). To visualize the axonal and dendritic arbors, the 

biocytin-filled cells were subsequently treated with a Vectastain ABC kit (Vector 

Laboratories, Burlingame, CA, USA; PK-4000), and a DAB peroxidase substrate kit (Vector 

Laboratories, Burlingame, CA, USA; , SK-4100), then reconstructed using a Nikon Eclipse 

NiU Microscope equipped with a Y-IDT drawing tube and CFI Fluor 40× NA 0.8 objective 

lens (Nikon Instruments Inc., Melville, NY, USA) for detailed morphological analysis as 

previously described (Kang et al., 2018).
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2.7. Statistical analyses

To analyze the data from whole-cell patch-clamp recordings, unpaired or paired two-tailed 

Student’s t tests were used. In cases where the data did not show a normal distribution on the 

basis of the Shapiro–Wilk test, then Mann–Whitney U or Wilcoxon’s signed-rank tests were 

used for unpaired and paired data, respectively. ANOVAs were followed by Tukey–Kramer 

test for mean comparisons. Data are presented as mean ± SEM. A p value < 0.05 was 

considered as significant. The number of cells tested is indicated by “n”. All statistical 

analyses were performed using Sigma Plot (Systat Software Inc.) or Origin Pro 2015 

(OriginLab Corporation) software.

3. Results

3.1. Group I mGluR activation produces intrinsic slow oscillations in CA1 O/A 
interneurons

Whole-cell patch-clamp recordings were obtained from CA1 O/A interneurons. Putative O-

LM interneurons were initially distinguished based on their somatic location and shape 

under DIC microscopy (large oval somata and horizontally projecting dendrites in the 

stratum oriens/alveus), and their subsequent electrophysiological properties. Under current 

clamp mode, we obtained voltage responses of these neurons with 1 sec hyperpolarizing and 

depolarizing current steps (−140 to +140 pA with 40 pA increments or −200 to +200 pA 

with 50 pA increments from their resting membrane potential). As previously described 

regarding O-LM interneurons in the stratum oriens/alveus (Maccaferri and McBain, 1996; 

Nicholson and Kullmann, 2013; Zhang and McBain, 1995), the recorded O/A interneurons 

exhibited notable membrane depolarizing “sag” upon hyperpolarization and moderate 

frequency accommodating AP discharges with deep hyperpolarization during sustained 

depolarization (Fig. 1A). If the recorded neurons did not show these characteristic 

electrophysiological properties, those interneurons were discarded. Fifteen O/A interneurons 

were filled with biocytin during whole-cell patch-clamp recordings. The cell types were post 
hoc confirmed by their morphological and neurochemical characteristics (Fig. 1B,C). 

Anatomically, the somata and horizontally projecting dendrites of O/A interneurons were 

found in the stratum oriens/alveus, while the axons primarily projected to the stratum 

lacunosum-moleculare, where they formed extensive branches in 7 of 15 O/A interneurons 

as previously described regarding O-LM interneurons (Mcbain et al., 1994) (Fig. 1B). In the 

remaining 8 of 15 O/A interneurons, no axons or truncated axons were found, probably 

because the axons were cut when the brains were initially sectioned. Immunohistochemical 

analysis revealed that almost all O/A interneurons were positive for both somatostatin (13/15 

cells) and mGluR1α (15/15 cells) (Fig.1C). Thus, a subpopulation of the recorded O/A 

interneurons were positively identified as O-LM interneurons based on their characteristic 

electrophysiological, anatomical, and neurochemical properties (Baude et al., 1993; Katona 

et al., 1999; van Hooft et al., 2000; Varga et al., 2012). Since some of the recorded O/A cells 

lost their characteristic axon during the sectioning process we were not able to anatomically 

identified these cells as O-LM interneurons, therefore, we refer collectivly to the recorded 

interneurons in this study as O/A interneurons. Meanwhile, specific cells that were 

electrophysiologically, anatomically, and neurochemically identified as O-LM cells will be 

referred to as such.
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Previous studies showed that the group I/II mGluR agonist, 1S,3R-1-

aminocyclopentane-1,3-dicarboxylic acid (ACPD), selectively produced large inward 

oscillatory currents or membrane potential oscillations in CA1 O/A interneurons, but not in 

other interneuron subtypes (Mcbain et al., 1994; van Hooft et al., 2000; Woodhall et al., 

1999). We initially tested the actions of the selective group I mGluR agonist, DHPG, on 

membrane oscillations in O/A interneurons. To rule out the potential involvement of network 

activity in DHPG-mediated actions, synaptic blockers (10 μM NBQX, 10 μM APV, 10 μM 

SR95531, and 2 μM CGP55845) were added to the ACSF to block AMPA, NMDA, GABAA 

and GABAB receptors, respectively. After obtaining a stable baseline for 2–3 min, DHPG 

(10 μM, 60 s) was bath applied. As illustrated in Fig. 1D, DHPG produced a high-amplitude, 

long-lasting membrane depolarization (34.7 ± 1.4 mV, n = 11), which was associated with 

slow (0.03–0.08 Hz) membrane oscillations. The membrane depolarization showed 

oscillatory responses (depolarization/hyperpolarization cycles) for up to 5 min after the 

termination of DHPG application. These slow oscillations were associated with high 

frequency AP discharges during the early phase and increased baseline activity during later 

stages of depolarization (Fig. 1D). The DHPG-induced membrane depolarization and 

associated oscillatory responses persisted in the presence of the sodium channel blocker, 

TTX (1 μM; Fig. 1E). There were no significant differences in DHPG-induced peak 

depolarization amplitude (Control: 34.7 ± 1.4 mV, n = 11; TTX: 38.1 ± 0.8 mV, n = 32, p > 

0.05, Fig. 1F), or the number of oscillations between control and TTX (Control: 6.1 ± 0.5, n 
= 14; TTX: 7.3 ± 0.5, n = 32, p > 0.1, Fig. 1G). These findings suggest that AP discharges 

are not required for intrinsically generated slow oscillations in CA1 O/A interneurons 

induced by group I mGluR activation.

