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Abstract

Benzodiazepines are commonly prescribed to treat neurological conditions including epilepsy, 

insomnia, and anxiety. The discovery of benzodiazepine-specific binding sites on γ-aminobutyric 

acid type-A receptors (GABAARs) led to the hypothesis that the brain may produce endogenous 

benzodiazepine-binding site ligands. An endogenous peptide, diazepam binding inhibitor (DBI), 

which can bind these sites, is thought to be capable of both enhancing and attenuating GABAergic 

transmission in different brain regions. However, the role that DBI plays in modulating GABAARs 

in the hippocampus remains unclear. Here, we investigated the role of DBI in modulating synaptic 

inhibition in the hippocampus using a constitutive DBI knockout mouse. Miniature and evoked 

inhibitory postsynaptic currents (mIPSCs, eIPSCs) were recorded from CA1 pyramidal cells and 

dentate gyrus (DG) granule cells. Loss of DBI signaling increased mIPSC frequency and 

amplitude in CA1 pyramidal cells from DBI knockout mice compared to wild-types. In DG 

granule cells, conversely, the loss of DBI decreased mIPSC amplitude and increased mIPSC decay 

time, indicating bidirectional modulation of GABAAR-mediated transmission in specific 

subregions of the hippocampus. eIPSC paired-pulse ratios were consistent across genotypes, 

suggesting that alterations in mIPSC frequency were not due to changes in presynaptic release 

probability. Furthermore, cells from DBI knockout mice did not display altered responsiveness to 

pharmacological applications of diazepam, a benzodiazepine, nor flumazenil, a benzodiazepine-

binding site antagonist. These results provide evidence that genetic loss of DBI alters synaptic 

inhibition in the adult hippocampus, and that the direction of DBI-mediated modulation can vary 

discretely between specific subregions of the same brain structure.
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Introduction

Benzodiazepines (BZs) are among the most commonly prescribed medications and are used 

to treat a variety of disorders including anxiety, insomnia, muscle spasms, and epilepsy. BZs 

bind to specific sites located at the interface between α and γ subunits of type-A receptors 

for the neurotransmitter γ-aminobutyric acid (GABAARs) (Braestrup and Squires, 1977; 

Möhler and Okada, 1977; Sieghart, 2015). When bound, BZs typically promote the 

enhancement of synaptic inhibition by increasing GABA affinity and the frequency of 

channel opening, thus potentiating inhibitory postsynaptic currents (IPSCs) (Twyman et al., 

1989; Bianchi, 2010). The discovery of BZ-specific binding sites on GABAARs fueled the 

hypothesis that the brain may produce endogenous BZ-binding site ligands (Iversen, 1977; 

Costa and Guidotti, 1985). Despite decades of research, however, only modest advancements 

were made in the search for these “endozepines” (Farzampour et al., 2015).

The presence of endozepines in the brain is supported by in vitro studies utilizing the BZ-

binding site antagonist flumazenil (FLZ) (Hunkeler, 1981). In the hippocampus, the 

amplitude of inhibitory postsynaptic potentials in rat CA1 pyramidal cells was reduced after 

FLZ application (King et al., 1985), suggesting that the blockade of the GABAAR BZ-

binding site impeded the potentiation of inhibition by an endogenous ligand. Additionally, 

FLZ reduced IPSC decay time in the thalamic reticular nucleus (Christian et al., 2013; 

Christian and Huguenard, 2013) and in cultured cortical neurons (Vicini et al., 1986). 

Similarly, FLZ reduced the amplitude of electrically evoked inhibitory postsynaptic currents 

(eIPSCs) in CA1 pyramidal cells following the induction of long-term potentiation (Xu and 

Sastry, 2005). In dentate gyrus (DG) granule cells, FLZ reduced miniature IPSC (mIPSC) 

decay time in pilocarpine-treated epileptic rats but not in control rats (Leroy et al., 2004), 

suggesting putative region-specific effects of endozepines in the hippocampus in both 

pathological and non-pathological states.

The endogenous peptide diazepam binding inhibitor (DBI) appears to exert endozepine 

actions. DBI, also known as acyl-CoA binding protein, is a 10 kDa protein initially 

identified for its ability to displace radiolabeled diazepam from BZ-binding sites on 

GABAARs (Guidotti et al., 1983). Although DBI also has a role as an intracellular signaling 

molecule critical in fatty acid biosynthesis (Neess et al., 2015), several studies indicate that 

DBI can be secreted extracellularly in the brain and modulate GABAAR function. DBI 

protein immunoreactivity is seen in both neurons (Alho et al., 1985; Alho et al., 1989; 

Christian and Huguenard, 2013) and astrocytes (Alho et al., 1991; Malagon et al., 1993; 

Vidnyánszky et al., 1994; Christian and Huguenard, 2013) and can be detected in several 

brain regions, including the hippocampus (Ball et al., 1989; Ferrarese et al., 1989). Multiple 

DBI cleavage products, including octadecaneuropeptide (ODN), triakontatetraneuropeptide, 

and octapeptide (Ferrero et al., 1986), are biologically active and capable of displacing BZs 

from the BZ binding site. However, the precise physiological roles that DBI and its 

processing products play in the modulation of GABAergic neurotransmission are largely 

undefined.

