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Abstract
Hippocampal synaptic plasticity disruption by amyloid-β (Aβ) peptides + thought to be 
responsible for learning and memory impairments in Alzheimer's disease (AD) early stage. 
Failures in neuronal excitability maintenance seems to be an underlying mechanism. 
G-protein-gated inwardly rectifying potassium (GirK) channels control neural excitability 
by hyperpolarization in response to many G-protein-coupled receptors activation. Here, 
in early in vitro and in vivo amyloidosis mouse models, we study whether GirK channels 
take part of the hippocampal synaptic plasticity impairments generated by Aβ1–42. In vitro 
electrophysiological recordings from slices showed that Aβ1–42 alters synaptic plastic-
ity by switching high-frequency stimulation (HFS) induced long-term potentiation (LTP) 
to long-term depression (LTD), which led to in vivo hippocampal-dependent memory 
deficits. Remarkably, selective pharmacological activation of GirK channels with ML297 
rescued both HFS-induced LTP and habituation memory from Aβ1–42 action. Moreover, 
when GirK channels were specifically blocked by Tertiapin-Q, their activation with ML297 
failed to rescue LTP from the HFS-dependent LTD induced by Aβ1–42. On the other hand, 
the molecular analysis of the recorded slices by western blot showed that the expres-
sion of GIRK1/2 subunits, which form the prototypical GirK channel in the hippocampus, 
was not significantly regulated by Aβ1–42. However, immunohistochemical examination 
of our in vivo amyloidosis model showed Aβ1–42 to down-regulate hippocampal GIRK1 
subunit expression. Together, our results describe an Aβ-mediated deleterious synaptic 
mechanism that modifies the induction threshold for hippocampal LTP/LTD and underlies 
memory alterations observed in amyloidosis models. In this scenario, GirK activation as-
sures memory formation by preventing the transformation of HFS-induced LTP into LTD.
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1  | INTRODUC TION

One important mechanism controlling the excess of excitation in 
neurons relies on G-protein-gated inwardly rectifying potassium 
(Kir3/GirK) channels. There are four primary neuronal GIRK sub-
units, GIRK1-4 (Glaaser & Slesinger, 2015), although in the hippo-
campus prototypical GirK channels are formed by GIRK1 ⁄GIRK2 
heteromultimers (Lujan, Fernandez, Velasco, Aguado, & Wickman, 
2014). At resting membrane potential values, GirK activation gen-
erates an outward K+ current that decreases neuronal excitability 
by hyperpolarization (Luscher & Slesinger, 2010). They mediate in-
hibitory responses as effectors of a variety of G-protein-coupled 
receptors for neurotransmitters such as GABA (GABAB), 5-HT 
(5HT-1A), adenosine (A1R), dopamine (D2 and D4), opioids (CB1), 
or somatostatin (Glaaser & Slesinger, 2015). GirK channels gain-of-
function leads to models of Down syndrome or Parkinson's disease, 
whereas loss-of-function underlies disorders such as epilepsy, addic-
tion or pain (Luscher & Slesinger, 2010), suggesting their main role as 
regulators for the fine tuning of excitation/inhibition physiological 
homeostasis.