3.2. Group I mGluR activation induces intrinsic gamma frequency oscillations in O/A 
interneurons

The group I/II mGluR agonist, ACPD, is known to produce suprathreshold membrane 

depolarization with high frequency AP discharges in CA1 O-LM interneurons (Mcbain et 

al., 1994; van Hooft et al., 2000). Hippocampal interneurons are known to generate intrinsic 

theta to gamma frequency membrane potential oscillations when membrane potentials 

remain close to AP threshold (Cea-del Rio et al., 2011; Chapman and Lacaille, 1999; 

Fuentealba et al., 2010; Kang et al., 2018). Since group I mGluR activation produced 

suprathreshold depolarization in O/A interneurons as described in Fig. 1, we sought to 

determine the frequencies of AP discharges and perithreshold membrane oscillations 

produced by group I mGluR activation.

Voltage responses were obtained following bath exposure to DHPG (10 μM, 60 sec). As 

shown in Fig. 1D and 2A, DHPG produced multiple slow depolarization/repolarization 

cycles in CA1 O/A interneurons. These slow oscillations exhibited gamma frequency AP 

discharges during peak membrane depolarization (57.6 ± 5.3 Hz, n = 14; Fig. 2Aa, C). In 

addition, the slow oscillations exhibited perithreshold gamma oscillations during 

depolarization in 10 out of 14 O/A interneurons tested (59.5 ± 5.8 Hz, n = 10, Fig. 2Ab). In 

the remaining 4 O/A interneurons, DHPG produced gamma frequency AP dishcarges 

without perithreshold gamma oscillations during slow depolarization (Fig. 2E, F). Since 

persistent sodium current is known to be critically involved in intrinsic perithreshold 
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oscillations of hippocampal interneurons (Chapman and Lacaille, 1999; Kang et al., 2018), 

we determined if DHPG-induced perithreshold gamma oscillations in O/A interneurons 

were attenuated by blockers of persistent sodium current. We found that DHPG-induced 

perithreshold gamma oscillations were inhibited by 1 μM TTX (Fig. 2B, D). In the presence 

of TTX, theta to gamma power of intrinsic subthreshold oscillations (i.e., the area under the 

curve of power spectrum from 4 Hz to 100 Hz) were reduced to 0.15 ± 0.02 mV2 from 

control conditions (1.04 ± 0.20 mV2, n = 6; p < 0.05; Fig. 2D). These results indicate that, in 

addition to slow oscillations, DHPG also generated AP discharges at gamma frequencies, as 

well as intrinsic perithreshold gamma oscillations in CA1 O/A interneurons.

3.3. Slow membrane oscillations are mediated by both mGhiR1 and mGluR5

Since O-LM interneurons express both mGluR1 and mGluR5 (van Hooft et al., 2000), both 

the group I/II mGluR agonists (e.g., ACPD) (Mcbain et al., 1994; Woodhall et al., 1999), 

and the selective group I agonist DHPG produced slow membrane oscillations or increased 

excitability, we suspected that mGluR1 and/or mGluR5 may contribute to DHPG-mediated 

slow oscillations. To dissect the contributions of specific group I mGluR subtypes to 

intrinsic slow oscillations in O-LM interneurons, we used selective mGluR subtype 

antagonists.

Under control conditions, bath application of DHPG (10 μM, 60 sec) induced robust 

membrane depolarizations that were associated with oscillations in the presence of TTX 

(Fig. 3A). In O/A interneurons (n = 7), slices were pre-incubated in MPEP for 15–30 min 

before the bath application of DHPG. In the presence of MPEP, DHPG elicited slow 

oscillations with reduced peak depolarization amplitude compared to control conditions 

(Control: 38.1 ± 0.8 mV, n = 32; MPEP: 28.7 ± 4.8 mV, n = 7; Fig. 3B, D). The number of 

DHPG-induced oscillations was also significantly reduced by MPEP (Control: 7.3 ± 0.5, n = 

32; MPEP: 2.9 ± 0.9; n = 7, p < 0.05; Fig. 3B, E). We then tested the contribution of 

mGluR1 to DHPG-mediated slow oscillations in O/A interneurons using the selective 

mGluR1 antagonist LY 367385. For 10 cells, slices were pre-incubated in LY 367385 (100 

μM) for 15–30 min. LY 367385 also attenuated the peak amplitude of DHPG-induced 

depolarization (10 % of control; n = 10, p < 0.05, Fig. 3C, D) and the number of oscillations 

(0 % of control; n = 10, p < 0.05, Fig. 3C, E). These results indicate that both mGluR1 and 

mGluR5 contribute to slow oscillations, with greater contribution coming from mGluR1.