The extent to which DBI is capable of modulating GABAARs remains controversial, as 

DBI-dependent modulation of inhibition appears to be specifically localized to certain brain 
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regions, and both agonistic and inverse agonistic actions have been reported. Exogenous 

application of DBI reduced IPSC amplitude in cultured spinal neurons, and this effect was 

reversed after FLZ application (Bormann, 1991), suggesting negative allosteric modulation 

of GABAARs at the BZ-binding site. Similarly, inverse agonistic actions were demonstrated 

in the subventricular zone, in which ODN, a DBI fragment, enhanced neurogenesis via 

negative allosteric modulation of GABAAR-mediated currents (Alfonso et al., 2012). The 

negative allosteric modulatory role of DBI as a critical component in neurogenesis was 

further demonstrated in the hippocampal subgranular zone, in which DBI-dependent 

attenuation of GABAAR currents promoted stem cell proliferation (Dumitru et al., 2017). By 

contrast, we recently demonstrated that DBI acts as a positive allosteric modulator of 

GABAARs in the thalamic reticular nucleus (Christian et al., 2013). GABAAR potentiation 

in this region was absent in mice genetically lacking DBI signaling, and this effect was 

rescued after viral reintroduction of DBI. DBI endozepine effects were not seen in the 

neighboring ventrobasal nucleus of the thalamus, providing further evidence that DBI 

modulatory effects may be subregion-specific within larger brain structures. In summary, it 

appears that DBI is capable of both enhancing and attenuating inhibitory neurotransmission 

in the brain, and that DBI-dependent modulation of GABAergic inhibition likely varies 

across different brain areas. Whether DBI is capable of modulating synaptic inhibition in the 

hippocampus has not been investigated, despite evidence of a role for DBI in modulating 

hippocampus-dependent behaviors (Liu et al., 2005; Siiskonen et al., 2007; Sherrin et al., 

2009).

The purpose of this study was to determine the effects of genetic loss of DBI signaling on 

synaptic inhibition in the murine hippocampus. We hypothesized that a lack of DBI 

signaling would lead to altered inhibitory neurotransmission in the hippocampus, and tested 

this hypothesis using whole-cell patch clamp electrophysiology and pharmacology. Our 

findings demonstrate that genetic loss of DBI alters GABAergic neurotransmission in the 

adult hippocampus in a subregion-specific manner.

Experimental Procedures

Animals

The Institutional Animal Care and Use Committee of the University of Illinois at Urbana-

Champaign approved all animal procedures. DBI heterozygous (DBI+/−) knockout founder 

mice on the C57BL/6BomTac background strain were obtained from Dr. Susanne Mandrup 

(University of Southern Denmark). The production of these mice by the Mandrup laboratory 

was described previously (Neess et al., 2011). At the University of Illinois, the colony was 

re-derived and backcrossed to the C57BL/6J background (Ujjainwala et al., 2018). Breeding 

pairs consisted of DBI+/− females crossed with DBI+/− males, yielding DBI+/+, DBI+/−, and 

DBI−/− pups (Neess et al., 2011). Mice were bred and housed on a 14:10 h light:dark cycle 

with food and water available ad libitum. Electrophysiology experiments were performed 

using both male and female DBI+/+ and DBI−/− mice 53 to 167 days old.
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Brain Slice Preparation

Mice were deeply anesthetized via intraperitoneal (i.p.) injection of pentobarbital (55 mg/kg) 

and euthanized by decapitation. Brains were immediately dissected and placed in an 

oxygenated (95% O2/5% CO2) ice-cold sucrose slicing solution containing 234 mM sucrose, 

11 mM glucose, 2.5 mM KC1, 1.25 mM NaH2PO4, 10 mM MgSO4, 0.5 mM CaC12, and 26 

mM NaHCO3. Acute coronal hippocampal slices 300 μm in thickness were prepared using a 

VT1200S vibratome (Leica Biosystems, Buffalo Grove, IL). Slices were subsequently 

incubated in oxygenated artificial cerebrospinal fluid (ACSF) containing 2.5 mM KCl, 10 

mM glucose, 126 mM NaCl, 1.25 mM NaH2PO4. 1 mM MgSO4, 2 mM CaC12, and 26 mM 

NaHCO3 at 298 mOsm. Slices were incubated at 32 °C for 1 hour before being transferred 

to room temperature (21-23 °C) for at least 15 minutes before recording.

Electrophysiology

Slices were transferred to a fully submerged recording chamber on the stage of a BX51WI 

fixed-staged microscope (Olympus America, Center Valley, PA), and continuously 

superfused with room-temperature oxygenated ACSF at 2.5 mL/min. Patch-clamp 

recordings were made using a MultiClamp 700B amplifier, Digidata 1550 digitizer, and 

Clampex 10.4 software (Molecular Devices, Sunnyvale, CA). For all patch-clamp 

recordings, pipettes were filled with a near-isotonic CsCl-based intracellular solution 

containing 135 mM CsCl, 10 mM HEPES, 10 mM EGTA, 2 mM MgCl2, and 5 mM 

QX-314, pH 7.3 and 290 mOsm. Recording pipettes were created from borosilicate glass 

using a P-1000 Flaming/Brown micropipette puller (Sutter Instrument, Novato, CA). 

Pipettes were pulled to have an open-tip resistance of 2-5 MΩ when filled with the internal 

pipette solution. Individual neurons were visually targeted for recording using differential 

infrared contrast optics through an sCMOS camera (OrcaFlash 4.0LT, Hamamatsu, Japan).

