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Abstract

TREK-1, a two-pore-domain K+ channel, is highly expressed in the central nervous system. 

Although aberrant expression of TREK-1 is implicated in cognitive impairment, the cellular and 

functional mechanism underlying this channelopathy is poorly understood. Here we examined 

TREK-1 contribution to neuronal morphology, excitability, synaptic plasticity, and cognitive 

function in mice deficient in TREK-1 expression. TREK-1 immunostaining signal mainly 

appeared in hippocampal pyramidal neurons, but not in astrocytes. TREK-1 gene knockout 

(TREK-1 KO) increases dendritic sprouting and the number of immature spines in hippocampal 

CA1 pyramidal neurons. Functionally, TREK-1 KO increases neuronal excitability and enhances 

excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs). The increased EPSCs appear 

to be attributed to an increased release probability of presynaptic glutamate and functional 

expression of postsynaptic AMPA receptors. TREK-1 KO decreased the paired-pulse ratio and 

severely occluded the long-term potentiation (LTP) in the CA1 region. These altered synaptic 

transmission and plasticity are associated with recognition memory deficit in TREK-1 KO mice. 

Although astrocytic expression of TREK-1 has been reported in previous studies, TREK-1 KO 

does not alter astrocyte membrane K+ conductance or the syncytial network function in terms of 

syncytial isopotentiality. Alteration in TREK-1 expression profoundly affects the cellular structure 

and function of hippocampal pyramidal neurons. Thus, the impaired cognitive function in diseases 

associated with aberrant expression of TREK-1 should be attributed to the failure of this K+ 

channel in regulating neuronal morphology, excitability, synaptic transmission, and plasticity.
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INTRODUCTION

TREK-1 (Tandem of pore domain in a weak inwardly rectifying K+ channel (Twik)-related 

K+ channels) is one of the K+ channels in the two-pore-domain potassium channel (K2P) 

family. TREK-1 shows high expression across the brain from the cortex, hippocampus 

to the spinal cord [1]. As a leak type K+ channel, TREK-1 plays a role in setting the 

neuronal resting potential and regulating neuronal excitability [2–4]. Additionally, TREK-1 

is also highly interactive with the interstitial environment. For example, the TREK-1 channel 

activity can be modulated by neuroprotective fatty acids, mechanical stretch, temperature, 

and pH [3,5].

TREK-1 shows a unique pattern of expression on both pre-and post-synaptic sites, which 

allows the channel activity to be modulated by a variety of neuronal neurotransmitter 

receptors [4,6]. Evidently, TREK-1 activity can be enhanced by stimulation of Gi-coupled, 

γ-aminobutyrate (GABABR) receptors through PKA inhibition [7]. On the contrary, 

TREK-1 channel activity can be inhibited by Gq-coupled mGluR1/mGluR5 via PKC 

phosphorylation, Gs-coupled serotonin (5-HT4R) and β2 noradrenaline receptor (β2-AR) 

via PKA-dependent phosphorylation [4]. The synaptic presence of TREK-1 implies the role 

of this channel in regulating neurotransmission and plasticity. Indeed, TREK-1 deletion 

increases the level of 5-HT neurotransmission in the hippocampal CA3 region [8]. Also, 

pharmacological inhibition of TREK-1 alters CaMKIII inhibitor-induced chemical LTP in 

the hippocampus [9]. Nevertheless, a systematic evaluation of the contribution of TREK-1 to 

neuronal excitability, synaptic transmission, and cognitive function remains unavailable.

The pathological role of TREK-1 has attracted increasing attention in various diseases. For 

example, TREK-2 and TRAAK are the other two neuronal K2Ps with similar biophysical 

properties to TREK-1, however, a depression-resistant phenotype could only be induced 

in TREK-1 deficient mice [8,10]. Genetic deletion of TREK-1 substantially increases 

the susceptibility of animals to ischemia and epilepsy insults [11]. Additionally, altered 

expression of TREK-1 has been implicated as a cause of cognitive impairment associated 

with postoperative cognitive dysfunction induced by volatile anesthetics [12]. A profound 

involvement of TREK-1 in neurological disorders further reiterates the importance of this 

unique K+ channel in brain function.

In the present study, we examined the impact of TREK-1 null on neuronal structure, 

excitability, synaptic transmission, and hippocampal-dependent learning and memory. We 

show that TREK-1 gene deficiency alters dendritic sprouting and spines in CA1 pyramidal 

neurons. TREK-1 null also alters neuronal excitability, synaptic transmission and plasticity. 

These TREK-1 deficiency-induced alterations at the cellular levels are associated with 

hippocampal memory deficits.
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MATERIALS AND METHODS

Origin and source of the animals

TREK-1 gene (Kcnk2) knockout (TREK-1 KO) mice were generated on a mixed 

background of C57BL6J and SV129 strains. Prior to this study, this TREK-1 KO line has 

been backcrossed with C57BL6J for more than ten generations in our laboratory. In this 

kcnk2 mutant, a 4 Kbp genomic DNA sequence between exon 2 and intron 3 was replaced 

by a β-galactosidase/neomycin (LacZ/Neo) selection cassette [13]. C57BL6J mice were 

used in control experiments. In some experiments, BAC Aldh1l1-eGFP transgenic reporter 

mice were used for visualization of astrocytes [14]. Mice of both sexes at postnatal day 

(P) of 21–28 were used. Mice were anesthetized using Chloral hydrate (Sigma-Aldrich, 

St. Louis, MO, USA) prior to decapitation. All the mice were housed in a 12 hour (hr) 

light/dark cycle at the temperature-controlled environment (22±2 °C) with access to food 

and water ad libitum. All the TREK-1 KO mice used in the experiments have confirmed the 

deletion of Kcnk2 gene by PCR genotyping, as performed in our previous study [15].

Electrophysiology

Acute horizontal hippocampal slices (250 μm) were prepared as previously described [16]. 

For astrocyte recording, slices were maintained at room temperature in aCSF containing (in 

mM): 125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 3.5 KCl, 2 CaCl2, 1 MgCl2, and 10 glucose 

(saturated with 95% O2 and 5% CO2) for at least 1 hr before recording. A MultiClamp 700A 

amplifier and pClamp 10 software (Molecular Devices, San Jose, CA, USA), digitized at 2–

10 kHz, filtered at 2 kHz. For neuronal whole-cell and extracellular field potential recording, 

slices were kept at 32 °C for 1 hr after cutting and subsequently at room temperature before 

use. After transferring a slice into the recording chamber, the slice was perfused with aCSF 

at 30 °C again. A submerged chamber was mounted on an Olympus BX51WI microscope 

equipped for infrared-differential interference (IR-DIC) microscopy. The bath aCSF was 

perfused at a rate of 2 ml/min. Tetrodotoxin (TTX), AP-5, and NBQX were purchased from 

Tocris Bioscience (Bristol, UK). All other chemicals were purchased from Sigma-Aldrich.