3.4. Activation of nonselective transient receptor potential (TRP) channels contributes to 
oscillations

Group I mGluR activation regulates multiple types of ion channels in hippocampal 

interneurons including O-LM interneurons (Camiré et al., 2012). Given that nonselective 

cation currents through transient receptor potential (TRP) channels are known to be 

functionally linked to group I mGluR activation in O-LM interneurons (Huang et al., 2004; 

Topolnik et al., 2006) TRP channels may be critically involved in group I mGluR-mediated 

slow oscillations in O/A interneurons. Accordingly, we first tested if TRP channels 

contribute to the mGluR-mediated oscillations by using two selective TRP channel blockers, 

flufenamic acid (FFA) and 2-aminoethoxydiphenylborate (2-APB), which are known to 

block TRP channels in hippocampal interneurons (Clapham, 2007; Lee et al., 2011).
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Brain slices were pre-incubated with 2-APB or FFA for at least 30 min before DHPG 

application. As shown in Fig. 4A, 2-APB attenuated slow oscillations in a dose-dependent 

manner. The peak depolarization amplitude was significantly reduced by 2-APB (Control: 

38.1 ± 0.8 mV, n = 32; 25 μM 2-APB: 11.4 ± 4.1 mV, p < 0.05, n = 7; 100 μM 2-APB: 7.8 

± 1.2 mV, n = 8; p < 0.05; Fig. 4A, C). Similarly, the number of DHPG-induced slow 

oscillations were attenuated by 2-APB, often with a single depolarization or no response to 

DHPG (Control: 7.3 ± 0.5, n = 32; 25 μM 2-APB: 0.7 ± 0.4, p < 0.05, n = 7; 100 μM 2-APB: 

0.1 ± 0.1, n = 8; p < 0.05; Fig. 4A, D).

The TRP channel blocker FFA had similar effects on DHPG-induced depolarization and 

oscillations. FFA (100 μM) reduced the DHPG-induced depolarization amplitude (Control: 

38.1 ± 0.8 mV, n = 32; FFA: 3.8 ± 1.1 mV, n = 8, p < 0.05; Fig. 4B, C), and blocked 

oscillations (Control: 7.3 ± 0.5, n = 32; FFA: 0.1 ± 0.1, n = 8; p < 0.05; Fig. 4B, D). These 

findings suggest that TRP channels contribute to mGluR1/5-mediated depolarization and 

associated oscillations in O/A interneurons.

3.5. Contribution of L-Type Ca2+ channels to slow oscillations

O-LM interneurons are known to express a variety of voltage-gated calcium channels 

(VGCCs) in their dendrites such as T-, L-, N- and P/Q-types (Topolnik et al., 2009). Among 

VGCCs localized in O-LM interneurons, L-type Ca2+ channels are reportedly coupled to 

mGluR5 and facilitate long-term potentiation (LTP) of dendritic Ca2+ signaling (Camiré et 

al., 2012; Topolnik et al., 2009). Moreover, putative O-LM interneurons expressing 

mGluR1α or somatostatin are known to express Cav 1.3 (> 70 %) as well as Cav 1.2 (< 

20 %) (Vinet and Sik, 2006). Thus, we sought to examine the involvement of L-type Ca2+ 

channels in DHPG-mediated slow oscillations in O/A interneurons using the L-type Ca2+ 

channel blocker, nimodipine.

In O/A interneurons (n = 23), slices were pre-incubated in nimodipine (1,10, or 20 μM) for 

15–30 min before the bath application of DHPG. A low concentration (1 μM) of nimodipine 

did not alter DHPG-mediated depolarization amplitude (Control: 38.1 ± 0.8 mV, n = 32; 

Nimodipine: 37.9 ± 1.5 mV, n = 6; Fig. 5Ai, B), or the number of oscillations (Control: 7.3 

± 0.5, n = 32; Nimodipine: 7.2 ± 1.5, n = 6; Fig., 5Ai, C). In contrast, nimodipine (10 and 20 

μM) blocked the DHPG-induced oscillations in the presence of TTX (1 μM) as shown in 

Fig. 5Aii and C. Nimodipine (10 and 20 μM) reduced both DHPG-mediated depolarization 

amplitude (Control: 33.1 ± 0.8 mV, n = 32; 10 μM Nimodipine: 31.2 ± 4.4 mV, n = 9; 20 μM 

Nimodipine: 22.9 ± 5.4 mV, n = 8; p < 0.05; Fig. 5B) and the number of oscillations 

(Control: 7.3 ± 0.5, n = 32; 10 μM Nimodipine: 4.6 ± 1.2, n = 9; 20 μM Nimodipine: 2.9 

± 1.3, n = 8, p < 0.05; Fig. 5C). Together, these findings suggest that L-type Ca2+ channels 

are involved in DHPG-mediated depolarization and slow oscillations in O/A interneurons.

3.6. mGluR-mediated actions involve Ca2+ release from ryanodine-sensitive stores

Our findings suggest that L-type Ca2+ channels and TRP channels are critically involved in 

group I mGluR-mediated slow oscillations in O/A interneurons. Ryanodine-sensitive Ca2+ 

stores can functionally interact with either L-type Ca2+ channels or TRP channels following 

activation of G protein-coupled receptors in hippocampal interneurons (Lee et al., 2011; 
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Topolnik et al., 2009; Woodhall et al., 1999). Since ryanodine-sensitive stores, L-type Ca2+ 

channels, and TRP channels can all contribute to increased intracellular [Ca2+], modulation 

of [Ca2+]i triggered by group I mGluR activation could be responsible for the slow 

membrane potential oscillations. Hence, we used high intracellular Ca2+-buffering 

conditions in O/A interneurons to determine if this would abolish DHPG-mediated slow 

oscillations. We first compared data with a standard pipette solution (without Ca2+ chelator) 

to data obtained with a pipette solution containing the Ca2+ chelator BAPTA (30 mM). In 

the presence of BAPTA, application of DHPG produced smaller membrane depolarizations 

(63.1 % of control, n = 8, p < 0.05; Fig. 6A, C). In addition, exposure to DHPG produced 

reduced slow oscillatory responses in the presence of BAPTA (8.2 % of control, n = 8, p < 

0.05; Fig. 6D). In the presence of a lower BAPTA concentration (10 mM), DHPG produced 

fewer slow oscillations compared to data with a standard pipette solution (1.0 ± 0.0, n = 4). 