Alzheimer's disease (AD) has been associated with high lev-
els of amyloid-β (Aβ) peptides in the brain (Selkoe & Hardy, 2016). 
Evidence supports the observation that Aβ induces subtle changes 
in the balance between excitatory and inhibitory neurotransmis-
sion during preclinical states of AD (Palop & Mucke, 2010). Such 
imbalance leads to neuronal hyperactivity that constitutes an early 
neuronal dysfunction (Busche & Konnerth, 2015) which has conse-
quences at the synaptic, circuits and neural networks, and behav-
ioral levels (Busche & Konnerth, 2016; Goutagny & Krantic, 2013; 
Palop & Mucke, 2010; Zott, Busche, Sperling, & Konnerth, 2018). 
Hippocampal circuits dysfunction because of Aβ-induced hyperactiv-
ity appears as one of the initial symptoms in the pathogenic cascade 
of AD (Busche & Konnerth, 2016). Neural hyperactivity is accompa-
nied by impairments of hippocampal oscillatory activity and loss of 
synaptic plasticity mechanisms (Kurudenkandy et al., 2014; Palop & 
Mucke, 2016; Sanchez-Rodriguez, Gruart, Delgado-Garcia, Jimenez-
Diaz, & Navarro-Lopez, 2019; Sanchez-Rodriguez et al., 2017; Varga 
et al., 2015), causing alterations of hippocampal long-term synaptic 
potentiation (LTP) and depression (LTD) (Styr & Slutsky, 2018), the cel-
lular substrates of memory (Lomo, 2018; Luscher & Malenka, 2012). 
All these factors underlie the deterioration of hippocampal cognitive 
functions. Although most of the mechanisms for Aβ-impairing excit-
ability are still unknown, therapies focused on neuronal inhibition 
enhancement are showing very promising results in animals, and in 
humans (Bakker et al., 2012; Vossel, Tartaglia, Nygaard, Zeman, & 
Miller, 2017). Thus, GirK channels emerge as an interesting tool based 
on their inhibitory role as key regulators of neuronal excitability in the 
hippocampus (Slesinger, 2015).

It has been previously reported that Aβ induces a reduction in gene 
expression of hippocampal GirK subunits (Mayordomo-Cava, Yajeya, 
Navarro-Lopez, & Jimenez-Diaz, 2015) and decreases GirK conduc-
tance inducing an increase in excitability in CA3 pyramidal neurons 
(Nava-Mesa, Jimenez-Diaz, Yajeya, & Navarro-Lopez, 2013). We also 
found in behaving mice that GirK-dependent signal enhancement res-
cued hippocampal functions in an in vivo mouse model of early Aβ 
pathology (Sanchez-Rodriguez et al., 2019, 2017). Here, we focused 
on the mechanisms by which hippocampal synaptic plasticity is altered 
in amyloidopathy models (Styr & Slutsky, 2018). It is well stablished 
that high-frequency stimulation (HFS) applied to the Schaffer collater-
als induces LTP of the synaptic responses (Bliss, Collingridge, Morris, 
& Reymann, 2018) but in the present work we show that Aβ trans-
forms HFS-induced LTP into LTD with subsequent memory formation 
impairment. Interestingly, this Aβ-deleterious action can be avoided 
by selective enhancement of GirK—dependent signaling supporting 
the hypothesis of counteracting neuronal hyperactivity as a potential 
tool to restore excitability levels and upstreaming functions lost in AD 
brain (Busche & Konnerth, 2015; Nava-Mesa, Jimenez-Diaz, Yajeya, 
& Navarro-Lopez, 2014; Palop & Mucke, 2016; Styr & Slutsky, 2018).

2  | MATERIAL S AND METHODS

2.1 | Animals

Experiments detailed in the flowchart (Figure 1) were carried out on 
150 C57BL/6 male mice (RRID:MGI:5,656,552) aged 3–10 weeks old 
(10–25 gr) obtained from an authorized distributor (Charles River). 
Mice were housed in group cages (n = 5) before surgeries, after 
which they were placed in individual cages and a piece of environ-
mental enrichment for rodents was provided. They had ad libitum 
access to food and water throughout all experiments. All animal pro-
cedures were reviewed and approved by the Ethical Committee for 
Use of Laboratory Animals of the University of Castilla-La Mancha 
(Ref: PR-2018-05-11), and followed the European Union guidelines 
(2010/63/EU) and Spanish regulations for the use of laboratory ani-
mals in chronic experiments (RD 53/2013 on the care of experimen-
tal animals: BOE 08/02/2013). The study was not pre-registered and 
was exploratory.

