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Overexpression of Kcnmb2 in Dorsal CA1 of Offspring Mice Rescues Hippocampal Dysfunction Caused by a Methyl Donor-Rich Paternal Diet
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BK channels are known regulators of neuronal excitability, synaptic plasticity, and memory. Our previous study showed that a paternal methyl donor-rich diet reduced the expression of Kcnmb2, which encodes BK channel subunit beta 2, and caused memory deficits in offspring mice. To explore the underlying cellular mechanisms, we investigated the intrinsic and synaptic properties of CA1 pyramidal neurons of the F1 offspring mice whose fathers were fed with either a methyl donor-rich diet (MD) or regular control diet (CD) for 6 weeks before mating. Whole-cell patch-clamp recordings of CA1 pyramidal neurons revealed a decrease in intrinsic excitability and reduced frequency of inhibitory post-synaptic currents in MD F1 mice compared to the CD F1 controls. AAV-based overexpression of Kcnmb2 in dorsal CA1 ameliorated changes in neuronal excitability, synaptic transmission, and plasticity in MD F1 mice. Our findings thus indicate that a transient paternal exposure to a methyl donor-rich diet prior to mating alters Kcnmb2-sensitive hippocampal functions in offspring animals.

Keywords: BK channels, Kcnmb2, hippocampus, memory, offspring, paternal diet, DNA methylation

INTRODUCTION

Large-conductance Ca2+- and voltage-activated K+ channels (also known as BK, Maxi-K, or Slo1) are widely expressed in mammalian central nervous systems (Sausbier et al., 2006; Contet et al., 2016). By providing negative feedback modulation to changes in membrane voltage and intracellular Ca2+ concentration, BK channels play significant roles in regulating a range of physiological processes, including action potential firing (Jin et al., 2000; Gu et al., 2007), neurotransmitter release (Hu et al., 2001; Faber and Sah, 2003; Raffaelli et al., 2004; Griguoli et al., 2016), and smooth muscle contraction (Ko et al., 2008; Hill et al., 2010; Krishnamoorthy-Natarajan and Koide, 2016). Evidence in recent years demonstrates that BK channels also take part in the regulation of learning and memory processes (Matthews and Disterhoft, 2009; Typlt et al., 2013; Springer et al., 2014). Moreover, alterations in the expression and function of BK channels have been linked to cognitive impairments (Wang F. et al., 2015; Wang L. et al., 2015; Contet et al., 2016).

BK channels are formed by a pore-forming α-subunit as well as tissue-specific β1–β4 auxiliary subunits, which are encoded by the Kcnmb1–4 genes, respectively. Modulations by auxiliary subunits endow BK channels with diverse functions in different mammalian tissues and cell types (Orio et al., 2002; Wang et al., 2002; Li and Yan, 2016). Specifically, the β2 subunit, encoded by Kcnmb2, mediates rapid inactivation of the BK channel via its N-terminal ball and chain domain, thereby acting as one of the negative BK channel regulators (Wallner et al., 1999; Bentrop et al., 2001; Orio and Latorre, 2005; Lee and Cui, 2010).

In a previous study, we reported that transient exposure of male mice to a methyl donor-rich diet (MD) for 6 weeks before mating exerts intergenerational effects on cognitive functions in offspring animals (Ryan et al., 2017). Specifically, MD F1 offspring mice showed memory impairments in two hippocampus-dependent tasks (Morris water maze and contextual fear conditioning), as well as impaired long-term potentiation (LTP) and hippocampal theta oscillations. Gene expression analyses revealed reduced expression of Kcnmb2 in MD F1 mice, which were associated with elevated Kcnmb2 promoter methylation (Ryan et al., 2017). AAV-based overexpression of Kcnmb2 in dorsal hippocampus improved spatial learning and memory in the Morris water maze in MD F1 animals, indicating that reduced Kcnmb2 expression is linked to MD F1-associated learning and memory impairments.

It remains to be further clarified how reduced Kcnmb2 expression leads to LTP and memory deficits in MD F1 offspring. Therefore, in this study, we assessed intrinsic excitability, synaptic transmission and plasticity in CA1 pyramidal neurons of both MD and CD F1 offspring mice. We also addressed if overexpression of Kcnmb2 in the CA1 region of the dorsal hippocampus can rescue the neurophysiological alterations observed in MD F1 offspring mice.

MATERIALS AND METHODS

Mice

For the experiments described here, we used the F1 offspring of C57BL/6J males that were transiently exposed to either the methyl donor-rich diet (MD, a specialized 3MS ZM diet) or the control diet (CD, a standard Teklad global 18% protein rodent-breeding diet) for a period of 6 weeks prior to mating them with 129S6/SvEv females, as previously described in detail (Ryan et al., 2017). Specifically, the 3MS ZM diet was supplemented with the following (per 1 kg chow): 7.5 g L-methionine, 15 g choline, 15 g betaine, 15 mg FA, 1.5 mg vitamin B12, and 150 mg zinc (Ryan et al., 2017). The mice were group-housed (two to five per cage) under a 12:12 h light/dark cycle and were given free access to water and food throughout the experiment. Adult CD and MD F1 offspring with matched age (4 to 8 months old when each experiment was conducted) were assessed in balanced sex ratios. All experiments were conducted blind to group assignment. The animal protocols used here were approved by the Chancellor’s Animal Research Committee at Qingdao University (in accordance with National Institutes of Health guidelines).

Hippocampal Slice Preparations and Electrophysiological Recordings

Field EPSP Recordings

Mice were anesthetized using isoflurane and were rapidly decapitated. Hippocampal slices (400 μm) were sectioned in oxygenated ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): 120 NaCl, 1.25 NaH2PO4, 3.5 KCl, 1.3 MgCl2, 26 NaHCO3, 2.5 CaCl2, 10 D-glucose. Slices were recovered in a submerged chamber containing ACSF at room temperature for at least 1 h prior to recordings. During recordings, slices were continuously perfused with ACSF at a rate of ∼2 ml/min and at 32 ( ± 1°C).

Field excitatory post-synaptic potentials (fEPSPs) at Schaffer collateral-CA1 (SC-CA1) synapses were evoked every 30 s with FHC bipolar platinum stimulating electrodes as previously described (Cui et al., 2016). The input-output curve of synaptic transmission was generated by varying stimulus intensity from 10 to 100 μA and measuring the initial slope of the fEPSPs. Paired-pulse ratio (PPR) was determined by dividing the initial slope of the second fEPSP by that of the first (fEPSP2/fEPSP1) with different inter-stimulus intervals of 10, 25, 50, 100, 200, and 400 ms, respectively. LTP at SC-CA1 synapses was induced by a single tetanus of 100 pulses at 100 Hz (100 Hz, 1 s). All test stimuli and tetanus pulses were 100 μs in duration and 1/3–1/2 maximal stimulation strength (100 μA). All the field recording data were filtered at 1 kHz and digitized at 10 kHz. Data were acquired using Clampex 10 (Molecular Devices), and analyzed using Clampfit 10 (Axon Instruments). All chemicals used for electrophysiological recordings were purchased from Sigma.

Whole-Cell Recording

Hippocampal coronal slices (350 μm in thickness) were cut with a vibratome (VT-1000, Leica, Germany) in oxygenated (95% O2/5% CO2), ice-cold cutting solution (pH 7.4) containing (in mM) 30 Glucose, 2.5 KCl, 26 NaHCO3, 7 MgSO4, 1 NaH2PO4, 1CaCl2, 119 choline chloride, 1 kynurenic acid, 3 sodium pyruvate, and 1.3 sodium L-ascorbate. Slices were quickly transferred to the recovery solution containing (in mM) 85 NaCl, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 4 MgCl2, 24 NaHCO3, 25 glucose, and 50 sucrose to recover for 30 min at 36°C and then at least 1 h at room temperature before recording. Whole-cell patch-clamp recordings in voltage- or current-clamp mode were performed on CA1 pyramidal neurons in dorsal hippocampus analogous to previously described studies (Zhou et al., 2009; Springer et al., 2014).