Whole-cell patch-clamp recordings in both CA1 pyramidal cells and DG granule cells were 

made in voltage-clamp mode with the membrane potential clamped at −60 mV. Inhibitory 

postsynaptic currents (IPSCs) were recorded with a 20 kHz sampling rate, low-pass filtered 

at 4 kHz, and gain set at 10 mV/pA. Series resistance (Rs) was <20 MΩ for all recordings 

and was not compensated. Rs was monitored every 2-6 minutes by applying 60 5-mV 

depolarizing steps 20 ms in length from a holding potential of −70 mV, and was calculated 

by measuring the baseline to the peak of the averaged current responses. Cells with >20% 

change in Rs during recording were excluded from analyses.

Miniature IPSCs (mIPSCs) were recorded with tetrodotoxin (TTX, 0.5 μM, Abcam, 

Cambridge, MA) added to the bath solution to limit presynaptic contributions. Evoked 

IPSCs (eIPSCs) were elicited by electrical stimuli delivered via a bipolar tungsten 

stimulating electrode (FHC, Bowdoin, ME) placed in either stratum radiatum (CA1) or the 

DG molecular layer (DG). Stimulus timing and duration was controlled in Clampex and 

stimulus intensity was controlled using an ISO-Flex stimulus isolator (A.M.P.I., Jerusalem, 

Israel). For eIPSC experiments, threshold was defined as the intensity at which failures were 

observed at a rate of approximately 50%, and recordings were made at 1.5x threshold. 

Paired-pulse ratio (PPR) recordings were made every 20 seconds using a 100-ms inter-

stimulus interval between 2 electrical stimuli delivered.
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To isolate GABAergic IPSCs, ionotropic glutamate receptors were blocked by either 

kynurenic acid (1 mM, MilliporeSigma, St. Louis, MO) or a combination of 2-amino-5-

phosphonovaleric (APV, 5 μM, Abcam) and 6,7-dinitroquinoxaline-2,3-dione (DNQX, 20 

μM, Abcam). Where noted, diazepam (DZP, 1 μM, MilliporeSigma) or flumazenil (FLZ, 1 

μM or 5 nM, MilliporeSigma) was added to the bath ACSF solution. Recordings involving 

DZP/FLZ application were performed by establishing a 6-minute baseline, followed by a 10-

minute application of the drug, and a 10-minute washout period.

Data Analysis and Statistics

mIPSCs were analyzed using MiniAnalysis 6.0.7 software (Synaptosoft, Decatur, GA). An 

event detection threshold was set at 4 pA above baseline. Decay time was calculated as the 

time for the current to recover from 90% of peak amplitude to 10%. Events that did not 

recover to baseline before the initiation of a subsequent event or that began during the decay 

phase of a previous event were excluded from amplitude and decay analyses, but were 

included in frequency analyses. Evoked IPSCs were analyzed using Clampfit 10.4 

(Molecular Devices), and the amplitude of the first response was normalized to peak 

amplitude to compensate for the variation in eIPSC amplitude across cells. PPR from 

eIPSCs for each cell was calculated as (mean amplitude of the second response [A2])/(mean 

amplitude of the first response [A1]) to eliminate the potential of spurious paired-pulse 

facilitation (Kim and Alger, 2001). Passive electrical properties were calculated using 

Clampfit 10.4 (Molecular Devices), and no differences were seen between groups in input 

resistance, series resistance, or cell capacitance.

Data from MiniAnalysis were subsequently transferred to OriginPro 2016 (OriginLab, 

Northampton, MA) and Excel (Microsoft, Redmond, WA) for statistical analysis. Shapiro-

Wilk tests were used to evaluate if data were normally distributed. If data were not normally 

distributed, log transformations were used to improve normality as noted in the text. For 

cumulative probability distributions, up to 100 randomly selected mIPSCs per cell were 

selected so that no individual cells were overrepresented in any group. Probability 

distribution comparisons were made using two-sample Kolmogorov-Smirnov (KS) 

goodness-of-fit tests. Group comparisons were made by using either two-way analysis of 

variance (ANOVA), with sex and genotype as independent variables, or by two-tailed 

independent (Student’s) or paired t-tests. Statistical significance was set at p<0.05 for 

comparisons of means, and at p<0.001 for KS tests.

Results

Divergent effects of loss of DBI on mIPSC frequency and amplitude in CA1 and dentate 
gyrus

To determine if the genetic removal of DBI alters synaptic inhibition in the hippocampus, we 

used whole-cell patch clamp electrophysiology to record mIPSCs in cells from both DBI+/+ 

and DBI−/− mice of either sex. In CA1 pyramidal cells, two-way ANOVA revealed no 

significant effect of sex nor a genotype-by-sex interaction in either mIPSC amplitude or 

frequency (p>0.05). Therefore, data from males and females were analyzed together. mIPSC 

frequency in CA1 pyramidal cells from DBI−/− mice (27 cells from 10 mice) was increased 
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compared with DBI+/+ mice (28 cells from 11 mice) (p<0.02, Student’s t-test) (Figure 1A-

B). Additionally, a modest yet significant increase in mIPSC amplitude was seen in CA1 

pyramidal cells from DBI−/− mice (2700 events from 27 cells from 10 mice) compared with 

DBI+/+ mice (2800 events from 28 cells from 11 mice) (p<0.001, KS test) (Figure 1C-1D, 

Table 1). Two-way ANOVA for mIPSC decay time showed a significant effect of sex 

(p<0.05), in which males displayed increased mIPSC decay time compared to females (not 

shown). However, this effect was seen in both genotypes, and no significant differences in 

mIPSC decay time were observed between DBI+/+ (2800 events from 28 cells from 11 mice) 

and DBI−/− mice (2700 events from 27 cells from 10 mice) when collapsed across sex 

(Figure 1E-1F, Table 1). Together, these results reveal that a genetic loss of DBI is capable of 

modulating GABAergic neurotransmission in adult CA1 pyramidal cells both pre- and 

postsynaptically.