Neuronal recording.—Resting membrane potential (VM) was monitored in “I=0” mode 

or recorded in the current-clamp mode at least 3 min after break-in to the whole-cell 

neuronal recording. The electrode solution contained (in mM): 140 K-gluconate, 13.4 Na-

gluconate, 0.5 CaCl2, 1.0 MgCl2, 5 EGTA, 10 HEPES, 3 Mg2+-ATP, and 0.3 Na+-GTP; 

280–290 mOsm/l. Besides long-term potentiation (LTP), other recording protocols were 

repeated three times per cell and the replicated recordings were averaged in data analysis. 

Membrane capacitance (CM) and whole-cell access resistance (Ra) were measured from the 

“Membrane test” protocol in the PClamp 9.2 program. For input resistance (Rin) analysis, a 

series of 300 ms current steps from −50 pA to +50 pA were injected at 10 pA increments, 

and the Rin was calculated as the slope of the linear fit of the voltage-current plot at the 

steady-state levels. Rheobase was analyzed by injecting a series of 10 ms depolarization 

pulses from resting VM with 10 pA increments, and the rheobase is defined as the amplitude 

of the current pulse where the first AP is elicited. Action potential threshold is defined as the 

membrane potential where the speed of the current injection induced voltage change reaches 

20 mV/ms so that the first action potential can be induced at the lowest stimulation current. 
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The relationship of firing frequency-injected currents was measured as the number of spikes 

over a 300 ms step duration in response to injected currents from 10 to 230 pA in 20 pA 

increments.

Miniature postsynaptic currents (mEPSCs).—The mEPSCs were recorded after 

neuronal firing and ionotropic GABAA receptor currents were inhibited by 0.5 μM TTX, 

and 100 μM picrotoxin (PTX), respectively. mEPSC events were analyzed with Clampfit 

10 using the template matching search with a minimum threshold set up at −6 pA. After 

collection of all the events, a visual inspection was followed for final inclusion or rejection 

of the events in the datasets.

Postsynaptic current recording.—Evoked excitatory postsynaptic currents (EPSCs) or 

potentials (EPSPs) were induced by stimulating Schaffer collaterals (SCs) in CA1 stratum 
radiatum through a local extracellular electrode (tungsten concentric bipolar microelectrode; 

World Precision Instruments, Sarasota, FL, USA) placed 180–250 μm from the soma of 

the recorded neurons. Somatic whole-cell recordings were obtained from visually identified 

CA1 pyramidal neurons. The pipette solution containing (in mM): 130 Cs-gluconate, 2 

NaCl, 6 CsCl, 0.6 EGTA, 10 HEPES, 4 Mg2+-ATP, 0.3 Na+-GTP, 10 phosphocreatine and 

1 QX-314; 280–290 mOsm/l. The protocols for extracellular stimuli were programmed 

in Clampex 10 software (Molecular Devices) that were delivered through a Model A365 

Isolator and A310 Stimulator (World Precision Instruments). The EPSCs were recorded at 

−70 mV holding potential in the presence of 100 μM PTX. The stimulation intensity of 

presynaptic fibers was first determined to identify the saturating level of EPSCs, and then 

the stimulation was scaled down to induce EPSCs at ~80% of the maximum amplitude for 

experimental recording. The evoked inhibitory postsynaptic currents (IPSCs) were recorded 

at 0 mV in the absence of PTX. Prior to experiments performed in PTX, a cut was made 

between CA1 and CA3 in the pyramidal cell layer to prevent the propagation of epileptiform 

activity. Neurons with Ra <25 MΩ throughout the recording were qualified for inclusion for 

data analysis.

Paired-pulse facilitation.—The ratio of paired-pulse facilitation (PPR) was performed by 

the delivery of two identical intensity stimuli at an interval of 40 ms.

AMPA/NMDA ratio.—The evoked AMPA and NMDA EPSCs were measured at −70 mV, 

and +40 mV, respectively. The evoked NMDAR-mediated EPSCs were measured after 

AMPAR-mediated EPSC was fully decayed, e.g., 60 ms after the onset of stimulation. The 

pure NMDA-mediated currents were recorded at +40 mV in the presence of 10 μM NBQX 

in addition to PTX. The isolated NMDA-mediated currents could be further abolished by 50 

μM AP-5 (data not shown).

Failure rate analysis.—To determine the failure rate in synaptic transmission, a minimal 

intensity of stimulation was used to induce EPSCs, presumably from a single or just a 

few synapses in a recorded CA1 pyramidal neuron. Data were collected and analyzed as 

described previously [17]. Stimulus trials that produce responses with an amplitude less 

than three times of the standard deviation (SD) of the noise were designated as synaptic 

failures. The failure rate was defined as the percentage of failures over the total number 
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of stimulations. The noise amplitude was calculated on traces after inhibition of AMPA 

responses by NBQX.

Extracellular field recordings.—Field excitatory postsynaptic potentials (fEPSPs) were 

recorded in stratum radiatum of the CA1 area. Recording electrodes were filled with aCSF 

plus 100 μM PTX with a final resistance of 2–5 MΩ. Stimuli, 0.1 ms pulse width at 0.05 

Hz, were delivered to the Schaffer collateral (SC) axon fibers to CA1 region through a 

tungsten concentric bipolar electrode. The intensity of presynaptic fiber stimulation was 

then reduced to the level where ~30% of the maximal amplitude of fEPSPs is induced to 

establish a basal level of fEPSPs. LTP was induced by tetanic stimulation of SC, i.e., two 

consecutive trains at 100 Hz for 1 s that was separated by 20 s. Prior to LTP induction, 

an averaged slope of the fEPSPs. i.e., from the range of 20%−80%, over a 5 min duration 

was established as a baseline and considered to be 100%. The following slope changes 

in response to LTP stimulus were expressed as a percentage of this baseline (normalized 

slopes). An averaged slope of fEPSPs evoked between 36 and 40 min after LTP induction 

was used for statistical comparisons. Recordings with variations higher than 20% of baseline 

fEPSPs were discarded.

Recording of astrocytes and astrocyte syncytial isopotentiality.—Whole-cell 

patch-clamp recordings were made with K+-based electrode solution. Astrocytes in CA1 

stratum radiatum were identified by their small cell bodies and the linear I-V current profile 

[18,19]. In the voltage-clamp recording, only those recordings with a Rin < 15 MΩ were 

included for data analysis. The Na+-based and Cs+-based electrode solutions were made 

by equimolar substitution of K-gluconate with Na-gluconate and Cs-gluconate, respectively. 

The pH was adjusted to 7.25–7.27 with KOH, NaOH or CsOH. Rectification index (RI) was 

calculated by dividing the current amplitudes induced by +20 mV (y1) over −180 mV (y2) 

(Fig. 7d).

Immunohistochemistry

Hippocampal slices were fixed in 4% paraformaldehyde for 1 hr at room temperature. 