These findings suggest not only that intracellular Ca2+ signaling is required for DHPG-

mediated slow oscillations in O/A interneurons, but also that DHPG-mediated slow 

oscillations in O/A interneurons are generated by intrinsic Ca2+-dependent mechanisms, and 

not by network activity. The latter is in agreement with the findings demonstrated in Fig. 1 

showing that DHPG-mediated slow oscillations persist in the presence of synaptic blockers.

Previous studies have shown that the oscillatory responses generated by a group I/II mGluR 

agonist involve Ca2+ entry through voltage-gated Ca2+ channels, and Ca2+ release from 

internal stores in O/A interneurons (Woodhall et al., 1999). To determine whether mGluR-

mediated depolarization and oscillatory activity involve the release of Ca2+ from 

intracellular stores, ryanodine was used to deplete Ca2+ from endoplasmic reticulum and 

other intracellular storage sites. We pre-incubated (> 30 min) slices in 10 μM ryanodine 

before exposure to DHPG. Ryanodine significantly reduced the depolarization amplitude 

(31.2 % of control, n = 10, p < 0.05) and the number of oscillations (13.6 % of control, n = 

10, p < 0.05, Fig. 6B, D). The data suggest that ryanodine-sensitive intracellular Ca2+ stores 

are important for group I mGluR-mediated depolarization and oscillations in O/A 

interneurons.

4. Discussion

In the current study, we examined the properties and underlying mechanisms of group I 

mGluR-mediated intrinsic oscillations in O/A interneurons. The key findings are: 1) Group I 

mGluR activation induced membrane depolarization associated with intrinsic slow 

membrane potential oscillations (< 0.1 Hz), gamma frequency AP discharges, and 

perithreshold oscillations in CA1 O/A interneurons; 2) The slow oscillations were mediated 

by both mGluR1 and mGluR5, with a greater mGluR1 contribution; 3) TRP channels, L-type 

Ca2+ channels, and ryanodine receptors were involved in the slow oscillations. These results 

indicate that multiple mechanisms are involved in group I mGluR-mediated intrinsic slow 

oscillations, gamma frequency AP discharges, and perithreshold oscillations in O/A 

interneurons, which may contribute to group I mGluR-mediated network oscillations and 

O/A interneuron vulnerability to excitotoxicity in seizures.
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4.1. The contribution of mGluR1 and mGluR5 to DHPG-mediated slow oscillations

Group I mGluR activation produces diverse effects on neuronal excitability and synaptic 

plasticity in CA1 interneurons, including O-LM interneurons (Kullmann and Lamsa, 2007; 

Le Duigou et al., 2015, 2011; Mcbain et al., 1994; Peterfi et al., 2012; Topolnik et al., 2006; 

Woodhall et al., 1999). Our findings suggest that both mGluR1 and mGluR5 have distinct 

contributions to depolarization and generation of membrane potential oscillations in O/A 

interneurons, with significantly greater contribution from mGluR1. This is in agreement with 

observed expression of mGluR1α and mGluR5 in O-LM interneurons (Baude et al., 1993; 

Ferraguti et al., 2004; Lujan et al., 1996; Nagy et al., 2013; Shigemoto et al., 1997; van 

Hooft et al., 2000). The differential contributions of mGluR1α and mGluR5 might be 

attributable to differences in expression level and/or differential intracellular signaling. 

Indeed, published studies suggest that mGluR1α activation produces increased intracellular 

[Ca2+] through TRP channel activation and Ca2+-induced Ca2+ release from ryanodine-

sensitive stores in the CA1 stratum oriens interneurons, including O-LM interneurons, 

whereas mGluR5 activation appears to be preferentially coupled to Ca2+ release, but not to 

TRP channel activation (Camiré et al., 2012). Prior studies (Mcbain et al., 1994; van Hooft 

et al., 2000; Woodhall et al., 1999) have reported mGluR-mediated excitation in striatum 

oriens interneurons, including O-LM cells. Our current study expands these findings with 

evidence that mGluR1 and mGluR5 cooperatively contribute to group I mGluR-induced 

excitation in O-LM cells. Similarly, both mGluR1 and mGluR5 are required for induction of 

LTP and long-term depression (LTD) of afferent excitatory synapses in oriens interneurons, 

including O-LM interneurons (Le Duigou and Kullmann, 2011; Peterfi et al., 2012). Thus, 

cooperative activation of mGluR1 and mGluR5 appears to also play a role in synaptic 

plasticity at afferent excitatory synapses in O-LM interneurons.

4.2. Molecular mechanisms underlying DHPG-mediated oscillations

Multiple mechanisms contribute to group I mGluR-mediated depolarization and slow 

oscillations. TRP channels are known to be activated by a variety of Gq/11-coupled receptors 

including mGluR1/5 receptors in the hippocampus (Huang et al., 2004; Nagy et al., 2013). 