2.2 | Hippocampal slice preparation for 
electrophysiology

Hippocampal slices were prepared as described previously (Nava-
Mesa et al., 2013). Briefly, animals were deeply anesthetized with 
halothane (Fluothane; AstraZeneca) as suggested by the Ethical 
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Committee because of its high efficacy and quick action and re-
ceived buprenorphine intramuscularly as analgesic (0.01 mg/
kg; # 062,009, BUPRENODALE®; Albet). They were intracardi-
cally perfused with 1 ml oxygenated (95% O2 + 5% CO2) ice-cold 
(4–6°) artificial cerebrospinal fluid (aCSF), modified with sucrose 
(234 mM, #84100; Sigma) replacing the NaCl (118 mM, #S9888; 
Sigma) to minimize damage, and decapitated. The brain was ex-
cised and rapidly immersed in oxygenated ice-cold modified aCSF. 
Horizontal brain slices (300-µm thick) were obtained with a vi-
bratome (7000smz-2; Campden Instruments). Slices were incu-
bated in oxygenated normal aCSF (containing in mmol/L: 118 NaCl, 
3 KCL (#P3911; Sigma), 1.5 CaCl2 (#499609; Sigma), 1 MgCl2 
(#208337; Sigma), 25 NaHCO3 (#S6014; Sigma), 30 Glucose 
(#G8270; Sigma) and 1 NaH2PO4 (#S8282; Sigma), pH = 7.35) 1 hr 
at 30°C and then, for at least 1 hr, at room temperature (22°C) 
before the recordings.

For electrophysiological recordings a single hippocampal slice 
(3–4 per animal, n = 23) was transferred to an interface recording 
chamber (BSC-HT and BSC-BU; Harvard Apparatus) and perfused 
continuously with aCSF. Extracellular field potentials from de CA1 
pyramidal neurons were recorded using a borosilicate glass micro-
pipette (1–3 MΩ; RRID:SCR_008593; World Precision Instruments) 
filled with aCSF positioned on the slice surface in the stratum ra-
diatum of CA1 region of the hippocampus and connected to the 
headstage of an extracellular recording amplifier (NeuroLog System; 
Digitimer). The synaptic responses were evoked by single pulses 
stimulation applied at 0.5 Hz on the Schaffer collaterals path-
way through a tungsten concentric bipolar stimulating electrode 
(TM33CCINS-B; World Precision Instruments) using a programma-
ble stimulator (MASTER-9; A.M.P.I). Biphasic, square-wave pulses of 
1 ms duration were adjusted to the intensity necessary for evoking 

≈40% of a maximum field excitatory post-synaptic potential (fEPSP) 
response.

For long-term potentiation (LTP) induction, a high-frequency 
stimulation (HFS) was used consisting of 100 Hz trains of 1-s dura-
tion repeated five times with a 30-s inter-train interval (Schuette, 
Fernandez-Fernandez, Lamla, Rosenbrock, & Hobson, 2016). The 
stimulus intensity was also set to ≈40% of its asymptotic values. 
Baseline values for the amplitude of fEPSPs evoked at the CA3—CA1 
synapse were collected at least 10 min prior to LTP induction. After 
LTP induction fEPSPs were recorded during at least 30 min.

2.3 | Western blotting

Hippocampal slices (3–4 per condition and per animal, n = 7) were in-
cubated at room temperature in two different conditions, (a) ACSF or 
(b) ACSF enriched with Aβ1–42 (0.5 μM), during different time periods 
(0, 30, 120 min). Time points for protein expression analysis where 
chosen based on our previous in vitro results (Mayordomo-Cava 
et al., 2015). GIRK1 and 2 were evaluated as their heterotetramers 
are the prototypical Girk channels in the hippocampus (Fernandez-
Alacid, Watanabe, Molnar, Wickman, & Lujan, 2011). Finally, the 
slices were collected after incubation and frozen at −80°C at each 
time point until further processing. Proteins were extracted in 150 μl 
RIPA buffer (#R0278; Sigma) by blender homogenization, incubated 
for 2 hr on ice and centrifuged at 12,000 g to remove the debris. 
The proteins were diluted to yield 1 mg/ml and stored in aliquots 
at −80°C. 10 μg of total protein were used for the electrophoresis 
with the Mini Protean 3 Cell System (Bio-Rad) and resolved in 10% 
acrylamide gels as described elsewhere (Vega-Avelaira, Moss, & 
Fitzgerald, 2007). Following the blot, membranes were blocked in 