CA1 neurons were identified both visually (with an upright microscope) and on the basis of firing properties (Fox and Ranck, 1981). In the context of current clamp recordings, patch electrodes (3–5 MΩ) were filled with internal solution (pH 7.30) which contained (in mM): 120 KMeSO4, 10 KCl, 10 Hepes, 0.2 EGTA, 0.3 Na3GTP, 4 Na2-ATP, 5 phosphocreatine, as well as 2 MgCl2. For voltage clamp recordings, patch pipettes (3–5 MΩ) were filled with a solution (pH 7.3) containing (in mM): 125 CsCl2, 5 NaCl, 4 Hepes, 0.2 EGTA, 0.2 NaGTP, 2 MgATP, 7 phosphocreatine, and 2 MgCl2. Both excitatory and inhibitory post-synaptic currents (EPSCs and IPSCs) were detected at a holding potential of -60 mV with 50 μM AP-5 and 50 μM picrotoxin (for EPSCs), or 3 mM kynuric acid (for IPSCs) present in the ACSF used for perfusion. Miniature inhibitory and excitatory post-synaptic currents (mIPSCs and mEPSCs) were recorded with the application of 1 μM TTX in external solutions. sEPSCs, mEPSCs, sIPSCs, and mIPSCs were analyzed using Mini Analysis Program. Event counts were carried out by experimenters blind to group identity.

To assess the intrinsic excitability of CA1 pyramidal neurons, a series of depolarizing currents (50 or 600 ms duration) stepping from -50 to 525 pA in 25 pA increments were injected through the patch electrode. Passive membrane properties of CA1 pyramidal neurons were examined as previously reported (Haghdoost-Yazdi et al., 2008; Springer et al., 2014). In brief, spike amplitude was measured from threshold to the peak of the first spike. Spike half-width was calculated as the first spike duration at half amplitude between the baseline and the peak of the first spike. The fast after-hyperpolarization potential (fAHP) amplitude was measured from spike threshold to the negative peak of the AHP within 4 ms from the time of the first spike peak. Data were acquired using digidata 1440A and pCLAMP 10.0 software with a sampling rate of 10 kHz. Only neurons that had sufficiently negative resting membrane potentials (≤-55 mV) without spontaneous firing were included in the analysis.

Virus Microinjection Into CA1 of the Dorsal Hippocampus

Mice were anesthetized with isoflurane and placed in a stereotaxic frame. The skull was exposed and four holes were drilled above the CA1 region of dorsal hippocampus, according to the following coordinates: AP -1.8 mm, ML ± 1 mm, DV -1.4 mm from bregma and AP -2.5 mm, ML ± 2 mm, DV -1.7 mm from bregma. High titers (1.3 × 1013 GC/ml, Vector Biolabs) adeno-associated virus (AAV) engineered to overexpress Kcnmb2 (AAV1-hSYN1-mKcnmb2-IRES-GFP-WPRE, AAV-Kcnmb2) or control virus (AAV1-hSYN1-GFP-WPRE, AAV-control) were stereotaxically injected into the dorsal CA1 region with Nanoliter 2010 (WPI) at a flow rate of 0.05 μl/min and a volume of 0.3 μl per injection site. After injection, the glass needle was left in place for an additional 10 min to ensure optimal virus diffusion. After surgery, mice were treated with antibiotics daily for 1 week and their health was monitored every day. The viral infection in the CA1 region was confirmed by GFP fluorescence. Relative expression of Kcnmb2 in hippocampus was measured by real-time qRT-PCR. Electrophysiological experiments were performed 4–6 weeks following virus injection.

RNA Extraction and qRT-PCR

Total RNA was extracted from the hippocampus with the PureLinkTM RNA Mini Kit (Thermo Fisher Scientific). RNA quantity and quality was determined using a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific). Complementary DNA was synthesized from 1 μg of total RNA with SuperScriptTM III Reverse Transcriptase (Invitrogen). qPCR-based quantification of Kcnmb2 was performed using a MasterCycler ep realplex PCR system (Eppendorf) and QuantiFast SYBR Green PCR Kit (Qiagen). The PCR cycling parameters were as follows: 95°C for 5 min, followed by 40 cycles of PCR reaction at 95°C for 5 s, 60°C for 30 s, 72°C for 30 s. Actb was used as housekeeping control for all samples. The expression of Kcnmb2 in the MD F1 group was normalized to that observed in the CD F1 control group. The following PCR primer sequences were used: Kcnmb2-F TGCAGGACCAACATCCTCTAAG, Kcnmb2-R CTTCAGAGCTGTCACAGTTTTCC; Actb-F CACTCTTCCAGCCTTCCTTC, Actb-R GTACAGGTCTTTGCGGATGT.

Immunofluorescence Staining

Mice were perfused transcardially with physiological saline solution followed by 4% paraformaldehyde (PFA). Brains were post-fixed in 4% PFA for 3 h and then transferred to 30% sucrose solution and stored at 4°C for 2 days. Hippocampal coronal section series (60 μm) were then collected. For immunofluorescence stainings, we used rabbit anti-KCNMB2 polyclonal antibody (1:800; Alomone labs) in conjunction with Alexa-568-conjugated goat anti-rabbit secondary antibody (1:500; Abcam). We counterstained the slices using 4′, 6′-diamidino-2-phenylindole (DAPI). Fluorescence images were acquired with a laser confocal microscope (FV500, Olympus) and the associated Fluoview2000 software. The objective lenses used were 20 and 40×.

Data Analysis

Data are shown as means ± SEM. Statistical analyses were performed with GraphPad Prism 6.0 or StatView 4.5.1. ANOVAs or t-tests were used for statistical comparisons between groups as described in the main text. P < 0.05 was considered statistically significant.

RESULTS

Decreased Intrinsic Excitability in CA1 Pyramidal Neurons of MD F1 Mice

Our recent study revealed decreased Kcnmb2 mRNA expression associated with increased Kcnmb2 promoter methylation in the hippocampus of MD F1 mice (Ryan et al., 2017). Changes in Kcnmb2 expression could drive the neurophysiological and cognitive alterations observed in MD F1 animals (Ryan et al., 2017). Here, we initially reassessed Kcnmb2 expression in offspring mice by qPCR and confirmed the reduced expression in the hippocampus of MD F1 animals relative to CD F1 mice (Figure 1A; unpaired t-test, t = 2.76, P < 0.05).
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FIGURE 1. Different intrinsic excitability of CA1 pyramidal neurons in the MD F1 mice compared to the CD F1 mice. (A) qRT-PCR showing reduced expression of Kcnmb2 in the hippocampus of MD F1 mice. Unpaired t-test, n = 5 mice for each group. (B) Sample recordings showing action potentials evoked by a depolarizing current injection. Upper: the first spike in response to a current injection (250 pA, 50 ms) into CA1 pyramidal neurons of CD F1 mice (black trace) and MD F1 mice (red trace). Lower: spikes trains evoked by a depolarizing current injection (250 pA, 50 ms) into CA1 pyramidal neurons of MD F1 (red trace) and CD F1 (black trace) mice. (C) Reduced action potential half-width in CA1 pyramidal neurons of MD F1 mice compared to CD F1 controls. Unpaired t-test, n = 27 cells from six CD F1 mice and n = 16 cells from five MD F1 mice. (D) Increased peak fAHP in CA1 pyramidal neurons of MD F1 mice. Unpaired t-test, n = 27 cells from six CD F1 mice and n = 17 cells from five MD F1 mice. (E) Reduced spike number in CA1 pyramidal neurons of MD F1 mice. Unpaired t-test, n = 22 cells from six CD F1 mice and n = 16 cells from five MD F1 mice. In (C–E), depolarizing current was 250 pA and 50 ms in duration. (F) Prolonged latency to first spike in CA1 pyramidal neurons of MD F1 mice. Depolarizing current was 150 pA and 600 ms in duration. Unpaired t-test, n = 26 cells from six CD F1 mice and n = 16 cells from five MD F1 mice. ∗P < 0.05 means significant difference. All data are shown as means ± SEM.