The slices were blocked with 5% normal donkey serum (DNS; Jackson ImmunoResearch 

Laboratories, West Grove, PA, USA) and 0.01%Triton X-100 in PBS for 2 hr. The primary 

antibodies were diluted into a 10% DNS/0.005%Triton X-100 solution and applied to slices 

at 4°C overnight. They were rabbit anti-TREK-1 (1:1000, Alomone Labs, Jerusalem, Israel) 

and mouse anti-NeuN (1:1000; Abcam, Cambridge, MA, USA). The secondary antibodies 

were Cy3 donkey anti-rabbit (1:1000) and DyLight 405 donkey anti-mouse (1:1000) 

(Jackson ImmunoResearch Laboratories). Immunofluorescence images were obtained from 

a confocal microscope (TCS-SL, Leica Microsystems, Buffalo Grove, IL, USA).

Morphological analysis of neuronal dendrites and dendritic spines

For morphological analysis of neuronal dendrites and spines, biocytin was included in 

K+-based electrode solution (0.5 mg/ ml) for the recording of CA1 pyramidal neurons. 

The biocytin dialysis lasted for 15 min, and the recorded slices were then fixed with 4% 

paraformaldehyde for one hour. This was followed by incubation of slices with Alexa Fluor 

488 streptavidin (1:1000; Jackson ImmunoResearch Laboratories) for 4 hr. The fluorescent 
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image of neuronal dendrites and dendritic spines were acquired with 20× and 63× lens 

on a TCS-SL confocal microscope (Leica Microsystems). Z-series of 15 to 20 images of 

dendrites were compressed into two dimensions using the maximum projection of the Leica 

software. Dendritic complexity was assessed with the Sholl analysis in ImageJ software 

[20], including analysis of total dendritic length, number of branch points. The number of 

spines was manually counted in tertiary branches of CA1 pyramidal neurons. Spines were 

counted only if they had both a punctuate head and visible neck. Spines were subclassified 

into mushroom, stubby, thin, and filopodia according to a previous report [21].

Immunoblotting

Hippocampi from wild-type and TREK-1 KO mice were homogenized in RIPA lysis 

buffer with protease inhibitor mixture. Equal amounts of protein (25 μg/well) were 

separated on a 10% SDS-PAGE gel followed by transfer to nitrocellulose membranes. 

After blocked with 5% non-fat milk, the membranes were probed with primary antibodies: 

rabbit anti-PSD95 (1:1000, Abcam), mouse anti-synaptophysin (SY38) (1:1000, Abcam) or 

rabbit anti-GAPDH (1:8000, Sigma-Aldrich) at 4°C overnight. After secondary antibody 

incubation (1:100000, Goat Anti-Rabbit and Goat Anti-Mouse, Jackson ImmunoResearch 

Laboratories), immunoreactivity was detected with an enhanced chemiluminescent detection 

(Thermo Fisher Scientific, Rockford, IL, USA). All the three proteins were detected from 

the same membrane by using stripping buffer to strip off the first primary antibody and 

re-probing with the second one. GAPDH was used as a loading control. Blots were scanned 

and quantified by Image J software. The expression level of synaptophysin and PSD95 were 

normalized to that of GAPDH.

Novel object recognition

Novel object recognition (NOR) is a behavioral test learning and memory, in particular, 

recognition memory [10]. Following the protocol described in a previous study [22], this 

test was performed in an open field (45x45x40 cm, Panlab, Spain). First, the mice were 

individually habituated to the open field by freely exploring for 5 minutes. After 24 hours, 

the mice were placed back into the same arena to be familiarized with two identical objects 

for 10 min. After 6 hours post-familiarization, one of the familiar objects was replaced by 

a novel object different in its shape, color, and texture and mice were left to explore both 

objects. The objects employed in the NOR test were towers of Lego bricks (8 cm high 

and 3.2 cm wide, built in blue, yellow, red and green bricks) and Falcon tissue culture 

flasks filled with sand. A minimal exploration time of 20 s for both objects during the 

test phase was used. The position of the novel object and the associations of the novel 

and familiar were randomized. This session was videotaped and the time subjects spent 

interacting with each object was recorded manually. Object exploration was defined as the 

orientation of the nose to the object at a distance of less than 2 cm. Memory performance 

was assessed by the discrimination index (DI), as defined by (novel object exploration time/

total exploration time) x 100. A higher discrimination index is considered to reflect greater 

memory retention for the familiar object. Prior to testing, we have profiled TREK-1 KO 

mice for gross deficiencies in sensory perception and locomotor activity to rule out their 

potential influence on the performance in the chosen behavioral tests. Overall, no obvious 

Wang et al. Page 6

Mol Neurobiol. Author manuscript; available in PMC 2022 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



developmental abnormalities, or deficits in locomotor activity, touch, vision, or hearing, 

were evident in TREK-1 KO mice.

Data analyses

The patch-clamp recording data were analyzed by Clampfit 9.0 (Molecular Devices) and 

Origin 8.0 (OriginLab, Northampton, MA, USA). After evaluating data for normality and 

homoscedasticity, statistical analysis was performed using Student’s t-test or a two-way 

ANOVA followed by a post hoc Tukey HSD test. The Mann–Whitney nonparametric 

test was chosen when data were not normally distributed. The Kolmogorov-Smirnov test 

was used to test the cumulative probability of mEPSCs median amplitudes and mean 

frequencies. Group data are presented as mean ± SEM, and n is the number of brain slices, 

unless otherwise stated. In a given brain slice, the patch recording was performed in only 

one neuron. The tests were two-sided and significance was set at P < 0.05, *, **, and *** 

refer to P values lower than 0.05, 0.01, and 0.001, respectively.

RESULTS

Genetic TREK-1 deletion depolarizes membrane potential of pyramidal neurons.

We found that TREK-1 staining was well co-localized with neuronal marker NeuN TREK-1 

on CA1 pyramidal neurons in acute hippocampal slices (Fig. 1a). To determine the 

contribution of TREK-1 to neuronal membrane potential (VM), whole-cell patch recording 

was performed. TREK-1 KO significantly depolarized the resting VM of CA1 pyramidal 

neurons compared to WT neurons (WT, −66.9±0.4 mV, n=26 vs. TREK-1 KO, −62.9±0.4 

mV, n=29; P < 0.001; Fig. 1b). The contribution of TREK-1 as a leak K+ channel to 

resting VM was also indicated by a higher membrane input resistance (Rin) in TREK-1 KO 

(162.8±11.9 MΩ, n=18) than WT (126.5±8.6 MΩ, n=18; P=0.019 ) (Fig. 1c). To corroborate 

this finding, the neurons were then recorded with a Cs
+-based electrode solution for the 

elimination of the entire K+ conductance [23]. This resulted in an overall increase in 

neuronal Rin and abolished the difference between WT and TREK-1 KO CA1 pyramidal 

neurons (TREK-1 KO, 274.2±21.8 MΩ, n=28 vs. WT, 243.7±20.9 MΩ, n=22; P=0.327; 

Fig. 1c). These together support the view that TREK-1 is a highly expressed and important 

background K+ channel for the setting of neuronal resting VM.