Transient receptor potential canonical channel-6 (TRPC6) forms Ca2+-permeable non-

selective cation channels in neurons including hippocampal interneurons (Nagy et. al. 2013). 

Interestingly, mGluR1 and TRPC6 were found to be co-localized in stratum oriens 

interneurons (Nagy et. al. 2013). This anatomical evidence is in agreement with our current 

findings as well as prior studies indicating that Ca2+ entry through TRP channels in CA1 

stratum oriens interneurons contributes to LTP (Topolnik et. al. 2006). Thus, co-localization 

of mGluR1 and TRPC6 in these interneurons likely plays a role in regulation of neuronal 

excitability and synaptic plasticity.

Based on our findings that blockade of L-type Ca2+ channels abolished mGluR1/5 mediated 

slow oscillations in a majority of O/A interneurons tested, our working model of mGluR1/5-

mediated slow oscillations in O/A interneurons is that mGluR1/5 activation leads to opening 

of TRP channels, resulting in membrane depolarization, which then activates L-type Ca2+ 

channels. Thus, both TRP channels and L-type Ca2+ channels contribute to slow oscillations. 

These findings are in accordance with published studies indicating that most CA1 stratum 

oriens interneurons expressing markers for O-LM interneurons (e.g., mGluR1α or 
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somatostatin) express Cav 1.3 and/or Cav 1.2 (Vinet and Sik, 2006). Cav 1.2 and Cav 1.3 are 

known to show differential sensitivities to dihydropyridine L-type Ca2+ channel blockers 

(e.g., nimodipine), such as the one used in this study. Specifically, Cav 1.2-mediated 

components are reportedly blocked at low concentrations of nimodipine (< 2 μM), whereas 

Cav 1.3-mediated components are blocked at high concentrations of nimodipine (> 2 μM) 

(Olson et al., 2005). Our study showed that higher concentration of nimodipine (20 μM) 

reduced DHPG-mediated oscillations (Fig. 5B, C), whereas a lower concentration of 

nimodipine (1 μM) has no effect on DHPG-mediated oscillations, suggesting that Cav 1.3 

channels are selectively involved in DHPG-mediated depolarization. Cav 1.3 channels are of 

particular interest, not only because they are known to be critically involved in major types 

of neurological and psychiatric disorders (Ortner and Striessnig, 2016), but also because 

they are much less abundant in the brain compared to Cav 1.2 channels, which are the 

predominant subtype of L-type Ca2+ channels outside the central nervous system 

(Sinnegger-Brauns et al., 2009). Thus, previous attempts have been made to develop 

selective Cav 1.3 antagonists, which could be used for treatments of brain disorders 

including Parkinson’s disease, without the side effects caused by non-selective L-type Ca2+ 

channel blockers (Kang et al., 2012).

Ca2+ release from intracellular stores is critically involved in group I mGluR-mediated 

responses in O/A interneurons (Woodhall et al., 1999). In agreement with that report, we 

also found that either ryanodine or the Ca2+ chelator, BAPTA, blocked DHPG-mediated 

slow oscillations. In interneurons within as well as outside of the hippocampus, Gq/11-

coupled or Gi/o-coupled receptors activate TRP channels and L-type Ca2+ channels, which 

are known to be functionally coupled to ryanodine receptors (Lee et al., 2011; Topolnik et 

al., 2006). Our current findings also suggest that the functional connection of TRP channels 

and L-type Ca2+ channels to ryanodine receptors is critically involved in DHPG-mediated 

slow oscillations.

It is interesting that all of the key molecules related to DHPG-mediated slow oscillations 

(i.e., group I mGluRs, TRP channels, L-type Ca2+ channels, and ryanodine receptors) are 

known to be involved in the synthesis of endocannabinoids (Bardell and Barker, 2010; 

Isokawa and Alger, 2006; Kreitzer and Malenka, 2005; Maejima et al., 2001). 

Diacylglycerol lipase-α, a synthesizing enzyme of the endocannabinoid, 2-

arachidonoylglycerol, is expressed in somatostatin-expressing interneurons in the 

hippocampus (Peterfi et al., 2012). Furthermore, studies by the Katona group suggest that 

group I mGluR activation produces endocannabinoid signaling-dependent long-term 

suppression of afferent excitatory synapses on O-LM interneurons (Peterfi et al., 2012). 

Thus, it is possible that when excitation of O-LM interneurons is reduced through 

endocannabinoid-mediated retrograde signaling (following group I mGluR activation), 

hippocampal networks may be more prone to pathological increased excitability and 

seizures due to decreased O-LM interneuron-mediated feedback inhibition.

4.3. Limitations of this study

A subpopulation of horizontally oriented O/A interneurons in this study were identified 

anatomically as O-LM interneurons. Although almost all tested O/A interneurons expressed 
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somatostatin and mGluR1α, we could not exclude the possibility that other GABAergic 

neuronal subtypes (e.g., bistratified cells, long-range projecting cells) expressing 

somatostatin and mGluR1α (Ferraguti et al., 2004; Katona et al., 2017; Maccaferri et al., 

2000) were included in the current study in addition to O-LM interneurons. While the 

current study provids the evidence for the generation of DHPG-mediated oscillations in O/A 

interneurons, it will be critical to determine whether there are differences in DHPG-

mediated oscillations among functionally distinct O/A interneuron subtypes expressing 

somatostatin in future studies.