Since Kcnmb2 encodes the BK channel β2 subunit mediating rapid inactivation of BK currents, we next assessed whether altered Kcnmb2 expression affects intrinsic excitability of CA1 pyramidal neurons in MD F1 offspring mice. The passive membrane and firing properties of CA1 pyramidal neurons, including resting membrane potential (RP), input resistance, action potential (AP) threshold, AP half-width, AP numbers triggered by current injection and fAHP, were compared between MD F1 and CD F1 offspring mice. We found that the AP half-width of CA1 pyramidal neurons was smaller in MD F1 mice compared to that of CD F1 animals (Figures 1B,C; unpaired t-test, t = 2.37, P < 0.05). Moreover, we found that the fAHP amplitude measured in CA1 neurons, following either single spike or first spike in the context of burst firing triggered by current injection, was larger in MD F1 mice than in CD F1 controls (Figures 1B,D; unpaired t-test, t = 2.13, P < 0.05). When a depolarizing current was applied, CA1 neurons of MD F1 mice showed reduced spike numbers (Figures 1B,E; for a 250 pA current with 50 ms duration, unpaired t-test, t = 2.06, P < 0.05) and prolonged first spike latency (Figures 1B,F; for a 150 pA current with 600 ms duration, unpaired t-test, t = 2.23, P < 0.05) compared to CD F1 controls. However, there were no significant differences in RP, input resistance, spike amplitude and the AP threshold of CA1 pyramidal neurons between the two groups (Table 1; unpaired t-test, P > 0.05). We also compared the minimum current step to produce an action potential in CA1 pyramidal neurons and found no difference between CD F1 and MD F1 mice (Supplementary Figures S1A,B; Unpaired t-test, P > 0.05). In addition, we measured the action potential accommodation by a strong current step depolarization (600 ms, 500 pA). Both CD F1 and MD F1 CA1 pyramidal neurons showed obvious AP accommodation [Supplementary Figure 1C; Two-way Repeated Measure ANOVA with the between-subjects factor paternal diet and within-subjects factor inter-spike interval (ISI), paternal diet F(1,33) = 0.51, P > 0.05; ISI F(3,99) = 19.24, P < 0.0001; paternal diet × ISI F(3,99) = 0.71, P > 0.05; Tukey’s multiple comparisons test, CD F1 P < 0.001 for 1st and 3nd ISI, and P < 0.0001 for 1st and 4th ISI; MD F1 P < 0.01 for 1st and 4th ISI]. We found only slight (not significant) increase in the 1st ISI of MD F1 neurons compared to that of CD F1 neurons (Supplementary Figure S1C; Sidak’s multiple comparisons test, MD F1 vs. CD F1, P > 0.05). In addition, we found reduced number of APs elicited by a series of depolarizing current (50–525 pA, 600 ms in duration) injections in MD F1 neurons compared to CD F1 neurons (Supplementary Figure S1D; Two-way Repeated Measure ANOVA with the between-subjects factor paternal diet and within-subjects factor current injection, paternal diet F(1,35) = 6.40, P < 0.05; current injection F(19,665) = 266.2, P < 0.0001; paternal diet × current injection F(19,665) = 2.32, P < 0.01; Sidak’s multiple comparisons test, MD F1 vs. CD F1, P < 0.05 at 225 or 250 pA current injection). In sum, CA1 neurons of MD F1 mice displayed reduced AP half-width, larger fAHP, an increased first spike latency and decreased firing numbers, which together point toward reduced intrinsic excitability of CA1 pyramidal neurons in MD F1 animals.

TABLE 1. Comparison of the basic membrane properties between CA1 pyramidal neurons of CD and MD F1 mice.
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Altered Synaptic Excitation/Inhibition Ratio in CA1 Pyramidal Neurons of MD F1 Mice

Next, we investigated excitatory and inhibitory synaptic transmission in MD F1 and CD F1 mice by recording spontaneous and miniature post-synaptic currents (PSCs) in CA1 pyramidal neurons of these mice. We found no significant changes in both sEPSCs and mEPSCs, indicating overall excitatory synaptic transmission onto CA1 pyramidal neurons was unaltered in MD F1 mice (Figures 2C,D; unpaired t-test, P > 0.05 compared to the CD group). However, IPSC recordings revealed decreased sIPSC frequency, and unaltered sIPSC amplitude in CA1 pyramidal neurons of MD F1 offspring relative to CD F1 controls (Figure 2A; unpaired t-test, t = 2.28 and P < 0.05 for sIPSC frequency; t = 0.27 and P > 0.05 for sIPSC amplitude). This suggests an attenuation in spontaneous inhibitory synaptic activity onto CA1 pyramidal neurons of MD F1 mice, caused by either reduced presynaptic GABA release and/or reduced numbers of inhibitory synapses. We also measured mIPSCs in the presence of tetrodotoxin (TTX), an action potential blocker. Neither mIPSC amplitude nor mIPSC frequency of CA1 pyramidal neurons was changed in MD F1 offspring in comparison to CD F1 controls (Figure 2B; unpaired t-test, P > 0.05). To determine whether there was an alteration in the number of release sites between GABAergic interneurons and CA1 pyramidal neurons in the MD F1 mice compared to the CD F1 mice, we analyzed the multiplicity index for both GABA and glutamate release following the method described in a previous study (Groc et al., 2003). We found that neither the average number of GABA release sites or glutamate release sites changed in the hippocampus of MD F1 mice compared to CD F1 mice (Supplementary Figures S2A,B; unpaired t-test, P > 0.05). Therefore, other mechanisms rather than reduced number of GABA release sites or connectivity between GABAergic interneurons and CA1 pyramidal neurons should contribute to reduced sIPSC frequency observed in MD F1 neurons. Our results thus identified a selective effect on sIPSCs but not mIPSCs of CA1 pyramidal neurons in MD F1 offspring.
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FIGURE 2. Altered synaptic transmission onto CA1 pyramidal neurons in MD F1 mice compared to CD F1 mice. (A) sIPSCs. Upper: sample recordings of sIPSCs in CD F1 (left, black) and MD F1 (right, red) mice. Lower: reduced sIPSC frequencies (left) and normal sIPSC amplitudes (right) in CA1 pyramidal neurons of MD F1 mice. Unpaired t-test, P < 0.05 for frequency, P > 0.05 for amplitude, n = 12 cells from five CD F1 mice and n = 13 cells from five MD F1 mice. The frequencies and amplitudes of mIPSCs (B), sEPSCs (C), and mEPSCs (D) were not different between MD and CD F1 mice. Insets, sample traces recorded in CA1 pyramidal neurons of MD (red) and CD (black) F1 mice. In (B), n = 12 cells from five CD F1 mice and n = 11 cells from five MD F1 mice. In (C,D), n = 9 cells from five CD F1 mice and n = 11 cells from five MD F1 mice. Scale bars: 100 pA, 250 ms. ∗P < 0.05 means significant difference. All data are shown as means ± SEM.



Overexpression of Kcnmb2 in Dorsal Hippocampus Masked MD-F1-Associated Alterations in Intrinsic Excitability of CA1 Pyramidal Neurons

We found reduced Kcnmb2 expression in the hippocampus of MD F1 offspring, which was accompanied by reduced intrinsic excitability and inhibitory synaptic activity in CA1 pyramidal neurons. To examine whether a causal relationship exists between altered Kcnmb2 expressions on the one hand and changes in excitability/inhibitory synaptic activity on the other hand, we investigated whether overexpression of Kcnmb2 in CA1 dispels MD F1-related changes in neuronal excitability and synaptic transmission. Toward this end, AAV engineered to overexpress Kcnmb2 (AAV-Kcnmb2) or GFP (AAV-control) was injected into the CA1 region of the dorsal hippocampus prior to electrophysiological analyses. First, we confirmed successful AAV transduction in hippocampal area CA1 based on GFP-associated fluorescence, as well as Kcnmb2 expression measured by immunofluorescence staining (Figure 3A). Next, Kcnmb2 expression in the hippocampus was quantified by qPCR: AAV-Kcnmb2 increased Kcnmb2 expression in the hippocampus of both CD and MD F1 mice compared to AAV-control virus (Figure 3B; Two-way ANOVA with the between-subjects factors AAV treatment and paternal diet, AAV treatment F(1,16) = 38.43, P < 0.0001; paternal diet F(1,16) = 0.05, P > 0.05; paternal diet × AAV treatment F(1,16) = 1.74, P > 0.05; Tukey’s multiple comparisons test, P < 0.01 for CD-Kcnmb2 vs. CD-control and P < 0.01 for MD-Kcnmb2 vs. MD-control). There was no difference between CD-Kcnmb2 and MD-Kcnmb2 mice (P > 0.05).
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FIGURE 3. Overexpression of Kcnmb2 in the hippocampus masked MD-F1-associated alterations in intrinsic excitability of CA1 pyramidal neurons (A) Representative images showing AAV-associated GFP (right) and Kcnmb2 expression (left) in dorsal hippocampus. Red, green, and blue fluorescence reflects Kcnmb2-, GFP-, and DAPI-associated signal, respectively. Scale bars represent 100 μm. The insets are higher magnification images of the boxed area. (B) Quantification of the relative Kcnmb2 mRNA expression in the hippocampus after delivery of AAV-Kcnmb2 or AAV-control virus into CA1 region of MD and CD F1 mice. Two-way ANOVA followed by Tukey’s multiple comparisons test, n = 4, 4, 6, and 6 samples for CD-control, MD-control, CD-Kcnmb2, and MD-Kcnmb2 groups, respectively. (C) Sample recordings in virus-infected CA1 pyramidal neurons (GFP+) showing action potentials evoked by a depolarizing current injection in CD and MD F1 mice. Left: the first spike in response to a current injection (250 pA, 50 ms) into CA1 pyramidal neuron. Right: spikes trains evoked by a depolarizing current injection (250 pA, 50 ms) into CA1 pyramidal neurons. CD F1 neuron (black) and MD F1 neuron (red) infected by AAV-control (solid traces) or AAV-Kcnmb2 (dashed traces) virus. Comparisons of action potential half-width (D), fAHP (E), and spike numbers (F) between CD and MD F1 neurons infected by control or Kcnmb2 virus. Two-way ANOVA followed by Sidak’s multiple comparisons test, 5–6 mice per group. AP half-width: n = 21 cells for CD-control, n = 13 cells for MD-control, n = 16 cells for CD-Kcnmb2 and n = 13 cells for MD-Kcnmb2; fAHP: n = 14 cells for CD-control, n = 15 cells for MD-control, n = 16 cells for CD-Kcnmb2 and n = 14 cells for MD-Kcnmb2; Spike number: n = 20 cells for CD-control, n = 17 cells for MD-control, n = 17 cells for CD-Kcnmb2 and n = 14 cells for MD-Kcnmb2. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.01 means significant difference, ns means not significant. All data are shown as means ± SEM.