DBI-mediated effects on inhibition can be specifically localized to distinct subregions of 

larger brain structures (Christian et al., 2013). To determine if DBI-mediated modulation of 

hippocampal GABAARs is specific to CA1, we also recorded mIPSCs from DG granule 

cells. Analysis of mIPSC frequency data in DG revealed that the data were not normally 

distributed. Therefore, a log transformation was used to improve normality. Two-way 

ANOVA of the transformed data yielded no main effect of sex (p>0.6) and no sex-by-

genotype interaction (p>0.05), so males and females were analyzed together. Additionally, 

there was no main effect of genotype (p>0.45), indicating that mIPSC frequency was not 

different between DBI+/+ and DBI−/− mice in DG granule cells. Indeed, a Student’s t-test 

found no difference in mIPSC frequency between DBI+/+ (43 cells from 15 mice) and DBI
−/− cells (31 cells from 10 mice) (Figure 2A-2B). Two-way ANOVA of mIPSC amplitude 

and decay in DG found no main effect of sex (p>0.35) and no sex-by-genotype interaction 

(p>0.2) for either parameter, so males and females were analyzed together. In contrast to 

CA1 pyramidal cells, mIPSC amplitude was decreased in DG granule cells from DBI−/− 

mice (2929 events from 31 cells from 10 mice) compared to DBI+/+ mice (4025 events from 

43 cells from 15 mice) (p<0.001, KS test) (Figure 2C-2D, Table 1). Furthermore, we found 

that the loss of DBI increases mIPSC decay time in DG granule cells (p<0.001, KS test) 

(Figure 2E-2F, Table 1). These data further demonstrate that genetic loss of DBI is capable 

of modulating GABAARs in the adult hippocampus, and indicate that DBI-dependent 

modulation of inhibition is subregion-specific.

Changes in mIPSC frequency are not due to alterations in vesicular release probability

The frequency of miniature postsynaptic currents is typically regarded as a readout of 

activity-independent presynaptic neurotransmitter release. We thus hypothesized that the 

changes seen in mIPSC frequency in CA1 pyramidal cells could be due to either alterations 

in vesicle release probability and/or modifications in synaptic connectivity. To determine if 

the changes in mIPSC frequency in mice lacking DBI signaling were due to alterations in 

synaptic vesicle release probability, we investigated the paired-pulse ratio (PPR) of evoked 

IPSCs in both CA1 pyramidal cells and DG granule cells in DBI+/+ and DBI−/− mice. 

Analysis of PPR is a tool to indirectly measure presynaptic release probability (Dobrunz and 

Stevens, 1997; Thomson, 2000). A series of two rapidly-induced postsynaptic currents in 

principal cells of CA1 or DG were evoked using a stimulating electrode placed in either the 
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stratum radiatum or the DG molecular layer, with an inter-stimulus interval of 100 ms. Two-

way ANOVA yielded no effect of sex and no sex-by-genotype interaction in either CA1 or 

DG, so males and females were analyzed together. In CA1 pyramidal cells, there was no 

significant difference in the PPR between DBI+/+ (8 cells from 7 mice) and DBI−/− mice (8 

cells from 5 mice) (p>0.8, Student’s t-test) (Figure 3A-3E). As expected, we also found no 

significant difference between DBI+/+ mice (17 cells from 8 mice) and DBI−/− mice (18 cells 

from 8 mice) in the PPR of DG granule cells (p>0.1, Student’s t-test) (Figure 3C-3D). 

Furthermore, there were no significant differences between DBI+/+ and DBI−/− mice in the 

coefficient of variation (CV), a measure of response variability (Olmos-Serrano et al., 2010), 

in either CA1 (p>0.35 Student’s t-test) or DG (p>0.1, Student’s t-test) (Figure 3E-3F). Taken 

together, these results suggest that the release probability of synaptic vesicles in both CA1 

and DG is unaltered in mice with a genetic loss of DBI.