The membrane capacitance (CM) did not differ between TREK-1 KO and WT neurons 

in recordings made with K+- or Cs+-based electrode solutions (Fig. 1d), indicating that 

TREK-1 KO does not have a detectable change in neuronal surface area (but see the 

difference in the following dendritic sprouting and spine density analysis in Fig. 3e–g).

TREK-1 KO enhances the excitability of pyramidal neurons.

A more depolarized VM in TREK-1 KO neurons implies a higher sensitivity to afferent 

postsynaptic inputs for generating action potentials (Fig 1b). Indeed, somatic current 

injection induced a higher action potential (AP) firing rate in TREK-1 KO pyramidal 

neurons than WT (Fig. 2a). Consistently, the rheobase currents, i.e., the minimum positive 

currents for induction of action potential, was 30% less in TREK-1 KO pyramidal neurons 

than WT (TREK-1 KO, 49.4±6.4 pA, n=16 vs. WT, 72.3±7.7 pA, n=11; P=0.031; Fig. 2b 
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and c). Also, TREK-1 KO shifted the threshold for AP significantly towards a depolarized 

value (TREK-1 KO, −41.5±1.1 mV, n=21 vs. WT, −45.5±1.4 mV, n=18; P=0.033; Fig. 2b 

and d). TREK-1 KO, however, did not alter the amplitude of the evoked action potentials 

(Fig. 2e).

TREK-1 KO increases dendritic sprouting and spine density.

Spadin, a TREK-1 inhibitor as well as an antidepressant, was shown to facilitate the 

maturation of dendritic spines in cortical neurons [24]. Thus, we next examined the impact 

of TREK-1 deficiency on neuronal dendritic sprouting and spines. The CA1 pyramidal 

neurons were first filled with biocytin during recording, and that was followed by neuronal 

morphological analysis. TREK-1 KO did not alter the overall neuronal morphology in terms 

of the total dendritic length (Fig. 3a and b). However, in Sholl analysis, the branching of 

apical dendrites increased significantly in TREK-1 KO pyramidal neurons (TREK-1 KO, 

25.7±2.2, n=10 neurons vs. WT, 19±1.6, n=11 neurons; P=0.021; Fig. 3c); there were more 

dendritic branching intersections located 70 μm – 155 μm distal from the somatic center 

(Fig. 3d). These results indicate that TREK-1 deficiency alters the branching pattern of CA1 

pyramidal neurons.

Variation of the spine shapes and density occurs in different stages of neuronal dendritic 

and functional circuit maturation[21]. TREK-1 KO significantly increased the spine density 

of CA1 pyramidal neurons (TREK-1 KO, 9.0±0.4 spines/10 μm, n=23 dendritic segments/8 

neurons/4 mice; WT, n = 8.0±0.3 spines/10 μm, n=19 dendritic segments/8 neurons/7 mice; 

P=0.027, Fig. 3e and f). Further analysis showed that the density of mature spines, i.e., 

mushroom and stubby, did not differ between TREK-1 KO and WT (TREK-1 KO, 5.5±0.3 

spines/10 μm, n=23 dendritic segments/8 neurons/4 mice; WT, 5.6±0.2 spines/10 μm, n=19 

dendritic segments/8 neurons/7 mice; P=0.752). However, the immature spines, i.e., the thin 

and filopodia, showed a significant increase in TREK-1 KO neurons (TREK-1 KO, 3.6±0.3 

spines/10 μm, n=23 dendritic segments/8 neurons/4 mice; WT, 2.4±0.2 spines/10 μm, n=19 

dendritic segments/8 neurons/7 mice; P=0.001) (Fig. 3e–g).

To answer whether a higher amount of immature spines in TREK-1 KO could correlate 

to a higher amount of synapses, western blot was carried out to compare the pre- 

and postsynaptic proteins synaptophysin and PSD-95 (Fig. 3h). Nevertheless, neither 

synaptophysin nor PSD-95 expression differed between WT and TREK-1 KO mice. 

Specifically, synaptophysin expression (normalized to GAPDH) was 0.83 ± 0.08 for WT 

(n=4) and 0.88 ± 0.09 for TREK-1 KO (n=4), and the PSD-95 expression was 0.87 ± 0.09 

for WT (n=4) and 0.79±0.11 for TREK-1 KO (n=4), respectively.

Together, these results indicate that TREK-1 deficiency alters neuronal dendritic branching 

and increases the density of immature spines in CA1 pyramidal neurons.

TREK-1 KO increases both excitatory and inhibitory synaptic transmission onto CA1 
pyramidal neurons.

To determine whether a deficiency in TREK-1 affects the strength of CA3 Schaffer collateral 

(SC) - CA1 synaptic transmission, we first examined the miniature EPSCs (mEPSCs) 

in CA1 pyramidal neurons (see Methods). In the presence of tetrodotoxin (TTX) and 
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picrotoxin (PTX) for inhibition of neuronal firing and inhibitory synaptic transmission, 

the frequency of mEPSCs was 47% higher in TREK-1 KO neurons than that of the WT 

(TREK-1 KO, 0.69 ± 0.06 Hz, n=10 vs. WT, 0.47 ± 0.08 Hz, n=9; P=0.034; Fig. 4a), and 

this is associated with a left-shifted cumulative probability curve of inter-event intervals in 

TREK-1 KO neurons (K-S test, z=1.99; P < 0.001). Meanwhile, the cumulative probability 

curve of mEPSCs amplitudes was not altered in TREK-1 KO neurons (Fig. 4a right). This 

indicates that TREK-1 KO increases the probability, but may not affect the quantal size, of 

presynaptic glutamate release in SC-CA1 synapses.

In the second study, the evoked AMPA receptor-mediated excitatory postsynaptic currents 

(AMPA-EPSCs) in CA1 pyramidal neurons were recorded upon stimulation of SC with 

incremental voltage steps. In response to SC stimulation, the amplitude of AMPA-EPSC was 

increased by 25.8% at 0.35 mA, 25.4% at 0.4 mA, 24.3% at 0.45 mA and 22.8% at 0.5 mA 

in TREK-1 KO (n=19) relative to WT neurons (n=17, P < 0.05, Fig. 4b right).

In the third study, the SC stimulation evoked AMPA-EPSCs, and GABAA receptor-mediated 

inhibitory postsynaptic currents (IPSCs) were examined from the same neurons by holding 

the VM at −70 mV and 0 mV, respectively (Fig. 4c). The results show that TREK-1 KO 

increases the amplitude of both EPSCs (TREK-1 KO, −577±59 pA, n=17 vs. WT, −414±38 

pA, n=17; P=0.028) and IPSCs (TREK-1 KO, 628±58 pA, n=17 vs. WT, 466±42 pA, n=17; 

P=0.03; Fig. 4c). Thus, there is a general augmentation in synaptic transmission in TREK-1 

deficient neurons.