Our whole-cell current-clamp recordings revealed that the MD F1 neurons infected by control virus (MD-control) displayed reduced AP half-width (Figures 3C,D; Two-way ANOVA with the between-subjects factors paternal diet and AAV treatment, paternal diet F(1,59) = 4.48, P < 0.05; AAV treatment F(1,59) = 0.0001, P > 0.05; Paternal diet × AAV treatment F(1,59) = 1.57, P > 0.05), larger fAHP (Figures 3C,E; Two-way ANOVA with the between-subjects factors paternal diet and AAV treatment, paternal diet F(1,55) = 4.11, P < 0.05; AAV treatment F(1,55) = 0.29, P > 0.05; paternal diet × AAV treatment F(1,55) = 3.65, P = 0.06) and decreased firing numbers (Figures 3C,F; Two-way ANOVA with the between-subjects factors paternal diet and AAV treatment, paternal diet factor F(1,64) = 3.74, P = 0.07; AAV treatment F(1,64) = 0.03, P > 0.05; paternal diet × AAV treatment F(1,64) = 2.23, P > 0.05) compared to control-virus-infected CD F1 neurons (CD-control, Sidak’s multiple comparisons test, P < 0.05), consistent with the findings in non-infected CA1 pyramidal neurons of MD F1 mice described above. In contrast, MD F1 pyramidal neurons infected by AAV-Kcnmb2 (MD-Kcnmb2) displayed similar firing properties as infected CD F1 neurons (CD-Kcnmb2), including AP half-width, fAHP and firing numbers (Figures 3C–F; Sidak’s multiple comparisons test, P > 0.05). We also compared AP threshold and first spike latency between CD F1 and MD F1 CA1 neurons infected by control or Kcnmb2 virus. We found that, AP threshold were similar among four groups (Supplementary Figure S3A; Two-way ANOVA with the between-subjects factors paternal diet and AAV treatment, paternal diet F(1,56) = 0.07, P > 0.05; AAV treatment F(1,56) = 0.29, P > 0.05; Paternal diet × AAV treatment F(1,56) = 1.08, P > 0.05). However, the MD-control neurons displayed slightly increased first spike latency compared to the CD-control neurons (Supplementary Figure S3B; Two-way ANOVA with the between-subjects factors paternal diet and AAV treatment, paternal diet F(1,48) = 4.06, P < 0.05; AAV treatment F(1,48) = 0.23, P > 0.05; Paternal diet × AAV treatment F(1,48) = 0.80, P > 0.05; Sidak’s multiple comparisons test, P = 0.06), while MD-Kcnmb2 neurons displayed identical first spike latency to CD-Kcnmb2 neurons (Supplementary Figure S3B; Sidak’s multiple comparisons test, P > 0.05). Therefore our results indicated that overexpression of Kcnmb2 masked alterations in intrinsic excitability of offspring CA1 pyramidal neurons caused by a paternal methyl-donor supplementation.

Similar to what we found in non-infected CA1 pyramidal neurons of MD F1 mice, neurons infected by control GFP virus in MD F1 mice (MD-control) showed reduced sIPSC frequency compared to CD-control neurons (Figures 4A,B; Two-way ANOVA with the between-subjects factors AAV treatment and paternal diet, AAV treatment F(1,65) = 4.39, P < 0.05; Paternal diet F(1,65) = 1.90, P > 0.05; Paternal diet × AAV treatment F(1,65) = 3.360, P = 0.07; Tukey’s multiple comparisons test, P < 0.01 for MD vs. CD F1 neurons infected by control virus). Importantly, we found that overexpression of Kcnmb2 in CA1 pyramidal neurons abolished such alterations in inhibitory synaptic transmission as observed in MD F1 offspring mice. Specifically, the MD-Kcnmb2 pyramidal neurons displayed similar sIPSC frequencies as the CD-Kcnmb2 neurons (Figures 4A,B; Tukey’s multiple comparisons test, P > 0.05 for MD vs. CD F1 neurons infected by Kcnmb2-AAV). Moreover, CA1 pyramidal neurons infected by Kcnmb2 virus showed increased sIPSC frequencies compared to those infected by control virus in MD F1 mice (Figures 4A,B, Tukey’s multiple comparisons test, P < 0.05 for MD-Kcnmb2 vs. MD-control neurons). As expected, overexpression of Kcnmb2 or GFP did not cause differences in sIPSC amplitudes between infected MD and CD F1 neurons (Figures 4A,C; two-way ANOVA with the between-subjects factors AAV treatment and paternal diet, AAV treatment F(1,65) = 7.82, P < 0.01; Paternal diet F(1,65) = 1.81, P > 0.05; Paternal diet × AAV treatment F(1,65) = 3.04, P = 0.08; Tukey’s multiple comparisons test, P > 0.05 for MD vs. CD F1 neurons). However, CA1 pyramidal neurons infected by Kcnmb2 virus did show increased sIPSC amplitudes in CD F1 mice, but not in MD F1 mice (Figures 4A,C; Tukey’s multiple comparisons test, P < 0.05 for CD F1 mice receiving Kcnmb2 vs. control virus). We did not observed significant difference in sEPSC, mEPSC or mIPSC among four groups (data not shown). Therefore, our results confirmed that overexpression of Kcnmb2 abolished alterations in both intrinsic excitability and synaptic transmission in CA1 pyramidal neurons of MD F1 offspring.
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FIGURE 4. Overexpression of Kcnmb2 in CA1 region of dorsal hippocampus rescued alterations in synaptic transmission onto CA1 pyramidal neurons in MD F1 mice. (A) Sample sIPSCs recorded from virus-infected CA1 pyramidal neurons (GFP+) in MD and CD F1 mice. Comparisons of sIPSC frequencies (B) and sIPSC amplitudes (C) between CD and MD F1 neurons infected by control or Kcnmb2 virus. Two-way ANOVA followed by Tukey’s multiple comparisons test, CD-control n = 25, MD-control n = 24, CD-Kcnmb2 n = 10, and MD-Kcnmb2 n = 10 neurons from six mice per group. ∗P < 0.05, ∗∗P < 0.01 means significant difference. All data are shown as means ± SEM.