Response to DZP and FLZ application is unaltered in DBT−/− mice

DBI binds with high affinity to the BZ binding site on GABAA receptors (Costa and 

Guidotti, 1991; Möhler, 2014) and is capable of displacing DZP from the GABAAR BZ 

binding site (Guidotti et al., 1983). Therefore, we hypothesized that an absence of DBI 

signaling would render GABAergic synapses more sensitive to DZP modulation via removal 

of a competitor at BZ binding sites. CA1 pyramidal cells of both genotypes displayed 

increases in mIPSC amplitude (Figure 4A-4B) and decay (Figure 4D-4E) in response to 

DZP compared with baseline control values (all p<0.01, paired t-tests). However, no 

differences between DBI+/+ (8 cells from 4 mice) and DBI−/− mice (9 cells from 5 mice) 

were observed in the strength of the response to DZP; both genotypes exhibited similar 

increases in mIPSC amplitude (p>0.7, Student’s t-test) (Figure 4C) and decay time (p=0.4 

Student’s t-test) (Figure 4F). Similar results were seen in DG; granule cells of both 

genotypes showed increased mIPSC amplitude (Figure 5A-5B) and decay (Figure 5D-5E) 

with DZP (all p<0.01, paired t-tests), but there was no genotype difference in response 

strength for either parameter (DBI+/+: 9 cells from 3 mice; DBI−/− : 7 cells from 2 mice) 

(both p>0.85, Student’s t-test) (Figure 5C, 5F). No changes in mIPSC frequency with DZP 

were seen in either genotype (not shown). These results indicate that the genetic loss of DBI 

signaling does not alter GABAAR sensitivity to DZP in either CA1 or DG of the 

hippocampus.

Although we did not observe a difference between genotypes after an application of the BZ-

site agonist DZP, we decided to investigate the impacts of the BZ-site antagonist FLZ on 

synaptic inhibition in DBI+/+ and DBI−/− mice. In CA1, no significant differences in mIPSC 

amplitude were observed between baseline control and after 1 μM FLZ application in cells 

from either DBI+/+ (p>0.2, paired t-test) or DBI−/− mice (p>.1, paired t-test) (Figure 6A), 

and there was no genotype difference between DBI+/+ and DBI−/− mice in the degree of 

response to 1 μM FLZ (p>0.5, Student’s t-test) (Figure 6B). There was also no significant 

change in mIPSC decay after the application of 1 μM FLZ in CA1 pyramidal cells from 

either DBI+/+ or DBI−/− mice (Figure 6C, paired t-test), and there was no genotype 

difference in the response to 1 μM FLZ (Figure 6D, Student’s t-test). DG granule cells from 

both DBI+/+ and DBI−/− mice, however, exhibited an increase in mIPSC amplitude with 1 

μM FLZ (both p<0.05, paired t-test) (Figure 7A), although the strength of the response was 
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not significantly different between DBI+/+ and DBI−/− mice (p>0.25, Student’s t-test) 

(Figure 7C). No significant change after 1 μM FLZ application was seen in mIPSC decay in 

DG granule cells from either DBI+/+ or DBI−/− mice (both p>0.1, paired t-test) (Figure 7D), 

and the degree of response in DG granule cells was not different between genotypes (Figure 

7F, Student’s t-test). No changes in mIPSC frequency were seen with 1 μM FLZ in either 

genotype (not shown).

Although no significant differences were seen in the magnitude of the effect of 1 μM FLZ on 

mIPSC amplitude between DBI+/+ and DBI−/− mice, it is possible that this relatively 

elevated concentration may have masked a potential endozepine effect. Therefore, we also 

tested the effects of 5 nM concentration of FLZ in DG granule cells. 5 nM is the EC50 for 

flumazenil actions on α2-containing GABAARs (Ramerstorfer et al., 2010), which are 

highly expressed in DG granule cells (Sperk et al., 1997). Similarly to 1 μM FLZ, 

application of 5 nM FLZ increased mIPSC amplitude in DG granule cells from both DBI+/+ 

mice (10 cells from 4 mice) and DBI−/− mice (9 cells from 3 mice) compared to baseline 

(both p<0.001, paired t-test) (Figure 7B). As with the 1 μM concentration, however, no 

differences were seen between genotypes in the strength of the response (p=0.3, Student’s t-

test) (Figure 7C). Additionally, no differences were seen in mIPSC decay time after 5 nM 

FLZ application in either DBI+/+ or DBI−/− mice (both p>0.05) (Figure 7E-F). Together, 

these data demonstrate that the loss of DBI signaling does not change GABAAR response to 

FLZ in either CA1 or DG.

Discussion

The primary goal of these studies was to determine the effects of genetic loss of DBI on 

synaptic inhibition in the murine hippocampus. Our data show that the loss of DBI results in 

an enhancement of inhibition in CA1 pyramidal cells, as demonstrated in increased mIPSC 

frequency and amplitude. Surprisingly, we found that the loss of DBI leads to decreased 

mIPSC amplitude in DG granule cells, providing novel evidence of a diametric modulation 

of inhibition by DBI within the hippocampus. Additionally, we determined that the changes 

in mIPSC frequency in CA1 pyramidal cells in DBI−/− mice are not due to alterations in 

vesicular release probability, suggesting that the loss of DBI may alter the number of 

synaptic contacts onto principal cells. We also found that loss of DBI did not impact the 

responsiveness of either CA1 pyramidal and DG granule cells to DZP or FLZ application. 

These results provide evidence that DBI is capable of bidirectionally modulating 

GABAergic transmission in the hippocampus, and support the conclusion that DBI-mediated 

modulation of inhibition is distinctly localized in specific subregions of brain structures.