F I G U R E  1   Scheme of animals, experiments and corresponding figures. IHC, immunohistochemistry; LTP, long-term potentiation; LFP, 
local field potential; LABORAS®, Laboratory Animal Behavior, Observation, Registration, and Analysis System
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PBS solution (#P4417; Sigma) with 0.1% Tween 20 (#P9416; Sigma) 
and 4% semi-skimmed milk powder (Nestle). The primary antibodies 
were incubated at 4°C overnight with gentle shaking and diluted in 
blocking buffer (rabbit anti-GIRK1 [#APC-005] or rabbit anti-GIRK2 
[#APC-006] at 1:500 from Alomone or mouse anti-beta-tubulin at 
1/2000 [#T8328; Sigma]). Secondary antibodies (anti-rabbit IgG-
HRP [#AP307] and anti-mouse IgG-HRP [#AP130P]) from Sigma 
were used at a dilution of 1/2000. Antibody excess was removed 
with six washes in PBS/0.1% Tween 20. To reveal the signal, we 
used the ECL western blotting detection system from Amersham 
biosciences (Buckinghamshire) and the images were acquired with 
the ChemiDoc™ MP Imaging System (Bio-Rad). The intensity of the 
western blots bands for anti-GIRK1 (~60 kDa), anti-GIRK2 (~45 Kda) 
were measured by densitometry with Image Lab 6.0.1 Software 
(Bio-Rad) and beta-tubulin (~50 kDa) as housekeeping gene for nor-
malization. Values were expressed as the ratio in percentage “densi-
tometry protein/densitometry β-tubulin” named as “mean intensity 
normalized” and represented with the standard deviation.

2.4 | Surgery for intracerebroventricular drug 
injections in alert animals

For the intracerebroventricular (i.c.v.) administration of drugs in-
cluded in this study, C57BL/6 (n = 68, 24–34 g) male mice were 
prepared as previously described (Sanchez-Rodriguez et al., 2019, 
2017). Mice were anesthetized with ketamine/xylazine admin-
istered intraperitoneally (75/10 mg/Kg; KETALAR®; Pfizer and 
ROMPUM®; Bayer), following the guidelines and authorization of 
the Ethical Committee of the University of Castilla-la Mancha be-
cause of their deep, stable and prolonged anesthetic effect; and 
implanted chronically with a blunted, stainless steel, 26-G guide 
cannula (Plastic One) in the ventricle (0.5 mm posterior to bregma, 
1.0 mm lateral to midline, and 1.8 mm below the brain surface 
(Paxinos & Franklin, 2001), fixed to the skull with the help of two 
small screws and dental cement (Figure 4a). Buprenorphine was 
administered intramuscularly as analgesic during and after surgery 
(0.01 mg/kg; # 062,009, BUPRENODALE®; Albet). Injections were 
carried out with a 33-G internal cannula, 0.5 mm longer than the 
implanted guide cannula and inserted inside it. Mice were allowed 
a week for recovery before experimental sessions. After surgery a 
healing cream (Blastoestimulina; Almirall) was applied to accelerate 
recovery and decrease animal suffering. Handling was performed 
routinely to minimize stress to the mice during experimental ma-
nipulation. Injections were performed in freely moving mice with the 
help of a motorized Hamilton syringe at a rate of 0.5 μl/min. In order 
to avoid bias and blind the experimenter to treatment, experimental 
group assignment (both drug code and animal) in each experiment 
was performed by a different person than the experimenter. Drugs 
were coded by numbering each drug from #X = 1 to 5 in all experi-
ments except in Figure 4 were the number of drugs was #X = 3). 
Likewise, each animal was coded by numbering them arbitrarily 
from 1 to #Y (#Y = total number of animals in the experiment). No 

randomization was performed to assign numbers to drugs or ani-
mals in each experiment. Then, animals and drugs were matched for 
treatment following the order of the coding numbers in repeated 
sequences. Thus, animals were treated and assessed following the 
repeated sequences (an example would be as follows: sequence of 
drugs # 1,2,3: drug #1 to animal #1, drug #2 to animal #2, drug #3 to 
animal #3; code sequence for drugs starts again: drug #1 to animal 
#4, drug #2 to animal #5, etc.). Animals were assigned to each ex-
perimental group in each experiment after assessing that they were 
fully recovered and did not present any signs of pain, suffering or 
altered behavior after surgeries. Three animals were excluded from 
further experiments after surgery as they showed ≥25% weight loss. 
These animals were not replaced, resulting in accordingly lower final 
numbers of animals for the respective experiments.