Lower MPEP concentrations (10-30 μM) have been more often used when authors studied 

the contribution of mGluR5 to the effects of synaptically released glutamate on synaptic 

activity. However, in other published studies of slice whole-cell patch-clamp recordings, 50 

μM MPEP, which was used in this study, has been used to selectively block mGluR5 in 

conjunction with DHPG (e.g., Govindaiah and Cox, 2006; Young et al., 2013, 2008). Thus, 

we felt 50 μM MPEP was most relevant for our current study. Gasparini et al. showed that 

MPEP (up to 30 μM) had no antagonist activity on cells expressing mGluR1 (Gasparini et 

al., 1999). Although the authors did not explicitly claim that higher concentration of MPEP 

(100 μM) had antagonist activities at mGluR1, their Figure 2A appears to show that 100 μM 

MPEP blocked mGluR1. They did not test the antagonistic effects of 50 μM MPEP on 

mGluR1 in that paper. Thus, it remains unknown whether 50 μM MPEP affects mGluR1 in 

addition to mGluR5. We could not exclude the possibility that that concentration of MPEP 

might affect mGluR1. In the future, it will be important to determine whether lower MPEP 

concentration (10-30 μM) also reduces DHPG-mediated oscillations in O/A interneurons.

Although we used 2-APB and flufenamic acid to block TRP channels in this study, they are 

known to have a broad spectrum of action in addition to TRP channels. For example, 2-APB 

can also block IP3 receptors (Maruyama et al., 1997), whereas flufenamic acid can also 

block calcium-activated chloride channels (White and Aylwin, 1990). There are recently 

developed specific TRP channel blockers, which are commercially available (e.g., SAR7334 

and clemizole hydrochloride, selective TRPC blockers; Maier et al., 2015; Richter et al., 

2014). Therefore, future studies should test whether the aforementioned selective TRP 

channel blockers inhibit DHPG-mediated oscillations in O/A interneurons and identity TRP 

channel subtypes involved in slow oscillations, which should be interpreted with caution due 

to their potential undiscovered off-target effects.

4.4. Functional relevance

Hippocampal GABAergic interneurons are critically involved in network oscillations 

including theta, gamma, and ripple oscillations (Colgin 2016). O-LM interneurons are 

known to fire in vivo at specific phases of hippocampal network oscillations including theta, 

gamma, and ripple oscillations suggesting their involvement in hippocampal network 

oscillations (Katona et al., 2014; Varga et al., 2012). While it is still largely unknown which 

in vivo conditions may activate group I mGluRs in GABAergic interneurons, selective 

mGluR agonists have been used to produce hippocampal gamma oscillations (Martin, 2001; 

Pálhalmi et al., 2004; Whittington et al., 1995). Such published studies suggest that 

GABAergic interneurons are critically involved in group I/II mGluR-mediated gamma 
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oscillations in the hippocampus (Whittington et al., 1995). These findings are in general 

agreement with later publications showing that activation of group I/II mGluR produces 

suprathreshold depolarization in specific subtypes of GABAergic interneurons including O-

LM interneurons (Mcbain et al., 1994; van Hooft et al., 2000; Woodhall et al., 1999). 

However, group I mGluR-mediated firing properties of O-LM interneurons and the 

mechanisms underlying high-frequency APs remained largely unknown until our current 

studies. Our study reveals that O/A interneurons (including O-LM interneurons) generate 

gamma frequency AP discharges and sodium-dependent intrinsic perithreshold gamma 

oscillations in response to the selective group I mGluR agonist DHPG. It is important to note 

that DHPG-mediated slow suprathreshold membrane depolarization, which triggered gamma 

frequency AP discharges, was produced in presence of synaptic blockers, indicating that 

O/A interneurons have intrinsic properties to generate slow and gamma oscillations. Thus, 

the intrinsic properties of O/A interneurons may play a role, at least in part, in group I/II 

mGluR-mediated network gamma oscillations.

O-LM interneurons are also involved in in vitro seizure-like events produced by 4-

aminopyrridine (Ziburkus et al., 2006). Published studies showed that O-LM interneurons 

generated repeated gamma frequency AP discharges, followed by an AP-free period during 

ictal discharge (Ziburkus et al., 2006). Interstingly, our current results showed that activation 

of group I mGluRs produced similar repeated gamma frequency AP discharges, followed by 

an AP-free period in O/A interneurons (including O-LM cells), raising the possibility that 

group I mGluRs in O-LM interneurons could be activated strongly enough to generate slow 

and gamma frequency activity in seizures. Based on the correlation analyses of pyramidal 

cell and O-LM interneuron activity, Ziburkus et al. (2006) suggested that synaptic 

interaction between those two cell types were critically involved in the generation of ictal 

discharges. It is also possible that the mechanisms underlying DHPG-mediated slow and 

gamma oscillations in O-LM interneurons, which are described in the current study, also 

play a supporting role in these ictal discharges.

Group I mGluRs have been implicated in seizures (Bianchi et al., 2012; Niswender and 

Conn, 2010) as group I mGluR activation produces long-lasting epileptiform discharges at 

the network level (Bianchi et al., 2012; Qian and Tang, 2016). The DHPG-mediated slow 

oscillations in O/A interneurons described in this study are reminiscent of prominent 

epileptiform burst discharges and paroxysmal depolarizations observed in pyramidal cells, 

mediated by synaptic activation of mGluR1 and mGluR5 in temporal lobe epilepsy (Sanon et 

al., 2010). Furthermore, group I mGluR antagonists are neuroprotective in animal models of 

temporal lobe epilepsy, suggesting that activation of these receptors on interneurons during 

epileptic seizures may cause excitotoxicity (Renaud et al., 2002), as previously predicted 

(Woodhall et al., 1999). In fact, many prior studies have demonstrated the loss of 

GABAergic interneurons (particularly somatostatin-expressing interneurons) in epilepsy 

(Best et al., 1993; Hofmann et al., 2016; Houser and Esclapez, 1996; Morin et al., 1998). 