DBI appears to be a complex and multifunctional peptide, with both positive and negative 

allosteric modulatory effects on GABAARs reported. Surprisingly, the present results 

provide support for both conclusions within the hippocampus, with a loss of DBI leading to 

an enhancement of inhibition in CA1 and an attenuation of inhibition in DG. Furthermore, 

these data indicate that the loss of DBI leads to both pre- and postsynaptic alterations of 

GABAergic transmission in the hippocampus. Although the mechanisms behind this 

diametric modulation remain elusive, some potential hypotheses have emerged. GABAARs 

are pentameric hetero-oligomers in which subunit combinations are assembled from a set of 
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19 subunit possibilities (Olsen and Sieghart, 2008), leading to a large diversity of subunit 

compositions. Subunit composition directly influences the biophysical properties of 

GABAARs, including the single-channel conductance and responsiveness to allosteric 

modulators (Hevers and Luddens, 1998; Mody and Pearce, 2004). Therefore, it is plausible 

that DBI may exert its influence on different postsynaptic GABAAR subtypes in CA1 versus 

DG (Hörtnagl et al., 2013), and/or that the loss of DBI may lead to compensatory 

modifications in GABAAR subunit composition in each subregion. Another possibility is 

that DBI may be cleaved differently in CA1 compared to DG, and thus distinct DBI 

processing products may be produced in these regions. The manner in which the DBI 

peptide is endogenously cleaved has not been determined, and the enzymes responsible for 

cleavage are also unknown. Future experiments could utilize targeted analytical chemistry 

techniques such as mass spectrometry to investigate the presence of specific DBI cleavage 

products in each hippocampal subregion.

We originally hypothesized that cells from DBI−/− mice would be more sensitive to DZP due 

to a lack of competition at the BZ-binding site. However, we observed that CA1 and DG 

cells from both DBI+/+ and DBI−/− mice responded equally to DZP. One potential 

explanation for this result may be that the concentration of DZP was too robust, such that it 

saturated GABAergic synapses and masked a subtler effect. DZP may act via two separate 

mechanisms that depend on the concentration applied: a nanomolar component that depends 

on the γ2 subunit; and a micromolar component that does not require the γ2 subunit 

(Walters et al., 2000). We also found that responses to FLZ were not altered in mice 

genetically lacking DBI signaling, and that the administration of FLZ did not affect mIPSC 

properties of CA1 pyramidal cells from either genotype. However, we did observe an 

increase in mIPSC amplitude with both low- and high-dose FLZ application in DG granule 

cells from both DBI+/+ and DBI−/− mice. FLZ is a weak positive allosteric modulator of 

GABAARs containing certain subunit combinations, specifically combinations including the 

α2, α3, or α4 subunits (Ramerstorfer et al., 2010). α3 subunit-containing receptors are 

rarely expressed in DG (Sperk et al., 1997). Therefore, these effects may be mediated by 

synapses expressing α2 or α4 subunit-containing receptors. However, α4 subunit-containing 

receptors are insensitive to BZs (Chandra et al., 2006), thus raising the likelihood that the 

FLZ-induced increase in mIPSC amplitude is mediated by α2-containing receptors. This 

effect was only seen in DG, providing further support for future investigations into the 

subunit combinations of GABAARs in CA1 versus DG. The lack of differences seen 

between genotypes after pharmacological BZ-binding site manipulations of GABAARs 

suggests that the DBI-dependent modulation of inhibition in these regions is likely not 

endozepine-related. Rather, the observed changes in synaptic inhibition in the DBI−/− mouse 

hippocampus may reflect other mechanisms, such as an alteration of a critical metabolic 

pathway or a DBI-dependent modification in neuronal development.

Although DBI is primarily recognized as acting at the BZ-binding site to modulate 

GABAARs, DBI may also indirectly modulate inhibitory transmission via the mitochondrial 

benzodiazepine receptor, also known as translocator protein (TSPO) (Papadopoulos et al., 

1991). The binding of DBI to TSPO has been demonstrated to stimulate neurosteroid 

biosynthesis (Korneyev et al., 1993). Neurosteroids are potent modulators of GABAARs 

(Belelli and Lambert, 2005), and both positive and negative allosteric modulation of 
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GABAARs by neurosteroids have been demonstrated (Wang, 2011). Therefore, it is possible 

that the effects seen in both hippocampal subregions after the genetic loss of DBI may be 

due to changes in the activity of TSPO, leading to alterations in neurosteroidogenesis and 

subsequent modulation of inhibition in the hippocampus. The lack of differences between 

DBI+/+ and DBI−/− mice in response to applications of a BZ-site agonist (DZP) and 

antagonist (FLZ) supports the possibility of an indirect neurosteroid-mediated modulation of 

GABAARs by DBI. Further investigations of the subunit composition of GABAARs in these 

regions and subunit-associated differences in DBI sensitivity may provide insight into these 

possibilities.

Recent evidence supports a role for DBI in the regulation of neurogenesis. In the 

subgranular zone (SGZ), the region that produces granule cells in DG, DBI appears to 

critically regulate the balance between preserving the neural stem cell pool and the 

development of new granule cells. Specifically, genetic knockdown of DBI led to fewer 

neural stem cells and a shift towards mature granule cell development, while a genetic 

overexpression of DBI led to a greater neural stem cell population and a reduction in 

neurogenesis (Dumitru et al., 2017). Our experiments were performed on constitutive DBI
−/− mice, in which exon 2 of the Dbi gene is deleted throughout the lifespan. Therefore, it is 

possible that the development of hippocampal neurons is fundamentally altered to 

compensate for the lack of DBI signaling. In addition, other developmental compensations 

may arise in DBI−/− mice, as the Dbi gene appears to serve multiple cellular functions, 

including general housekeeping duties (Mandrup et al., 1992). Future studies could make 

use of more advanced transgenic technology to overcome these issues, such as utilizing an 

inducible DBI knockout mouse, a nervous system-specific transgenic mouse line, or using 

Cre-dependent viral vectors for region-specific deletions.