Animals prepared in the way described above (i.e., chronic guide 
cannula implanted in the left ventricle) were used for behavioral test-
ing and immunohistochemical experiments. As described in Figure 1, 
one cohort of animals was used for open field habituation testing in 
the LABORAS® system (see corresponding sections below). A sec-
ond cohort of mice was used for rota-rod testing (see Supporting 
Information, Figure S4) and immunohistochemistry to study GIRK1 
expression in the dorsal hippocampus (details below). In addition, 
some animals i.c.v.-injected with Aβ1–42 (or vehicle) were also used 
to study the peptide diffusion in the brain. For that purpose, im-
munohistochemistry against Aβ1–42 was performed (Supporting 
Information, Figure S1).

An additional cohort of animals was prepared for the chronic 
recording of local field potentials from the CA1 region of the hippo-
campus together with chronic implantation of a guide cannula in the 
ventricle. Animals operated this way were used for both open field 
habituation memory testing in an actimeter (Supporting Information, 
Figure S2) and to asses excitability of the hippocampus in our i.c.v.-in-
jected experimental groups (Supporting Information, Figure S3).

2.5 | Open field habituation test

Habituation is an elementary form of non-associative hippocampal-
dependent learning. In rodents, habituation to a novel environment 
is defined as a change in exploratory or locomotor activity with re-
peated exposures (Leussis & Bolivar, 2006). In this study, re-expo-
sure to an open field (habituation test) was used to test this form 
of learning. Animals performed one trial per day in two consecu-
tive days. Trial 1 on day 1 was the initial exposure to the open field 
(OF1 or training trial), and trial 2 was a 24 hr later re-exposure to 
the arena (OF2, retention or habituation trial). I.c.v. injections were 
performed 1 hr before retention trial. Either saline, soluble Aβ1–42, or 
Aβ1–42 + ML297 were injected through a guide cannula as described 
above. On each trial, mice were placed in the center of the open field 
arena and allowed to explore for 15 min. Animal movements were 
automatically recorded for the 15-min period using a LABORAS® 
system (Laboratory Animal Behavior, Observation, Registration, and 
Analysis System, Metris). The open field was a LABORAS® cage 
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made of 40 × 23 × 4 cm Plexiglas base arena and a 40 × 23 × 11 cm 
top. Total traveled distance was assessed by LABORAS® system 
based on detecting vibrations of the movements of each mouse. All 
data were digitized and analyzed using Metris software. The arena 
was cleaned with 70% EtOH and allowed to dry between animals to 
remove odors. Injections and behavioral tests were performed in the 
morning timeframe (9 a.m. to 2 p.m.).

2.6 | Histology, immunochemistry, and 
image analysis

After behavioral experiments were performed, some animals from 
each experimental group (n = 7 animals per group) were selected 
for histological and immunohistochemical studies. Mice were deeply 
anesthetized with ketamine/xylazine administered intraperitoneally 
(75/10 mg/Kg; KETALAR®; Pfizer and ROMPUM®; Bayer), follow-
ing the guidelines of the Ethical Committee of the University of 
Castilla-la Mancha because of their deep and prolonged anesthetic 
effect. They received buprenorphine intramuscularly as analgesic 
(0.01 mg/kg; # 062,009, BUPRENODALE®; Albet), and were per-
fused transcardially with 0.9% saline (#S9888; Sigma) followed by 
4% paraformaldehyde (#141451; Panreac Applichem) prepared in 
phosphate-buffered saline (PBS; #P4417; Sigma; 0.1 M, pH 7.4). 
Their brains were removed and cryoprotected in 30% sucrose 
(#84100; Sigma) in PB. Coronal sections (40 µm) were obtained 
using a sliding freezing microtome (Microm HM 450) and collected 
serially in a solution of glycerol (#G7757; Sigma)-PBS (1:1) for stor-
age at −20°C. Selected sections including the implanted cannula 
sites were mounted on gelatinized glass slides and stained using the 
Nissl technique with 0.25% Thionine (#8893; Sigma) to determine 
the location of the implanted cannula.