Overexpressions of Kcnmb2 in Dorsal CA1 Rescued the LTP Deficits Observed in MD F1 Mice

In a previous study, we reported abnormal LTP and memory impairments in MD F1 offspring mice (Ryan et al., 2017). In this study, we further tested whether AAV-mediated overexpression of Kcnmb2 in CA1 of dorsal hippocampus rescued LTP deficits in MD F1 mice. LTP was measured at Schaffer Collateral/CA1 synapses in acute brain slices prepared from MD or CD F1 offspring receiving stereotaxic virus injection into the CA1 region of dorsal hippocampus. Three-way ANOVA with the between-subjects factors paternal diet (MD vs. CD) and AAV treatment (AAV-Kcnmb2 vs. AAV-control) and the within-subjects factor time after LTP induction revealed a significant interaction between paternal diet and time (Figure 5A; F(1,59) = 1.94, P < 0.0001), as well as a significant interaction between the factors paternal diet, AAV treatment and time (Figure 5A, F(1,59) = 3.15, P < 0.0001), indicating that the paternal MD diet was associated with altered temporal LTP profiles that were modified by AAV-Kcnmb2 treatment of MD F1 offspring. To our surprise, we did not find LTP abnormality in MD F1 mice comparing to CD F1 mice after either Kcnmb2 or control virus injection (Figures 5A,B; fEPSPs measured at 50–60 min post-tetanus, Two-way ANOVA with the between-subjects factors paternal diet and AAV treatment, P > 0.05). Those results discrepancy may be due to difference in the age of animals, elder mice (about 8 month of age) in current study while much younger ones (about 3 month of age) in our previous study (Ryan et al., 2017). Nevertheless, our experiments did reveal reduced early LTP measured at 0–10 min post-tetanus in the SC-CA1 synapses of the MD F1 mice compared to the CD F1 mice that received same control virus injection (Figures 5A,B; Two-way ANOVA with the between-subjects factors paternal diet and AAV treatment, paternal diet F(1,55) = 6.65, P < 0.05; paternal diet × AAV treatment F(1,55) = 4.17, P < 0.05; Tukey’s multiple comparisons test, CD-control vs. MD-control, P < 0.01). In contrast, the early LTP in the SC-CA1 synapses of MD F1 mice receiving AAV-Kcnmb2 injection (MD-Kcnmb2) was comparable to that recorded in both CD-Kcnmb2 and CD-control mice (two-way ANOVA followed by Tukey’s multiple comparisons test, P > 0.05), indicating that virus-mediated overexpression of Kcnmb2 abolished early LTP alteration in SC-CA1 synapses of MD F1 offspring, but had no significant effect on CD F1 mice. Basal synaptic transmission (Figure 5C; Three-way ANOVA with the between-subjects factors paternal diet and AAV treatment, as well as the within-subjects factor stimulation intensity, F(1,5) = 0.38, P > 0.05) and PPR (Figure 5D; Three-way ANOVA with the between-subjects factors paternal diet and AAV treatment, as well as the within-subjects factor inter-stimulus interval, F(1,5) = 0.57, P > 0.05) were undistinguishable among four groups.
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FIGURE 5. Overexpression of Kcnmb2 in CA1 region of dorsal hippocampus rescued LTP deficits in MD F1 mice. (A) LTP induced with a 100 Hz, 1 s tetanus in four groups of mice. Inserts, sample fEPSP traces recorded at 10 min post-tetanus. Three-way ANOVA with the between-subjects factors paternal diet (MD vs. CD) and AAV treatment (AAV-Kcnmb2 vs. AAV-control), and the within-subjects factor time. n = 11 slices from six MD-control mice, n = 23 slices from eight CD-control mice; n = 13 slices from six MD-Kcnmb2 mice and n = 12 slices from seven CD-Kcnmb2 mice. (B) Comparisons of early LTP (left, 0–10 min post-tetanus) and remaining LTP (right, 50–60 min post-tetanus) in SC-CA1 synapses pathway between CD and MD F1 neurons infected by control or Kcnmb2 virus. Two-way ANOVA followed by Tukey’s multiple comparisons test, n = 11 slices from six MD-control mice, n = 23 slices from eight CD-control mice; n = 13 slices from six MD-Kcnmb2 mice and n = 12 slices from seven CD-Kcnmb2 mice. The input–output curve (C) and paired-pulse ratio (PPR) (D) indicating no significant differences in basal synaptic transmission of SC-CA1 pathway between MD and CD F1 mice receiving control or Kcnmb2 virus injection. Three-way ANOVA, n = 23 slices from six MD-control mice, n = 35 slices from eight CD-control mice, n = 25 slices from six MD-Kcnmb2 mice and n = 28 slices from seven CD-Kcnmb2 mice. Inserts in (C), sample fEPSPs evoked by 40 μA (100 μs) stimulation delivered to SC-CA1 pathway. Inserts in (D), sample fEPSPs evoked by paired-pulse stimulation (40 μA, 100 μs) with ISI of 50 ms. ∗∗P < 0.01 means significant difference. All data are shown as means ± SEM.



DISCUSSION

Our previous study showed that excessive paternal methyl donor intake prior to mating results in Kcnmb2 promoter hypermethylation associated with reduced Kcnmb2 expression which may relate to LTP deficits, abnormalities in hippocampal theta oscillations as well as spatial learning impairments in MD F1 offspring mice (Ryan et al., 2017). Here, we analyzed CA1 neuronal properties in MD F1 mice and found decreased intrinsic excitability as well as reduced inhibitory synaptic transmission in these animals. AAV-mediated Kcnmb2 overexpression in dorsal CA1 abolished these changes in neuronal excitability and synaptic transmission and improved LTP, as well as spatial learning and memory impairments in MD F1 mice [for behavioral results, see our previous study (Ryan et al., 2017)], supporting a model whereby repression of Kcnmb2 drives neural and cognitive alterations that occur in MD F1 offspring as a consequence of excessive paternal methyl donor intake.

Kcnmb2 is expressed mainly in the brain and encodes the β2 auxiliary subunit of BK channels, which confers fast inactivation of the channels (Wallner et al., 1999; Xia et al., 2003; Sun et al., 2012). The β2-containing BK channels have been identified in hippocampus, neocortex, and lateral amygdala pyramidal neurons (Sailer et al., 2006; Sausbier et al., 2006; Contet et al., 2016). More recent research showed that β2 subunit activity can regulate suprachiasmatic nucleus rhythm and circadian behavior by inactivation of BK currents (Whitt et al., 2016). Also, a SNP (RS9637454) of Kcnmb2 was reported to be strongly associated with hippocampal sclerosis, a comorbid neuropathological feature of AD (Gibson et al., 2014; Katsumata et al., 2017).

BK channels, ubiquitously distributed in a variety of neuronal and non-neuronal tissues, play a role in dampening excitatory signals via repolarization of the membrane potential and limiting Ca2+ entry through voltage-dependent Ca2+ channels. Therefore, BK channels represent negative feedback regulators of membrane excitability and cytoplasmic Ca2+ concentration (Lee and Cui, 2010; Rothberg, 2012; Contreras et al., 2013). By mediating fAHP, BK channels exert a powerful control on action potential duration and neuronal firing ability, regulating neurotransmitter release and dendritic excitability (Bock and Stuart, 2016). Both loss and gain of BK channel function have been associated with neurological and psychiatric disorders, such as epilepsy, schizophrenia, autism, mental retardation, and chronic pain (Griguoli et al., 2016; Wang et al., 2016). In hippocampal pyramidal cells, BK channels are present in the presynaptic membrane facing the synaptic cleft, as well as in the head of dendritic spines, in close proximity to the post-synaptic specialization of glutamatergic synapses (Hu et al., 2001; Sailer et al., 2006).

In a previous study, we found that paternal exposure to a methyl donor-rich diet inhibited Kcnmb2 expression and increased Kcnmb2 promoter methylation in F1 offspring animals. We predicted that, as a consequence, the activity of BK channels in MD F1 offspring mice would be facilitated, leading to suppression of neuronal excitability. Indeed, we found not only increased fAHP and reduced half-width of action potentials, but also increased first spike latency and decreased firing numbers in CA1 pyramidal neurons of MD F1 mice. Increased fAHP and reduced half-width of action potentials could affect Ca2+ entry during repolarization which then influences neurotransmitter release, immediate intracellular signal transduction, as well as longer-term Ca2+-mediated changes in neurons, for instance gene transcription, kinase activation, and synaptic plasticity (Matthews et al., 2008). Supportively, we did observe reduced inhibitory synaptic transmission and early LTP deficit in MD F1 mice. Moreover, Kcnmb2 overexpression abolished those changes in fAHP and AP half-width, meanwhile rescued abnormalities in synaptic transmission and LTP, suggesting that intrinsic excitability changes should be primary. It is also possible that reduced inhibitory synaptic activity is just a network compensation for reduced excitability in the pyramidal neurons of MD F1 mice. Such compensation may partially explain why we only observed early LTP deficit in MD F1 mice.