TREK-1 KO increases functional expression of postsynaptic AMPA receptors.

Elevated functional expression of postsynaptic AMPA receptors could contribute to the 

observed increase of EPSCs in TREK-1 deficient neurons. To explore this possibility, 

we examined the ratio of AMPA-EPSCs over NMDA receptor-mediated EPSCs (NMDA-

ESPCs). The AMPA-EPSCs and NMDA-EPSCs in the same neurons were sequentially 

evoked by SC stimulation at the holding voltages of −70 mV and +40 mV, respectively (Fig. 

5a). A 35% increase in the AMPA-EPSC/NMDA-EPSC ratio was evident in TREK-1 KO 

pyramidal neurons (ratio of TREK-1 KO, 2.27±0.44, n=8; WT, 1.70±0.44, n=8; P=0.015; 

Fig. 5a). To further substantiate this notion, the pure NMDA-EPSCs were isolated in the 

presence of NBQX and PTX for inhibition of AMPA-EPSCs and IPSCs, respectively. 

The amplitude of pure NMDA-EPSC, however, did not differ between TREK-1 KO and 

WT neurons (TREK-1 KO, 227±52 pA, n=8; WT, 214 ± 56, n=6; P=0.875; Fig. 5b). 

Thus, increased expression of functional AMPA receptor currents indeed contributes as an 

additional mechanism to the enhanced excitatory synaptic transmission in TREK-1 KO CA1 

pyramidal neurons.

TREK-1 KO increases the ratio of active/silent SC-CA1 synapses on pyramidal neurons.

Postsynaptic trafficking of AMPAR plays an important role in synaptic plasticity [25]. 

Additionally, a decrease in the ratio of AMPA receptor-lacking (silent) over AMPA receptor-

expressing (active) synapses has been shown to underlie the expression of long-term 

potentiation (LTP) in hippocampal CA1 region [26]. Thus, we asked whether elevated 

expression of postsynaptic AMPA-EPSCs would correspond to a higher ratio of active 
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synapses in TREK-1 deficient neurons. We explored this by analyzing the failure rate of 

synaptic AMPA-EPSCs and NMDA-EPSCs that were induced by a minimum electrical 

stimulation delivered onto SC (see Methods) [17].

We show that the failure rate of AMPA-EPSCs in response to minimum SC stimulations 

was lower in TREK-1 KO neurons (failure rate: TREK-1 KO, 37.7±3.9%, n=9 vs. WT, 

49.5±3.9%, n=10, P=0.046). Additionally, the amplitude of AMPA-EPSCs was higher in 

TREK-1 KO neurons (AMPA-EPSCs: TREK-1 KO, −21.9±0.9 pA, n=9 vs. WT, −17.9±1.0 

pA, n=10; P=0.008) (Fig. 5c–e). In contrast, the NMDA-EPSCs induced at the holding 

potential of +40 mV did not differ between the two groups, suggesting that the overall 

quantity of glutamatergic synapses remain unchanged in TREK-1 KO neurons (Fig. 5f). 

Thus, TREK-1 KO increases the ratio of AMPA-expressing active synapses in CA1 

pyramidal neurons.

TREK-1 deficiency occludes long-term potentiation and impairs recognition memory.

Profound deficits in CA1 pyramidal neuron structure, excitability, and synaptic transmission 

promoted us to further examine the holistic impact of these anatomic and functional changes 

on the plasticity of synaptic plasticity and memory formation in the following studies.

The paired-pulse ratio (PPR) was carried out to determine if the high probability of 

presynaptic glutamate release has an impact on short-term plasticity. We found that the 

PPR was indeed depressed in TREK-1 KO neurons (TREK-1 KO, 1.69±0.06, n=17 vs. WT, 

1.86±0.05, n=16; P=0.044; Fig. 6a). This is consistent with the enhanced presynaptic release 

in basal neurotransmission (Fig. 4a) as well as EPSCs in TREK-1 deficient neurons (Fig. 

4b).

In the following study, tetanus stimulation paradigm was used to induce long-term 

potentiation (LTP) in the CA1 region (See Methods for details). We showed that TREK-1 

deficiency occluded LTP by 30% (36–40 min after tetanus stimulation, n=10) compared with 

WT mice (n=12; P=0.008; Fig. 6b and c).

To further establish the physiological consequence of TREK-1 KO on memory, we tested the 

novel object recognition memory task (NOR) between TREK-1 KO and WT mice. Only one 

mouse among the 22 tested in our sample date set did not reach the criterion. The TREK-1 

KO mice displayed a significant decrease in discrimination index, indicative of a memory 

deficit (TREK-1 KO, 51.9 ± 2.7%, n=11 vs. WT, 65.5 ± 3.1%, n=10, P=0.003; Fig. 6d). 

There was no alteration in total object exploration time.

Altogether, these findings indicate that deficiency in TREK-1 impairs the plasticity of 

glutamatergic synaptic transmission and novel object recognition memory.

TREK-1 KO does not alter astrocyte K+ conductance and astrocyte syncytial function.

A high-density expression of leak K+ conductance is a characteristic of astrocytes that is 

critical for glutamate and K+ clearance during neuronal activities [27]. Thus, the enhanced 

basal synaptic transmission in the TREK-1 KO hippocampus may be at least in part due 

to the impaired TREK-1 function in astrocytes for homeostatic regulation of extracellular 
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environment and neurotransmitters, such as glutamate and GABA. Although the astrocytic 

expression of TREK-1 is evident, its impact on astrocyte K+ conductance could not be 

confirmed in our early reports [16,15].

To further examine the role of TREK-1 in astrocytes, we first examined the astrocytic 

expression of TREK-1 by immunocytochemistry. TREK-1 immunoreactivity, however, 

was mainly detected from NeuN positive CA1 pyramidal neurons, but not Aldh1l1-eGFP 

positive astrocytes (Fig. 7a). This is consistent with our previous observations where 

TWIK-1 and Kir4.1 were the major K+ channels in hippocampal astrocytes [15,16].

We then electrophysiologically recorded astrocytes from the hippocampal CA1 region. 

There was no difference in resting VM between TREK-1 KO and WT astrocytes (TREK-1 

KO, −74.6±0.3 mV, n=31 vs. WT, −75.2±0.4 mV, n=33, P=0.2; Fig. 7b). Also, TREK-1 

KO did not alter the linear current-to-voltage (I-V) relationship (Fig. 7c), suggesting a 

negligible contribution of TREK-1 to the overall astrocyte passive K+ conductance. In 

addition, if the outwardly rectifying TREK-1 contributes substantially to membrane passive 

conductance, TREK-1 KO would increase the inward rectification of whole-cell current 

with a reduced rectification index (RI) value. However, the RI was essentially unchanged 

in TREK-1 KO astrocytes (TREK-1 KO, 0.94±0.02, n=6 vs. WT, 0.91±0.01, n=6; P=0.197, 

Fig 7d). Together, consistent with our previous report [15], the basic electrophysiological 

features remain intact in TREK-1 KO astrocytes.