In summary, the present results demonstrate that the genetic deletion of DBI signaling 

diametrically alters synaptic inhibition in the murine hippocampus in a subregion-specific 

manner. DBI−/− mice demonstrated an enhancement of inhibition in CA1 pyramidal cells, 

but displayed an attenuation of inhibition in DG granule cells. Presynaptic release 

probability remained constant in both genotypes, and DBI−/− mice did not differ from DBI+r

+ mice in their response to BZ-binding site agonism or antagonism. These results lay the 

groundwork for future investigations into the role of DBI in the modulation of synaptic 

inhibition in the hippocampus.
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DG dentate gyrus
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Figure 1: Genetic loss of DBI increases mIPSC amplitude and frequency in CA1 pyramidal cells.
(A) Representative mIPSC traces recorded from individual pyramidal cells from DBI+/+ (top 

traces) and DBI−/− mice (bottom traces). (B) Mean + SEM of mIPSC frequency in CA1 

pyramidal cells from DBI+/+ (black bar, n=28 cells from 11 mice) and DBI−/− mice (white 

bar, n=27 cells from 10 mice) (*p<0.05, Student’s t-test). Open circles represent values from 

individual cells. (C) Cumulative probability distributions comparing mIPSC amplitude in 

DBI+/+ (n=2800 events from 28 cells from 11 mice) and DBI−/− mice (n=2700 events from 

27 cells from 10 mice) (***p<0.001, KS test). (D) Averaged mIPSC traces from 
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representative DBI+/+ and DBI−/− cells. (E) Cumulative probability distributions comparing 

mIPSC decay in CA1 pyramidal cells from DBI+/+ (n=2800 events from 28 cells from 11 

mice) and DBI−/− mice (n=2700 events from 27 cells from 10 mice). (F) Averaged mIPSC 

traces from representative DBI+/+ and DBI−/− cells, normalized to peak amplitude.
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Figure 2: Genetic loss of DBI decreases mIPSC amplitude in DG granule cells, but increases 
mIPSC decay.
(A) Representative mIPSC traces recorded from individual granule cells from DBI+/+ (top 

traces) and DBI−/− mice (bottom traces). (B) Mean + SEM of mIPSC frequency in DG 

granule cells from DBI+/+ (black bars, n=43 cells from 15 mice) and DBI−/− mice (white 

bars, n=31 cells from 10 mice). Open circles represent values from individual cells. (C) 

Cumulative probability distributions comparing mIPSC amplitude in DBI+/+ (n=4025 events 

from 43 cells from mice) and DBI−/− mice (n=2929 events from 31 cells from 10 mice) 

(***p<0.001, KS test). (D) Averaged mIPSC traces from representative DBI+/+ and DBI−/− 
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granule cells. (E) Cumulative probability distributions comparing mIPSC decay in DG 

granule cells from DBI+/+ (n=4025 events from 43 cells from 15 mice) and DBI−/− mice 

(n=2929 events from 31 cells from 10 mice) (***p<0.001, KS test). (F) Averaged mIPSC 

traces from representative DBI+/+ and DBI−/− granule cells, normalized to peak amplitude.
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Figure 3: No differences between DBI+/+ and DBI−/− mice in paired-pulse ratio of evoked IPSCs.
(A) Mean + SEM of PPR from eIPSCs in CA1 pyramidal cells from DBI+/+ (black bar, n=8 

cells from 7 mice) and DBI−/− mice (white bar, n=8 cells from 5 mice). Open circles 

represent values from individual cells. (B) Averaged PPR traces from representative DBI+/+ 

(left) and DBI−/− (right) pyramidal cells, normalized to peak amplitude of the first response. 

Black dots indicate times of electrical stimulus application; stimulus artifacts are truncated 

for clarity. (C) Mean + SEM of PPR from eIPSCs in DG granule cells from DBI+/+ (black 

bar, n=17 cells from 8 mice) and DBI−/− mice (white bar, n=18 cells from 8 mice). Open 
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circles represent values from individual cells. (D) Averaged PPR traces from representative 

DBI+/+ (left) and DBI−/− (right) granule cells, normalized to peak amplitude of the first 

response. Black dots indicate times of electrical stimulus application; stimulus artifacts are 

truncated for clarity. (E-F) Mean + SEM of the coefficient of variation of eIPSCs in CA1 

pyramidal cells (E) and DG granule cells (F) from DBI+/+ (black bars, n=17 cells from 8 

mice) and DBI−/− mice (white bars, n=18 cells from 8 mice). Open circles represent values 

from individual cells.
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Figure 4: No differences between genotypes in mIPSC amplitude or decay after diazepam 
application in CA1 pyramidal cells.
(A) Representative mIPSC traces from individual CA1 pyramidal cells before (CON) and 

during DZP treatment from DBI+/+ (top) and DBI−/− (bottom) mice. (B) mIPSC amplitude 

in individual CA1 pyramidal cells from DBI+/+ (left, n=8 cells from 4 mice) and DBI−/− 

mice (right, n=9 cells from 5 mice) before (CON) and during DZP treatment (*p<0.05, 

paired t-test). (C) Mean + SEM of the percentage change in mIPSC amplitude after 

diazepam application in CA1 pyramidal cells from DBI+/+ (black bar) and DBI−/− mice 