On the other hand, since fAHP depends on BK channel activity, overexpression of Kcnmb2 leading to inhibition of BK channels activity should produce an increase in fAHP. However, as shown in Figure 3E, we only observed an increasing trend, but not a significant increase of fAHP in MD F1 pyramidal neurons overexpressing Kcnmb2. In addition, given the difference in the relative expression of Kcnmb2, we would expect that there is a significant difference in the half-width between CD-control and CD-Kcnmb2, also between MD-control and MD-Kcnmb2. However, we only observed significant differences between CD- and MD-control, not the other pairs. Those unexpected results seem to be hard to explain. Nevertheless, there are four types of β subunits encoded by the Kcnmb1–4 genes respectively, which modify the gating properties of the BK channels. Both β2 and β3 subunits are expressed in neuron while β4 is expressed within the brain. Overexpression of one subunit, for example Kcnmb2, may cause down-regulation of other subunits therefore compensate or mask the effect of Knmb2 overexpression on neuronal excitability. Also, in our study, relative Kcnmb2 expression was quantified with qPCR analysis which may not intuitively reflect the level of protein expression. Moreover, in our study, Kcnmb2 overexpression was mediated by viral infection. Since it is very difficult to precisely control the infection rate, sampling variation may be relatively high.

Besides alterations in neuronal excitability, we also found reduced sIPSC frequencies but unchanged sIPSC amplitudes in CA1 pyramidal neurons of MD F1 mice. Neither mIPSC amplitudes nor mIPSC frequencies of CA1 pyramidal neurons were altered in the presence of TTX (to block firing), indicating that the release probability or quantal content of GABA may not change. Moreover, our data suggested that the average number of GABA release sites in CA1 pyramidal neurons was not changed in MD F1 mice. Therefore, it is possible that the attenuation in inhibitory synaptic activity onto CA1 pyramidal neurons of MD F1 mice is due to reduced GABA release triggered by hyperactivity of presynaptic BK channels and thus lower excitability of presynaptic GABAergic neurons. Nevertheless, more experiments, such as testing the evoked IPSC, the paired pulses ratio or the coefficient of variation in IPSC, should be done to confirm whether the release probability of GABA is changed or not. Previous studies demonstrated that presynaptic BK channels inhibit both glutamate and GABA release (Wang, 2008; Martire et al., 2010; Samengo et al., 2014). However, we did not find changes in the excitatory synaptic transmission or probability of glutamate release at SC-CA1 synapses of MD F1 mice. It is worth to be mentioned, our fEPSP recordings was done without a GABA-A receptor antagonist and we did not found difference among four groups. However, since decrease in the inhibitory synaptic transmission while no change in the excitatory synaptic transmission was observed in MD F1 mice, it will be interesting to test whether fEPSP among four groups are still same after blocking inhibitory transmission with a GABA-A receptor antagonist. Altogether, our data suggested decreased inhibitory and unchanged excitatory synaptic transmission in CA1 microcircuit of MD F1 mice. The physiological significance of such alterations in synaptic transmission is uncertain. One possibility is a compensatory adaptation to the reduced neuronal or dendritic excitability in MD F1 mice due to BK channel hyperactivity. Supportively, we found an important difference in the post-tetanic potentiation rather than LTP of MD F1 mice, which is NMDA receptor-independent, but directly related to the degree of depolarization, opening of calcium channels and residual calcium in the synaptic end. In general, BK channels help to maintain a physiological range of circuit output, so that both insufficient and excessive BK channel activities can have detrimental effects on brain function.

A growing number of studies document the role BK channels play in the regulation of learning and memory. For example, it was reported that BK channel knockout mice or mice with deficient function of BK channels require more time to learn the Morris water maze (Oh et al., 2003; Typlt et al., 2013) and that intracranial injections of BK blockers dampened the acquisition of an eye blink conditioning task (Matthews et al., 2008; Matthews and Disterhoft, 2009). A previous study reported that chronic BK channel activation can improve memory deficits in a mouse model of Alzheimer’s disease (Ye et al., 2010). One the other hand, it was shown that increased activity of presynaptic BK channels accounts for reduced excitatory transmission in the hippocampus of an AD mouse model and thus treatments enhancing BK channel activity can aggravate synaptic dysfunction (Hu et al., 2001; Ye et al., 2010). Additional findings suggested that both decreased and increased BK channel activity may lead to mental retardation (Contet et al., 2016). Our study provided further evidence that increased BK channel activity by Kcnmb2 down-regulation inhibits neuronal excitability and presynaptic GABA release, impairs synaptic plasticity in the hippocampal network and leads to spatial memory deficit. Meanwhile, we found that, although Kcnmb2 overexpression and resulting BK channel inactivation rescued hippocampal dysfunction caused by Kcnmb2-deficit and BK channel hyperactivity, the same treatment led to synaptic inhibition (increased sIPSCs amplitude) and slight reduction (not significant yet) of early LTP in CD F1 mice with otherwise normal Kcnmb2 expression and BK channel activity. Therefore our findings support the concept that both insufficient and excessive BK channel activities could be detrimental to brain function.

A growing body of evidence supports the notion that pre- and post-natal nutrition is critical for healthy neurological development. Nutrients can modulate epigenetic marks in the genome as well as gene expression patterns thus resulting in long-term phenotypic changes (Zovkic et al., 2013; Barker et al., 2017; Park et al., 2017). Our results indicate that altered BK channel activity induced by paternal nutrients can disrupt circuit function in offspring hippocampus and lead to impairment in learning and memory. Therefore, subpopulations of BK channels or its auxiliary subunits could be a potential therapeutic target to correct diverse pathologies and neurological dysfunctions associated with CNS-wide loss or gain of function of BK channels.
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FIGURE S1 | Comparisons of minimum current to induce an AP and AP adaptation between CA1 pyramidal neurons of the MD and CD F1 mice. (A) Minimum current to induce an AP with a series of step current injections (50 ms in duration). Unpaired t-test, n = 25 cells from six CD F1 mice and n = 19 cells from five MD F1 mice. (B) Minimum current to induce an AP with a series of step current injections (600 ms in duration). Unpaired t-test, n = 30 cells from six CD F1 mice and n = 18 cells from five MD F1 mice. (C) Inter-spike intervals (ISIs) of CA1 pyramidal neurons in CD F1 mice and MD F1 mice. Depolarization current applied to induce a train of spikes was 600 ms and 500 pA. Two-way ANOVA followed by Sidak’s multiple comparisons test (CD F1 vs. MD F1 mice) or Tukey’s multiple comparisons test (2nd, 3rd, or 4th ISI vs. 1st ISI), n = 23 cells from six CD F1 mice and n = 12 cells from five MD F1 mice. (D) Action potentials in response to increasing current injections (600 ms duration, stepping from 50 to 525 pA in 25 pA increments). Two-way ANOVA followed by Sidak’s (CD F1 vs. MD F1 mice) or Tukey’s (different current injection) multiple comparisons test, n = 20 cells from six CD F1 mice and n = 17 cells from five MD F1 mice. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, or ∗∗∗∗P < 0.0001 means significant difference. All data are shown as means ± SEM.

FIGURE S2 | Comparisons of GABA and glutamate release site connectivity with CA1 pyramidal neurons in the MD and CD F1 mice. (A) GABA multiplicity factor. Unpaired t-test, n = 9 cells from four CD F1 mice and n = 8 from four MD F1 mice. (B) Glutamate multiplicity factor. Unpaired t-test, n = 8 cells from four CD F1 mice and n = 11 from four MD F1 mice. The multiplicity factor was calculated according to previous description (Groc et al., 2003). All data are shown as means ± SEM.

FIGURE S3 | Comparisons of AP threshold and first spike latency between CD F1 and MD F1 CA1 neurons infected by control or Kcnmb2 virus. (A) AP threshold were similar among four groups. Two-way ANOVA followed by Sidak’s multiple comparisons test, n = 15 cells for CD-control, n = 15 cells for MD-control, n = 16 cells for CD-Kcnmb2, and n = 14 cells for MD-Kcnmb2. (B) First spike latency. Two-way ANOVA followed by Sidak’s multiple comparisons test, n = 14 cells for CD-control, n = 14 cells for MD-control, n = 13 cells for CD-Kcnmb2, and n = 11 cells for MD-Kcnmb2. All data are shown as means ± SEM.