Seizures and neuronal injuries induced by selective mGluR agonists were reduced by 

dantrolene, which is known to inhibit intracellular calcium mobilization (McDonald et al., 

1993). This is in general agreement with the critical role of intracellular calcium overload in 

neuronal excitotoxicity (Choi, 1994). Thus, based on our current findings regarding the 

involvement of TRP channels, L-type calcium channels, and ryanodine receptors in slow 
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oscillations, it is reasonable to assume that excessive activation of O/A interneurons by 

group I mGluR elevates intracellular Ca2+ which could trigger excitotoxicity and explain 

their vulnerability during seizure events.

Given that O-LM interneurons, a subgroup of O/A interneurons, are thought to be critically 

involved in hippocampus-dependent cognitive tasks through their contributions to 

coordinated network oscillations (Dugladze et al., 2007; Muller and Remy, 2014; Varga et 

al., 2012), their cell death could lead not only to hyperexcitability and spontaneous seizures, 

but also to cognitive deficits associated with temporal lobe epilepsy (Bui et al., 2018; 

Groticke et al., 2008). Therefore, mGluR1α, mGluR5, and related molecular pathways in O-

LM interneurons may represent potential therapeutic targets for prevention of seizures 

and/or cognitive deficits associated with temporal lobe epilepsy.
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Abbreviations

ACPD 1S,3R-1-aminocyclopentane-1,3-dicarboxylic acid

ACSF artificial cerebrospinal fluid

AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

AP action potential

APV 2-Amino-5-phosphonopentanoic acid

BAPTA 1,2-Bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid

CGP55845 (2S)-3-[[(1S)-1-(3,4-Dichlorophenyl)ethyl]amino-2-

hydroxypropyl](phenylmethyl)phosphinic acid 

hydrochloride

DHPG (S)-3,5-dihydroxyphenylglycine

DIC differential interference contrast

FFA flufenamic acid

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

LY 367385 (S)-(+)-α-Amino-4-carboxy-2-methylbenzeneacetic acid

mGluR metabotropic glutamate receptor

MPEP 2-methyl-6-(phenylethynyl)pyridine hydrochloride

NBQX 2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo(F) quinoxaline
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NMDA N-methyl-D-aspartate

O/A interneurons interneurons in the stratum oriens/alveus

O-LM interneurons oriens lacunosum-moleculare interneurons

SR95531 6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic 

acid hydrobromide

TRP channels non-selective transient receptor potential channels

TTX tetrodotoxin

2-APB 2-aminoethoxydiphenylborate
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Highlights

• Group I mGluR activation in O/A interneurons produced slow membrane 

oscillations

• Slow oscillations were associated with gamma oscillations

• Slow oscillations were mediated by both mGluR1 and mGluR5

• TRP channels and L-type Ca2+ channels were involved in the slow 

oscillations

• Ryanodine receptors were also involved in the slow oscillations
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Figure 1. Activation of group I mGluRs produced slow oscillations (<0.1 Hz) in O/A 
interneurons.
(A) Example voltage response of a CA1 O/A interneuron to hyperpolarizing and 

depolarizing current pulses (−200 to +50 pA, 1 sec). This interneuron exhibited a prominent 

membrane depolarizing “sag” upon hyperpolarization, and moderate spike frequency 

adaptation with deep hyperpolarization upon sustained depolarization. (B) Representative 

morphological reconstruction of a biocytin-filled CA1 O-LM interneuron showing extensive 

axonal branching in the stratum lacunosum moleculare. Axons are shown in black and 

dendrites in red. The soma is shown in red and located in the stratum oriens with dendrites 

projecting horizontally. The major axon traverses the stratum pyramidale and radiatum 
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before forming extensive arborization in the stratum lacunosum moleculare. (C) A 

representative biocytin filled O-LM interneuron (top) showing expression of somatostatin 

(middle) and mGluR1α (bottom). (D) Sample voltage trace from an O/A interneuron 

revealing that exposure to DHPG (10 μM, 60 sec, indicated by bar) produced slow 

membrane depolarization along with oscillatory responses in the presence of synaptic 

blockers. These large, slow oscillatory responses (depolarization/hyperpolarization cycles) 

were accompanied by high frequency firing during the initial phase and increased baseline 

activity at later stages. (E) In the same cell, DHPG-induced oscillations persisted in the 

presence of the sodium channel blocker tetrodotoxin (TTX, 1 μM). (F) Histogram of 

population data showing peak membrane depolarization in control and in the presence of 

TTX. No significant differences in peak amplitude were found between control and TTX. 