Astrocytes are strongly electrically coupled through gap junctions to achieve a state of 

syncytial isopotentiality, and this network mechanism has been demonstrated to be crucial 

for the regulation of extracellular K+ concentration [28]. To determine whether TREK-1 

KO disrupts syncytial isopotentiality, we equimolar substituted the physiological K+ ion 

with Na+ or-Cs+ in pipette solution ([Na+]p, [Cs+]p) for whole-cell astrocyte recording. 

[Na+]p or [Cs+]p is anticipated to depolarize the recorded astrocyte to 0 mV following 

the prediction by the Nernst equation[28]. In a syncytial coupled astrocyte, this [Na+]p 

or [Cs+]p-induced depolarization can be compensated to a quasi-physiological level by 

the neighboring astrocytes due to gap junctional coupling (Fig 7e) [28,29]. In TREK-1 

KO mice, the steady-state astrocyte VM (VM,ss) remained at quasi-physiological levels in 

recordings made with [Na+]p and [Cs+]p that was comparable to the physiological VM 

recorded with [K+]p. And we did not observe any differences in VM,ss between WT and 

TREK-1 KO astrocytic networks (Fig 7e), indicating that TREK-1 KO does not alter the 

function of astrocyte syncytium. Together, TREK-1 deficiency does not alter astrocyte 

membrane K+ conductance or syncytial network function.

DISCUSSION

In the present study, we show that genetic deletion of TREK-1 results in alterations 

of neuronal dendritic sprouting and spines, heightening of neuronal excitability, and 

disruption of synaptic transmission and plasticity. These anatomic and functional changes 

are associated with impaired hippocampal memory. Thus, TREK-1 appears to be a critical 

player in basic neuronal physiology and brain cognitive function.
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TREK-1 deficiency alters the neuronal structure

In TREK-1 KO mice, we observed an increase of neuronal dendritic sprouting and spines. 

Although the gross length of the dendrites remains unchanged, TREK-1 KO increases 

the branch sprouting and spine density in CA1 pyramidal neurons (Fig. 3b–d). This 

observation adds to a growing list of evidence in which K+ channels have been shown 

to regulate dendritic maturation. For example, in retinal ganglion cells, Kv1.1 regulates 

the development of dendritic arborization through control of membrane excitability [30]. 

In somatosensory thalamocortical neurons, neuronal hyperexcitability, induced by Kv1.1 

repression, impairs dendritic maturation, whereas overexpression of Kv1.1 is sufficient 

to restore the synaptic connectivity during postnatal development [31]. Nevertheless, 

evidence that K+ channels regulate dendritic sprouting and spine morphology have yet 

mainly reported from certain brain regions in the developing brain, the exact mechanisms 

underlying this process is still under debate [31].

Based on the structure stability - function relationship, the dendritic spines can be classified 

into two categories, small and large [32]. Small spines (thin and filopodia spines) are 

functionally immature, whereas large spines (mushrooms and stubby spines) are structurally 

stable to maintain strong synaptic connections. In TREK-1 KO neurons, we observed an 

overall increase in the density of dendritic spines. However, it is the immature spines that 

account for the observed increase in dendritic spines (Fig 3g). Considering that immature 

spines contain a low level of PSD-95, an increase in the number of immature spines on the 

dendrites should show less impact on the total amount of PSD-95. Indeed, the quantity of 

two critical synaptic proteins synaptophysin and PSD-95, in TREK-1 KO did not differ from 

wild type (Fig 3h), which favors the view that TREK-1 KO does not alter the totality of 

functional synapses.

In a previous study, pharmacological inhibition of TREK-1 by spadin increased the 

proportion of mature spines without affecting spine densities in cultured cortical neurons 

[24]. The difference in findings between the two independent studies is likely due to the 

varied approaches that were used for TREK-1 manipulation; the genetic knockout was used 

in our study, whereas in the study reported by others, spadin was used to pharmacologically 

inhibit TREK-1 in cultured cortical neurons.

TREK-1 deficiency increases neuronal excitability

As a leak type K+ channel, genetic TREK-1 knockout produced an anticipated neuronal 

membrane potential (VM) depolarization and membrane resistance (RM) increase (Fig. 1b–

c). Accordingly, TREK-1 deficient neurons exhibited a lower rheobase and higher firing 

frequency in response to current injections (Fig. 2). Our observation is largely consistent 

with a previous finding in which the genetic deletion of TREK-1 alters sinoatrial node 

membrane excitability [33]. To the best of our knowledge, the present study has been 

the first in which the impact of TREK-1 deficiency on neuronal excitability has been 

characterized in native hippocampal neurons in brain slices.
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TREK-1 deficiency increases excitatory and inhibitory synaptic transmission

The synaptic activity is determined and dynamically regulated by the quantity and 

morphology of dendritic spines [34]. Evidently, abnormal dendritic pruning and increased 

spine density all have been shown to increase excitatory synaptic transmission [35]. In our 

study, a higher mEPSCs frequency and enhanced AMPAR-EPSCs in TREK-1 KO neurons 

appear to account for an enhanced excitatory synaptic transmission (Fig. 4). Interestingly, 

TREK-1 KO also increases the strength of inhibitory synaptic transmission (Fig 4c). It is yet 

unknown if an enhanced presynaptic GABA release and GABAA receptors expression on the 

inhibitory postsynaptic spines would account for this observation.

Mechanistically, the facilitation of synaptic transmission should in part result from TREK-1 

deficiency-induced depolarization of pre- and post-synaptic membranes. Inhibition of leak 

K+ channels depolarizes synaptic terminals to facilitate Ca2+ influx and vesicular glutamate 

release [36]. In our CA1 pyramidal neuron recordings, an increased mEPSCs frequency 

and decreased paired-pulse ratio (PPR) all occur in TREK-1 KO neurons (Fig. 4a and Fig. 

6a), indicating an enhanced presynaptic release probability in excitatory SC-CA1 synapses. 

Deletion or inactivation of voltage-gated presynaptic K+ channels, such as Kv2, and Kv1.1, 

has also been shown to enhance release probability through depolarizing presynaptic 

membrane that facilitates Ca2+ influx and vesicular neurotransmitter release [37–39]. On 

the postsynaptic sites, TREK-1 null-induced depolarization favors the summation of EPSP 

events for spike generation at the axon hillock [40]. Although increased IPSCs also appeared 

in TREK-1 KO neurons, this postsynaptic depolarization mechanism, however, should not 

be applicable to the inhibitory synaptic transmission.