REFERENCES

Barker, E. D., Walton, E., and Cecil, C. A. M. (2017). Annual research review: DNA methylation as a mediator in the association between risk exposure and child and adolescent psychopathology. J. Child Psychol. Psychiatry 59, 303–322. doi: 10.1111/jcpp.12782

Bentrop, D., Beyermann, M., Wissmann, R., and Fakler, B. (2001). NMR structure of the “ball-and-chain” domain of KCNMB2, the beta 2-subunit of large conductance Ca2 + - and voltage-activated potassium channels. J. Biol. Chem. 276, 42116–42121. doi: 10.1074/jbc.M107118200

Bock, T., and Stuart, G. J. (2016). The impact of BK channels on cellular excitability depends on their subcellular location. Front. Cell. Neurosci. 10:206. doi: 10.3389/fncel.2016.00206

Contet, C., Goulding, S. P., Kuljis, D. A., and Barth, A. L. (2016). BK channels in the central nervous system. Int. Rev. Neurobiol. 128, 281–342. doi: 10.1016/bs.irn.2016.04.001

Contreras, G. F., Castillo, K., Enrique, N., Carrasquel-Ursulaez, W., Castillo, J. P., Milesi, V., et al. (2013). A BK (Slo1) channel journey from molecule to physiology. Channels 7, 442–458. doi: 10.4161/chan.26242

Cui, L., Sun, W., Yu, M., Li, N., Guo, L., Gu, H., et al. (2016). Disrupted-in-schizophrenia1 (DISC1) L100P mutation alters synaptic transmission and plasticity in the hippocampus and causes recognition memory deficits. Mol. Brain 9:89. doi: 10.1186/s13041-016-0270-y

Faber, E. S., and Sah, P. (2003). Calcium-activated potassium channels: multiple contributions to neuronal function. Neuroscientist 9, 181–194. doi: 10.1177/1073858403009003011

Fox, S. E., and Ranck, J. B. Jr. (1981). Electrophysiological characteristics of hippocampal complex-spike cells and theta cells. Exp. Brain Res. 41, 399–410.

Gibson, G., Beecham, G. W., Hamilton, K., Naj, A. C., Martin, E. R., Huentelman, M., et al. (2014). Genome-wide association meta-analysis of neuropathologic features of Alzheimer’s disease and related dementias. PLoS Genet. 10:e1004606. doi: 10.1371/journal.pgen.1004606

Griguoli, M., Sgritta, M., and Cherubini, E. (2016). Presynaptic BK channels control transmitter release: physiological relevance and potential therapeutic implications. J. Physiol. 594, 3489–3500. doi: 10.1113/JP271841

Groc, L., Gustafsson, B., and Hanse, E. (2003). Early establishment of multiple release site connectivity between interneurons and pyramidal neurons in the developing hippocampus. Eur. J. Neurosci. 17, 1873–1880. doi: 10.1046/j.1460-9568.2003.02635.x

Gu, N., Vervaeke, K., and Storm, J. F. (2007). BK potassium channels facilitate high-frequency firing and cause early spike frequency adaptation in rat CA1 hippocampal pyramidal cells. J. Physiol. 580(Pt.3), 859–882. doi: 10.1113/jphysiol.2006.126367

Haghdoost-Yazdi, H., Janahmadi, M., and Behzadi, G. (2008). Iberiotoxin-sensitive large conductance Ca2 + -dependent K + (BK) channels regulate the spike configuration in the burst firing of cerebellar Purkinje neurons. Brain Res. 1212, 1–8. doi: 10.1016/j.brainres.2008.03.030

Hill, M. A., Yang, Y., Ella, S. R., Davis, M. J., and Braun, A. P. (2010). Large conductance, Ca2 + -activated K + channels (BKCa) and arteriolar myogenic signaling. FEBS Lett. 584, 2033–2042. doi: 10.1016/j.febslet.2010.02.045

Hu, H., Shao, L. R., Chavoshy, S., Gu, N., Trieb, M., Behrens, R., et al. (2001). Presynaptic Ca2 + -activated K + channels in glutamatergic hippocampal terminals and their role in spike repolarization and regulation of transmitter release. J. Neurosci. 21, 9585–9597. doi: 10.1523/JNEUROSCI.21-24-09585.2001

Jin, W., Sugaya, A., Tsuda, T., Ohguchi, H., and Sugaya, E. (2000). Relationship between large conductance calcium-activated potassium channel and bursting activity. Brain Res. 860, 21–28. doi: 10.1016/S0006-8993(00)01943-0

Katsumata, Y., Nelson, P. T., Ellingson, S. R., and Fardo, D. W. (2017). Gene-based association study of genes linked to hippocampal sclerosis of aging neuropathology: GRN, TMEM106B, ABCC9, and KCNMB2. Neurobiol. Aging 53, 193.e17–193.e25. doi: 10.1016/j.neurobiolaging.2017.01.003

Ko, E. A., Han, J., Jung, I. D., and Park, W. S. (2008). Physiological roles of K + channels in vascular smooth muscle cells. J. Smooth Muscle Res. 44, 65–81. doi: 10.1540/jsmr.44.65

Krishnamoorthy-Natarajan, G., and Koide, M. (2016). BK channels in the vascular system. Int. Rev. Neurobiol. 128, 401–438. doi: 10.1016/bs.irn.2016.03.017

Lee, U. S., and Cui, J. (2010). BK channel activation: structural and functional insights. Trends Neurosci. 33, 415–423. doi: 10.1016/j.tins.2010.06.004

Li, Q., and Yan, J. (2016). Modulation of BK channel function by auxiliary beta and gamma subunits. Int. Rev. Neurobiol. 128, 51–90. doi: 10.1016/bs.irn.2016.03.015

Martire, M., Barrese, V., D’Amico, M., Iannotti, F. A., Pizzarelli, R., Samengo, I., et al. (2010). Pre-synaptic BK channels selectively control glutamate versus GABA release from cortical and hippocampal nerve terminals. J. Neurochem. 115, 411–422. doi: 10.1111/j.1471-4159.2010.06938.x

Matthews, E. A., and Disterhoft, J. F. (2009). Blocking the BK channel impedes acquisition of trace eyeblink conditioning. Learn. Mem. 16, 106–109. doi: 10.1101/lm.1289809

Matthews, E. A., Weible, A. P., Shah, S., and Disterhoft, J. F. (2008). The BK-mediated fAHP is modulated by learning a hippocampus-dependent task. Proc. Natl. Acad. Sci. U.S.A. 105, 15154–15159. doi: 10.1073/pnas.0805855105

Oh, M. M., Kuo, A. G., Wu, W. W., Sametsky, E. A., and Disterhoft, J. F. (2003). Watermaze learning enhances excitability of CA1 pyramidal neurons. J. Neurophysiol. 90, 2171–2179. doi: 10.1152/jn.01177.2002

Orio, P., and Latorre, R. (2005). Differential effects of beta 1 and beta 2 subunits on BK channel activity. J. Gen. Physiol. 125, 395–411. doi: 10.1085/jgp.200409236

Orio, P., Rojas, P., Ferreira, G., and Latorre, R. (2002). New disguises for an old channel: MaxiK channel beta-subunits. News Physiol. Sci. 17, 156–161.

Park, J. H., Yoo, Y., and Park, Y. J. (2017). Epigenetics: linking nutrition to molecular mechanisms in aging. Prev. Nutr. Food Sci. 22, 81–89. doi: 10.3746/pnf.2017.22.2.81

Raffaelli, G., Saviane, C., Mohajerani, M. H., Pedarzani, P., and Cherubini, E. (2004). BK potassium channels control transmitter release at CA3-CA3 synapses in the rat hippocampus. J. Physiol. 557(Pt 1), 147–157. doi: 10.1113/jphysiol.2004.062661

Rothberg, B. S. (2012). The BK channel: a vital link between cellular calcium and electrical signaling. Protein Cell 3, 883–892. doi: 10.1007/s13238-012-2076-8

Ryan, D. P., Henzel, K. S., Pearson, B. L., Siwek, M. E., Papazoglou, A., Guo, L., et al. (2017). A paternal methyl donor-rich diet altered cognitive and neural functions in offspring mice. Mol. Psychiatry 23, 1345–1355. doi: 10.1038/mp.2017.53

Sailer, C. A., Kaufmann, W. A., Kogler, M., Chen, L., Sausbier, U., Ottersen, O. P., et al. (2006). Immunolocalization of BK channels in hippocampal pyramidal neurons. Eur. J. Neurosci. 24, 442–454. doi: 10.1111/j.1460-9568.2006.04936.x

Samengo, I., Curro, D., Barrese, V., Taglialatela, M., and Martire, M. (2014). Large conductance calcium-activated potassium channels: their expression and modulation of glutamate release from nerve terminals isolated from rat trigeminal caudal nucleus and cerebral cortex. Neurochem. Res. 39, 901–910. doi: 10.1007/s11064-014-1287-1

Sausbier, U., Sausbier, M., Sailer, C. A., Arntz, C., Knaus, H. G., Neuhuber, W., et al. (2006). Ca2 + -activated K + channels of the BK-type in the mouse brain. Histochem. Cell Biol. 125, 725–741. doi: 10.1007/s00418-005-0124-7