(white bar). Open circles represent values from individual cells. (D) Averaged mIPSC traces 

from representative CA1 pyramidal cells before (CON) and during DZP treatment, 

normalized to peak amplitude, from DBI+/+ (left) and DBI−/− mice (right). (E) mIPSC decay 

in individual CA1 pyramidal cells from DBI+/+ (left) and DBI−/− mice (right) before (CON) 

and during DZP treatment (*p<0.05, paired t-test). (F) Mean + SEM of the percentage 

change in mIPSC decay after DZP application in CA1 pyramidal cells from DBI+/+ (black 

bar) and DBI−/− mice (white bar). Open circles represent values from individual cells.
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Figure 5: No differences between genotypes in mIPSC amplitude or decay after diazepam 
application in DG granule cells.
(A) Representative mIPSC traces from individual DG granule cells before (CON) and during 

DZP treatment from DBI+/+ (top) and DBI−/− mice (bottom). (B) mIPSC amplitude in 

individual DG granule cells from DBI+/+ (left, n=9 cells from 3 mice) and DBI−/− mice 

(right, n=7 cells from 2 mice) before (CON) and during DZP treatment (*p<0.05, paired t-

test). (C) Mean + SEM of the percentage change in mIPSC amplitude after DZP application 

in DG granule cells from DBI+/+ (black bar) and DBI−/− mice (white bar). Open circles 

represent values from individual cells. (D) Averaged mIPSC traces from representative DG 

granule cells before (CON) and during DZP treatment, normalized to peak amplitude, from 

DBI+/+ (left) and DBI−/− mice (right). (E) mIPSC decay in individual DG granule cells from 

DBI+/+ (left) and DBI−/− mice (right) before (CON) and during DZP treatment (*p<0.05, 

paired t-test). (F) Mean + SEM of the percentage change in mIPSC decay after DZP 

application in DG granule cells from DBI+/+ (black bar) and DBI−/− mice (white bar). Open 

circles represent values from individual cells.
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Figure 6: 1 μM flumazenil does not change mIPSC amplitude or decay in CA1 pyramidal cells 
from either genotype.
(A) mIPSC amplitude in individual CA1 pyramidal cells from DBI+/+ (left, n=9 cells from 5 

mice) and DBI−/− mice (right, n=7 cells from 3 mice) before (CON) and during 1 μM FLZ 

treatment. (B) Mean + SEM of the percentage change in mIPSC amplitude after FLZ 

application in CA1 pyramidal cells from DBI+/+ (black bar) and DBI−/− mice (white bar). 

Open circles represent values from individual cells. (C) mIPSC decay in individual CA1 

pyramidal cells from DBI+/+ (left) and DBI−/− mice (right) before (CON) and during FLZ 

treatment. (D) Mean + SEM of the percentage change in mIPSC decay after FLZ application 
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in CA1 pyramidal cells from DBI+/+ (black bar) and DBI−/− mice (white bar). Open circles 

represent values from individual cells.
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Figure 7: Both 5 nM and 1 μM flumazenil increase mIPSC amplitude in DG granule cells with 
no effect on decay.
(A) mIPSC amplitude in individual DG granule cells from DBI+/+ (left, n=9 cells from 4 

mice) and DBI−/− mice (right, n=8 cells from 3 mice) before (CON) and during 1 μM FLZ 

treatment (*p<0.05, paired t-test). (B) mIPSC amplitude in individual DG granule cells from 

DBI+/+ (left, n=10 cells from 4 mice) and DBI−/− mice (right, n=9 cells from 3 mice) before 

(CON) and during 5 nM FLZ treatment (**p<0.01). (C) Mean + SEM of the percentage 

change in mIPSC amplitude after either 1 μM or 5 nM FLZ application in DG granule cells 

from DBI+/+ (black bars) and DBI−/− mice (white bars). Open circles represent values from 

individual cells. (D) mIPSC decay in individual DG granule cells from DBI+/+ (left, n=9 

cells from 4 mice) and DBI−/− mice (right, 8 cells from 3 mice) before (CON) and during 1 

μM FLZ treatment. (E) mIPSC decay in individual DG granule cells from DBI+/+ (left, n=10 

cells from 4 mice) and DBI−/− mice (right, n=9 cells from 3 mice) before (CON) and during 

5 nM FLZ treatment. (F) Mean + SEM of the percentage change in mIPSC decay after either 

1 μM or 5 nM FLZ application in DG granule cells in DBI+/+ (black bars) and DBI−/− mice 

(white bars). Open circles represent values from individual cells.
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Table 1:
mIPSC amplitude and decay in CA1 pyramidal cells and DG granule cells, incorporating 
all unitary events collected.

Mean ± SEM for mIPSC amplitude (pA) and decay (ms).

CA1 DG

DBI+/+ DBI−/− DBI+/+ DBI−/−

Amplitude 35.55 ± 1.20 38.57 ± 1.13
$ 37.19 ± 1.21 31.73 ± 1.23**

Decay 34.90 ± 1.01 34.93 ± 0.85 30.80 ± 1.12 34.43 ± 1.02*

**
p<0.01

*
p<0.05

$
p=0.07

Student’s t-test
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