In synaptic failure rate analysis, a reduced failure rate and increased AMPA EPSC amplitude 

appear in TREK-1 KO neurons (Fig. 5c–f), favoring the view of an increase in the functional 

postsynaptic AMPARs. Consequently, a higher amount of active excitatory synapses 

may contribute as an additional mechanism to an enhanced glutamatergic transmission 

in TREK-1 KO neurons. Ongoing presynaptic hyperexcitability has been speculated to 

downregulate postsynaptic AMPAR through homeostatic scaling [41]. Our results, however, 

have indicated an increased presence of functional AMPA receptors in postsynaptic 

terminals in TREK-1 KO neurons. Exocytotic insertion of AMPARs to the postsynaptic 

membrane is activity-dependent [25], we speculate that a protracted glutamatergic input 

(Fig. 4a) may convert more silent synapses to be the functionally active ones in CA1 

pyramidal cells. This may also explain an occluded LTP in SC-CA1 synapses (Fig. 6).

TREK-1 deficiency does not affect the basic electrophysiological properties and function 
of astrocyte network

Although TREK-1 channel is also expressed by astrocytes [42,18], genetic deletion 

of TREK-1 did not reveal the functional contribution of this channel to the basic 

electrophysiological properties of astrocytes in developing and mature brain [14,15]. Here, 

we further show that TREK-1 immunoreactivity can barely be detected in astrocytes (Fig 

7a), consistent with a lack of functional TREK-1 currents in astrocytes [15]. Additionally, 

we showed that TREK-1 deletion exerts no impact on the function of astrocyte syncytial 

coupling (Fig. 7), which is critical for basic brain homeostasis and synaptic transmission 

Wang et al. Page 13

Mol Neurobiol. Author manuscript; available in PMC 2022 February 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[17,28]. Nevertheless, to further differentiate the role of TREK-1 in astrocytes and neurons, 

cell-type specific TREK-1 knockout would be a better approach to answer this question in 

the future.

TREK-1 null impairs LTP and memory

We have explored the role of TREK-1 in learning and memory at both the cellular and 

animal behavioral levels. At the cellular level, we observed a reduced PPR in TREK-1 KO, 

which is a form of short-term plasticity sensitive to changes in release probability and (Fig. 

6a). Since depression of PPR is exclusively presynaptic, TREK-1 KO induced depolarization 

of presynaptic terminals and the resultant facilitation of glutamate release is likely causative.

TREK-1 KO has also shown to impair postsynaptic long-term potentiation (LTP) (Fig. 

6). The fact that the active excitatory synapses increase in TREK-1 KO neurons suggests 

a reduced pool of silent synapses. Thus, LTP occlusion in TREK-1 KO mice may well 

be caused by a nearly saturated capacity of postsynaptic functional AMPARs for further 

modulation of synaptic efficacy. Such saturation of the synaptic plasticity was also found 

in other studies. For example, repeated seizures in the hippocampus saturate synaptic 

responses, preventing LTP and impairing memory function [43]. Interestingly, TREK-1 KO 

mice displayed increased sensitivity to epilepsy [11].

TREK-1 is highly expressed in brain regions involved in memory and decision-making, i.e., 

the hippocampus and prefrontal cortex [1]. The role of TREK-1 in learning and memory 

has not been clearly defined. For example, TREK-1 KO was not shown to have an effect 

on the animal novel object recognition task [11], nor the learning/memory associated 

behavioral tasks [10]. However, TREK-1 over-expression in another study exacerbated 

isoflurane-induced memory impairment in mice [12]. In Drosophila, overexpression of ork1 

(a TREK-1 homolog in Drosophila) impairs short-term memory, whereas TREK-1 silence 

attenuated the memory deficits [44]. In our animal behavior study, the altered synaptic 

plasticity changes are associated with a hippocampus-dependent memory deficit (Fig. 6). 

These discrepancies need to be reconciled by more future study.

Therapeutic implication

Cognitive dysfunction is a major pathological feature of major depressive disorder [45]. 

In an animal study, TREK-1 KO mice displayed a depression-resistant phenotype [8]. 

Increasing evidence shows that TREK-1 blockers are highly effective antidepressants, 

therefore TREK-1 is considered as a promising target for depression treatment [46]. Our 

study indicates that TREK-1 deficiency negatively affects the LTP and memory, which 

raises concern about the potential clinical use of TREK-1 inhibitors. Interestingly, while the 

depression patients often suffer from defects in attention and memory, they also often retain 

and pay continued priority attention to the memory of negative information. Therefore, our 

results add to a growing list of evidence for evaluating the therapeutic potential of TREK-1 

inhibitors for depression treatment.
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Fig. 1. TREK-1 KO depolarizes membrane potential and increases input resistance of 
hippocampal pyramidal neurons.
a TREK-1 (left) and neuronal marker NeuN (middle) immunostaining in the hippocampal 

CA1 region. Areas outlined in the square boxes are shown in higher magnification in the 

lower panels where TREK-1 and NeuN staining are nicely co-localized in neuronal soma 

and primary dendritic processes. Scale bar represents 25 μm.

b TREK-1 KO depolarizes the membrane potential of CA1 pyramidal neurons.

c TREK-1 KO increases the input resistance (Rin) of CA1 pyramidal neurons in K+-based 

physiological pipette solution ([K+]p) but not in Cs+-based pipette solution ([Cs+]p).

d The membrane capacitance (CM) is not altered in CA1 pyramidal neurons in TREK-1 KO 

mice.

Numbers of neurons analyzed are shown in bars. Statistical significance was evaluated by 

Student’s t-test. (*P < 0.05; **P < 0.001).
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Fig. 2. TREK-1 KO increases the excitability of CA1 pyramidal neurons.
a Left, a 100 pA/300 ms current step induced 4 and 7 spikes in a WT and TREK-1 KO CA1 

pyramidal neuron, respectively. Cells were held at −70 mV. Right, a series of current steps, 

ranging from 10 pA to 230 pA at 300 ms duration and 20 pA increment, induced a steeper 

current input-spike output relationship in TREK-1KO (n = 14) than WT neurons (n = 9).

b Rheobase current for neuronal firing threshold. The inset shows the current steps from 10 

pA −100 pA steps at 10 ms duration and 10 pA increments for detecting of the rheobase 

current and threshold (dash line) for neuronal firing in a WT and TREK-1 KO neuron, 

respectively.

c TREK-1 KO significantly reduces the rheobase currents.

d TREK-1 KO decreases the threshold for neuronal firing.

e TREK-1 KO does not affect the amplitude of neuronal firing spikes.