(G) Histogram illustrating the number of oscillations induced by DHPG under control 

condition and in the presence of TTX. No significant differences in peak depolarization 

amplitude, or in the number of oscillations were observed between the control (n=14) and 

TTX (n=32). Abbreviations: Pyr: stratum pyramidale; Ori: stratum oriens; Rad: stratum 

radiatum; LM: stratum lacunosum moleculare; ns: not significant.
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Figure 2. Group I mGluR activation induced intrinsic gamma oscillations in O/A interneurons.
(A) Representative voltage trace revealing slow oscillations following exposure to DHPG 

(10 μM, 60 sec, indicated by bar). AP discharges (a), and perithreshold membrane 

oscillations (b) during the time marked by vertical lines in the top trace are shown on the fast 

time base. (B) Application of 1 μM TTX selectively attenuated DHPG induced gamma 

oscillations. (C) The power spectrum from an O/A interneuron in “Aa” showing the AP 

frequency at the range of gamma frequency (56.7 Hz). Inset, histogram of population data 

showing firing frequency obtained during peak depolarization induced by DHPG (n=14). 

(D) The power spectrum from “Ab” revealing perithreshold oscillations at the frequency of 

90.3 Hz in DHPG (black) compared to that in TTX (gray). Inset, histogram of population 

data showing that TTX significantly abolishes DHPG-induced perithreshold gamma 

oscillations. (E) Representative voltage trace revealing slow oscillations and AP discharges 

following exposure to DHPG (10 μM, 60 sec, indicated by bar) without AP-free periods in 

an O/A interneuron. (F) The power spectrum from the O/A interneuron in E showing the AP 

frequency at the range of gamma frequency (37.2 Hz). *p < 0.05 in this and following 

figures.
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Figure 3. Contribution of mGluR1 and mGluR5 subtypes to slow oscillations in O/A 
interneurons.
(A) Sample voltage trace showing that exposure to DHPG (indicated by bar) induced slow 

oscillations in the presence of TTX. (B) In a different O/A cell, oscillatory responses to 

DHPG were partially antagonized by a selective mGluR5 antagonist, MPEP (50 μM).The 

number of DHPG-induced oscillations and peak amplitude were partially antagonized by 

MPEP. (C) Slow oscillations were abolished by a selective mGluR1 antagonist LY367385 

(100 μM) in a diffent O/A interneuron. The slice was preincubated with LY367385 for 15-30 

min, and subsequently bath applied during the whole-cell patch-clamp recordings. (D) Bar 

graph of population data illustrating the antagonistic actions of MPEP and LY367385 on 

DHPG-induced peak membrane depolarization. The peak depolarization was significantly 

altered by MPEP (n=7, p<0.1) and LY367385 (n=10, p<0.001) compared to control 

conditions (n=32). (E) Population data illustrating the antagonistic actions of MPEP and 

LY367385 on DHPG-induced slow oscillations. The number of oscillations was significantly 

Govindaiah et al. Page 25

Neuropharmacology. Author manuscript; available in PMC 2020 February 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reduced by both MPEP (n=7, p<0.05) and LY367385 (n= 10, p<0.001) compared to control 

conditions (n=32).
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Figure 4. DHPG-induced slow oscillations were blocked by the nonselective cation channel 
blockers 2-APB and FFA.
(A) Representative voltage traces showing that DHPG-induced slow oscillations were 

reduced by 25 μM and 100 μM 2-APB. In the examples, the slices were preincubated with 2-

APB for 30 min before application of DHPG. (B) In a different cell, the DHPG-induced 

slow oscillations were blocked by 100 μM FFA (bottom). (C) Histogram of quantitative data 

depicting the actions of 2-APB and FFA on DHPG-induced peak depolarization amplitude. 

The peak amplitude was significantly reduced by 2-APB (25 μM: n=7, p<0.001; 100 μM: 

n=8, p<0.001) and FFA (n=8, p<0.001), (D) Histogram of quantitative data illustrating the 

actions of 2-APB and FFA on the number of oscillations induced by DHPG. The number of 

oscillations was attenuated both by 2-APB (25 μM: n=7, p<0.001; 100 μM: n=8, p<0.0001) 

and FFA (n=8, p<0.0001).
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Figure 5. Effects of the L-type Ca2+ channel blocker nimodipine on DHPG-induced membrane 
oscillations.
(A) Sample voltage traces illustrate the effects of nimodipine on DHPG-induced membrane 

depolarization and slow oscillations. Low level of nimodipine (1 μM) did not reduce 

depolarization amplitude or the number of oscillations (Ai). Higher levels of nimodipine (10 

μM) reduced slow oscillations (Aii). (B) Bar graph illustrating the dose-dependent actions of 

nimodipine on DHPG-induced depolarization. The amplitude was reduced by 10 μM (n=9) 

and 20 μM nimodipine (n=8, p<0.05), but not by 1 μM (n=6). (C) The dose-dependent 

actions of nimodipine on DHPG-induced oscillations. The number of slow oscillations were 

reduced by 20 μM nimodipine (n=8, p<0.05), but not by 1 μM (n=6, p>0.5).
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Figure 6. Intracellular Ca2+ stores were involved in mGluR-mediated slow oscillations.
(A) Sample current trace showing that exposure to DHPG produced reduced membrane 

depolarization and slow oscillations in the presence of BAPTA. The Ca2+ chelator BAPTA 

(30 mM) was included in the pipette to clamp intracellular Ca2+ to lower levels. (B) 
Blockade of ryanodine receptors by ryanodine (10 μM) attenuated DHPG-mediated 

depolarization and slow oscillations. Slices were pre-incubated with ryanodine for 30 min 

before exposure to DHPG. (C) Population data revealed that the DHPG-induced 

depolarization was significantly attenuated by BAPTA (n=8, p<0.01), and ryanodine (n=10, 

p<0.001). (D) Population data showing that the number of oscillations were blocked by 

BAPTA (n=8, p<0.001) and ryanodine (n=10, p<0.001).
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