Springer, S. J., Burkett, B. J., and Schrader, L. A. (2014). Modulation of BK channels contributes to activity-dependent increase of excitability through MTORC1 activity in CA1 pyramidal cells of mouse hippocampus. Front. Cell. Neurosci. 8:451. doi: 10.3389/fncel.2014.00451

Sun, X., Zaydman, M. A., and Cui, J. (2012). Regulation of voltage-activated K( + ) channel gating by transmembrane beta subunits. Front. Pharmacol. 3:63. doi: 10.3389/fphar.2012.00063

Typlt, M., Mirkowski, M., Azzopardi, E., Ruettiger, L., Ruth, P., and Schmid, S. (2013). Mice with deficient BK channel function show impaired prepulse inhibition and spatial learning, but normal working and spatial reference memory. PLoS One 8:e81270. doi: 10.1371/journal.pone.0081270

Wallner, M., Meera, P., and Toro, L. (1999). Molecular basis of fast inactivation in voltage and Ca2 + -activated K + channels: a transmembrane beta-subunit homolog. Proc. Natl. Acad. Sci. U.S.A. 96, 4137–4142. doi: 10.1073/pnas.96.7.4137

Wang, B., Bugay, V., Ling, L., Chuang, H. H., Jaffe, D. B., and Brenner, R. (2016). Knockout of the BK beta4-subunit promotes a functional coupling of BK channels and ryanodine receptors that mediate a fAHP-induced increase in excitability. J. Neurophysiol. 116, 456–465. doi: 10.1152/jn.00857.2015

Wang, F., Zhang, Y., Wang, L., Sun, P., Luo, X., Ishigaki, Y., et al. (2015). Improvement of spatial learning by facilitating large-conductance calcium-activated potassium channel with transcranial magnetic stimulation in Alzheimer’s disease model mice. Neuropharmacology 97, 210–219. doi: 10.1016/j.neuropharm.2015.05.027

Wang, L., Kang, H., Li, Y., Shui, Y., Yamamoto, R., Sugai, T., et al. (2015). Cognitive recovery by chronic activation of the large-conductance calcium-activated potassium channel in a mouse model of Alzheimer’s disease. Neuropharmacology 92, 8–15. doi: 10.1016/j.neuropharm.2014.12.033

Wang, Y. W., Ding, J. P., Xia, X. M., and Lingle, C. J. (2002). Consequences of the stoichiometry of Slo1 alpha and auxiliary beta subunits on functional properties of large-conductance Ca2 + -activated K + channels. J. Neurosci. 22, 1550–1561. doi: 10.1523/JNEUROSCI.22-05-01550.20022

Wang, Z. W. (2008). Regulation of synaptic transmission by presynaptic CaMKII and BK channels. Mol. Neurobiol. 38, 153–166. doi: 10.1007/s12035-008-8039-7

Whitt, J. P., Montgomery, J. R., and Meredith, A. L. (2016). BK channel inactivation gates daytime excitability in the circadian clock. Nat. Commun. 7:10837. doi: 10.1038/ncomms10837

Xia, X. M., Ding, J. P., and Lingle, C. J. (2003). Inactivation of BK channels by the NH2 terminus of the beta2 auxiliary subunit: an essential role of a terminal peptide segment of three hydrophobic residues. J. Gen. Physiol. 121, 125–148. doi: 10.1085/jgp.20028667

Ye, H., Jalini, S., Mylvaganam, S., and Carlen, P. (2010). Activation of large-conductance Ca(2 + )-activated K( + ) channels depresses basal synaptic transmission in the hippocampal CA1 area in APP (swe/ind) TgCRND8 mice. Neurobiol. Aging 31, 591–604. doi: 10.1016/j.neurobiolaging.2008.05.012

Zhou, Y., Won, J., Karlsson, M. G., Zhou, M., Rogerson, T., Balaji, J., et al. (2009). CREB regulates excitability and the allocation of memory to subsets of neurons in the amygdala. Nat. Neurosci. 12, 1438–1443. doi: 10.1038/nn.2405

Zovkic, I. B., Guzman-Karlsson, M. C., and Sweatt, J. D. (2013). Epigenetic regulation of memory formation and maintenance. Learn. Mem. 20, 61–74. doi: 10.1101/lm.026575.112

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Yu, Guo, Li, Henzel, Gu, Ran, Sun, Liu, Lu, Ehninger and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fncel-12-00360-g005.jpg
>

fEPSP slope(%baseline)

fEPSP slope(mv/ms)

250
200
150
100 e CD-control + CD-Kcnmb2
0 MD-control & MD-Kcnmb2
0 20 4 60
Time(min)
- 8 -e- CD-control
. \/ -8 MD-control
E nosmvl_ -+ CD-Kcnmb2
-8 MD-Kcnmb2
10+ \ﬁ \/
54
0+ T T T 1
0 25 50 75 100

Stimulation intensity(pA)

w

Early LTP
(0-10min after tetanus)

Remaining LTP
(50-60min after tetanus)

£ 400 i . co £400 ¢ T5
® .o o MD 8 o MD
é 3004 . ns 1‘: 300{ -
%_ o* . oo % o o
2 200 ..Q" o ° o0 9_200 %,° o oo o
° o - % S o
' ™ ne - b 4
o100 o0 W T BE D400 = % T
oo & i

Control  Kcnmb2 Control  Kcnmb2
D

250+

—

N

=]

(=]
1

Facilation ratio
3
—

\

=l

-~ CD-control
1004 -8 MD-control
—+ CD-Kcnmb2
-4 MD-Kcnmb2
50 T T T
0 100 200 300

400

Interpulse intervals(ms)





OPS/images/fncel-12-00360-g004.jpg
w

sIPSC frequency(Hz)

CD-control

Ty

MD-control

wmmnmrrww

CD-Kcnmb2 MD-Kcnmb2
8 wx i ns 250 l
S i T om0
£ i o 0o ]
! s 2 150
4 Do W0 B
i e.e OO £ 100
1 nl:l
o o ' °CD Q s
Con;rol Kcn‘mbz Control Kenmb2





OPS/images/fncel-12-00360-g003.jpg
— CD-control
~ MD-control

— CD-control
— MD-control

25mv L

I e IR o
y I 3 % --- CD-Kcnmb2
y e 3 N - MD-Kcnmb2
% - CD-Kenmb2 " .'E:
N " g
N -- MD-Kcnmb2 " L..-"'
% G it
- S k“'""""
T ospoa
250pA
E
0
.24
S
£ -4
£
-6
g
N (o0}
™ ns =
-10 T -
Control Kcnmb2

o

Half-width (ms)

-n

Spike number

B
_ *%
D 5.
E *%k & CD
c 44 -
o
s
]
S
X 24
°
o
2
s
@
Control Kenmb2
2.54 * ne
2.04
1.5 °
<= =
1.0
0.5 o8
o MD
0.0 T .
Control Kenmb2
o " ns
44 (n]n]n]
N _— oo
=+
1 (I 0oo CcD
o MD
" —i
Control Kenmb2





OPS/images/fncel-12-00360-g002.jpg
MD

cD

W

mry "rr"rv

M

8 8 8 8 & °©

(vd)opmydwe  Osdiw

- ~
Au:§u=!._§ osdiw

(zH)Aouanbay osdis

&®

%

o

e

MD

YT L T et

cbD

Cc

*®

s

(vd)epnydwe Osd3w

o gfg

(zH)Aouenbay osdaw

oo
+

o

g 8 8 8 §
(vd)epnyidwe 0sd3s

o

(zH)Aouanbay 9sd3s





OPS/images/fncel-12-00360-g001.jpg
? — CD
: — MD
L
1

Spik: litude,

pike amplitu eE 25mv|_
1 1ms
v

Threshold —4-----

Relative expression level

o

Half-width(ms)

2.59

2.0

o

.
N
h

s

fAHP(mV)

Spike number

.
»
i

50ms
250pA
F
*
* 150+
m
ecee % o0
2 100- - a
T [=]u[s]nla] ]
) )
[ IXYYYYYY] _E_ §.50_ LY
° ooooo ‘I;_,'
= °® _ o
i O....‘.l
* & 0 ;A

CcDh MD cDh





OPS/images/cross.jpg
3,

i





OPS/images/fncel-12-00360-t001.jpg
RP (mV) Threshold (mV) AP amplitude (mV) Input resistance (M)

CD F1 (n = 27 cells, 6 mice) —68.70 + 0.6629 —43.54 +£1.048 72.45 £2.104 345 +24.31
MD F1 (n =17 cells, 5 mice) —67.89 + 1.728 —41.78 £2.413 76.58 £ 2.424 330 +24.15





OPS/images/cover.jpg






OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