Statistical significance was evaluated by Student’s t-test (bar graphs) or two-way ANOVA 

followed by a post-hoc Tukey HSD test (input-output plots). *P < 0.05.
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Fig. 3. TREK-1 null alters dendritic sprouting and the number of spines.
a Representative images of CA1 pyramidal neurons revealed by electrode biocytin-loading 

followed by Alexa 488-conjugated streptavidin staining. Scale bar: 100 μm.

b-d Summary of the total dendritic length (B), branch numbers (C) in both apical and basal 

dendritic trees, and apical dendritic arborization in terms of the number of intersections (D).

e Representative higher resolution 3D confocal dendritic segment images for spine 

detection, classification, and measurements. Scale bar: 3 μm.

f Summary of the dendritic spine densities in WT and TREK-1 KO groups.

g Quantification of dendritic spine subtypes. Left, images of the four different spine 

subtypes. Right, quantification of mature and immature dendritic spine subtypes of CA1 

neurons. The numbers of the dendritic segments used for quantification are shown in the 

bars, and these segments were obtained from 4–7 mice in each group.

h Western immunoblots show comparable levels of expression of presynaptic 

(synaptophysin), and postsynaptic (PSD-95) proteins in WT and TREK-1 KO mice. 

GAPDH was used as a protein quantity loading control.

Data for all bar graphs were analyzed using Student’s t-test. In C, the comparison of the 

number of intersections between the two groups was analyzed using repeated-measures 

two-way ANOVA. (*P < 0.05; **P < 0.01)
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Fig. 4. TREK-1 KO increases excitatory and inhibitory synaptic transmission in CA1 pyramidal 
neurons.
a The frequency but not the amplitude of mEPSCs increases in TREK-1 KO neurons. 

mEPSCs were recorded in the presence of 0.5 μM TTX and 100 μM PTX. Top, 

representative mEPSCs traces; Bottom, the cumulative probability of the mEPSC frequency 

(left) and amplitude (right).

b Input-output relationship of EPSCs in CA1 neurons. Input refers to graded electrical 

stimulation of Schaffer collateral (SC), whereas output refers to SC stimulation-induced 

whole-cell EPSCs. The neuronal EPSCs outputs show an increase in TREK-1 KO neurons 

(n=19) compared to wild-type neurons (n=17).

c Left, the SC stimulation-induced EPSCs and IPSCs were recorded from the same neuron 

by varying holding VM from −70 mV to 0 mV, respectively. TREK-1 KO resulted in an 

enhanced EPSCs and IPSCs compared to wildtype (P < 0.05). Right, a summary of the data.
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Statistical significance was evaluated by Student’s t-test (bar graphs), Kolmogorov-Smirnov 

test (cumulative probability plots) or two-way ANOVA followed by a post-hoc Tukey HSD 

test (input-output plot). * P < 0.05; *** P < 0.001.
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Fig. 5. TREK-1 KO increases the active/silent ratio of SC-CA1 glutamatergic synapses.
a In the presence of PTX, the AMPA-EPSC and NMDA-EPSC in CA1 pyramidal neurons 

were induced by SC stimulation at the holding VM of −70 and +40 mV, respectively. 

TREK-1 KO increases the AMPA-EPSC/ NMDA-EPSC ratio.

b The amplitudes of SC stimulation-induced NMDA receptor currents are comparable 

between WT and TREK-1 KO neurons. The NMDA receptor currents were isolated by 

adding PTX and NBQX for inhibition of GABAa and AMPA receptors, respectively.

c Minimal SC stimulation-induced AMPA-EPSC (holding at −70 mV) and NMDA-EPSC 

(holding at +40 mV) in WT and TREK-1 KO neurons. In each case, 6 consecutive traces are 

superimposed to show the variation from absence to the presence of SC stimulation-induced 

EPSCs. The NMDA-EPSCs were recorded in the presence of 10 μM NBQX.

d Use of minimal SC stimulation, the induced and failed EPSC events are plotted over a 40 

min duration in a WT and TREK-1 KO neuron as indicated. In each case, the AMPA-EPSC 

events were recorded first by holding the cell at −70 mV, and the NMDA-EPSC events were 

recorded afterward by switching the holding to +40 mV in the presence of 10 μM NBQX.

e Summary of the data from D, a less failure rate without affecting the amplitude of minimal 

SC stimulation-induced AMPA-EPSCs occurred in TREK-1 KO neurons.

f Summary of the data from D, no change in either the failure rate or the amplitude of 

minimal SC stimulation-induced NMDA-EPSCs in TREK-1 KO neurons.

Student’s t-test was used. * P < 0.05; ** P < 0.01.
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Fig. 6. TREK-1 KO depresses the ratio of paired-pulse facilitation, occludes long-term 
potentiation and impairs hippocampal-dependent space memory.
a TREK-1 KO decreases the ratio of paired-pulse facilitation (PPR) of CA3–CA1 synapses. 

Left, in a WT and TREK-1 KO neuron as indicated, two consecutive EPSCs were induced 

by SC stimulation pulses at 40 ms interval.

b LTP in the CA1 region was induced by high-frequency stimulation of SC (HFS, arrow). 

The LTP in TREK-1 KO mice was markedly occluded (n = 10) when compared to WT (n 

= 12). Left, Representative fEPSP traces CA1 region before (solid traces) and 40 min after 

HFS of SC afferents (dashed traces) in WT and TREK-1 KO mice.

c Quantification of fEPSP slope change reveals a TREK-1 KO induced occlusion of LTP. 

The quantification was made by averaging normalized fEPSP slope from 36 to 40 min after 

HFS or low-frequency stimulation, as a short line indicated in the time course of B.

d New object recognition. Left, schematic for test protocol. Right, the bar graph shows 

TREK-1 KO mice (n=11) spent less time on new objects than WT mice (n=10), as the 

discrimination index decreasing.

Student’s t-test was used. * P < 0.05; ** P < 0.01.
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Fig. 7. TREK-1 KO does not alter astrocyte K+ conductance or astrocyte syncytial 
isopotentiality.
a TREK-1 immunostaining signal is negligible in astrocytes. TREK-1 (red), NeuN (blue) 

double staining in Aldh1l1-eGFP mouse in CA1 region. Scale bar: 25 μm.

b TREK-1 OK does not alter the resting VM of hippocampal astrocytes at CA1 region (WT, 

n=33; TREK-1 KO, n=31).

c TREK-1 KO does not alter the passive K+ conductance of astrocytes. Astrocyte was held at 

−80 mV and the membrane currents were induced by command voltages from −180 to +20 

mV with 10 mV increment (inset, command voltages). Astrocytes in both genotypes showed 

a similar linear I-V relationship membrane conductance (passive) and comparable amplitude 

of passive conductance.

d The I-V curves that were constructed from the current amplitudes. The current amplitude 

at y1 (V+20 mV) and y2 (V-180 mV) were used to calculate the rectification index (RI) (see 

Methods).

e Astrocyte syncytial isopotentiality remains intact in TREK-1 KO mice. Left, a schematic 

illustration of the use of non-physiological [Na+]p or [Cs+]p to examine the existence of 

syncytial isopotentiality in an astrocyte network. Right, representative VM,ss recordings with 
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[K+]p, [Na+]p and [Cs+]p, respectively. Insets show an unchanged VM,ss in TREK-1 KO 

astrocytes.

Student’s t-test was used.
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