For fluorescence immunohistochemistry, free-floating sections 
were blocked with 10% normal donkey serum (RRID:AB_2810235; 
Sigma) in Tris-buffered saline (TBS) containing 0.1% Triton X-100 
(#T8532; Sigma; TBS-T) for 45 min, and then incubated overnight 
at room temperature with polyclonal rabbit anti-GIRK1 (1:400; 
RRID:AB_2571710, Frontier Institute) primary antibody in TBS-T 
with 0.05% sodium azide (#S/2360/48; Fisher Scientific) and 5% NDS. 
The following day, sections were rinsed in TBS-T (3 × 10 min) and 
incubated for 2 hr at room temperature with 1:150 dilutions of FITC-
conjugated donkey anti-rabbit (RRID:AB_2315776; Jackson Immuno 
Research) in TBS-T. After several washes with TBS (3 × 10 min), slices 
were incubated in 0.01% DAPI (#sc-3598; Santa Cruz Biotechnology) 
in TBS for 5 min. Finally, sections were washed with TBS (3 × 10 min), 
mounted on gelatinized glass slides, dehydrated and coverslipped 
using a fluorescence mounting medium (#S3023; Dako mounting me-
dium, Agilent). Images were acquired by confocal microscopy using 
a laser scanning microscope (LSM 800; Carl Zeiss). GIRK1 subunit 
expression was calculated from 3 × 4-stitched images, at 10× magni-
fication, using ImageJ software (RRID:SCR_003070; NIH). Randomly 
selected squares of approximately 15 × 15 μm through the stratum 
lacunosum-moleculare were used to measure the intensity of GIRK1 

inmunostaining (i.e. optical density) at the dorsal hippocampus. GirK 
channels are mainly expressed in the dendrites of pyramidal neurons 
in the hippocampus and these expression is related to their role in 
controlling glutamatergic inputs, especially those coming from the 
entorhinal cortex through the perforant pathway, which are distrib-
uted along the stratum lacunosum-moleculare (Lujan & Aguado, 2015). 
Therefore, immunolabeling for GIRK1 is intense in this CA3-CA1 
dendritic layer. Thus, we hypothesized that possible optic density 
variations between experimental groups could be measured more 
accurately in this area, because of the greater range of measurement 
values. Mean background level, obtained from four different squares 
from non-stained areas, was subtracted, and the values of optical 
density were normalized with respect to the control (vehicle) group 
values. Data were expressed as mean ± SEM.

2.7 | Chemicals and their application

All drugs were stored at −20°C as concentrated aliquots in distilled 
water and applied by superfusion to the slice at a rate of 3 ml/min. 
ML297 (#ab143564; Abcam) was dissolved in PBS with the help of a 
shaker and/or sonicator, aliquoted (0.5 mM) and perfused at 10 μM 
(Kotecki et al., 2015), whereas tertiapin-Q (TQ) (#T1567; Sigma) was 
perfused at 0.5 μM (Nava-Mesa et al., 2013). Stock solutions of syn-
thetic human Aβ1–42 and its reverse control Aβ42-1 (#4014447 and 
#4027991, respectively, both from Bachem) were prepared in 0.1% 
NH4OH (#338818; Sigma) at a concentration of 0.2 mM (Teplow, 
2006; Ulrich, 2015) and perfused at 0.5 µM (Tamagnini, Scullion, 
Brown, & Randall, 2015). For western blotting hippocampal slices 
were incubated at same concentration. To model focal Aβ pathology in 
the hippocampus in vivo, we selected a non-transgenic mouse model 
we have previously used (Sanchez-Rodriguez et al., 2019, 2017), that 
resembles initial preclinical stages of the disease and enables evalu-
ating the key role of early amyloid forms in AD. Briefly, Aβ1–42 was 
dissolved in vehicle and incubated 1 hr at room temperature before 
injection to form highly toxic prefibrillar oligomers (Jan, Hartley, & 
Lashuel, 2010). For i.c.v. injection, 3 μg of Aβ1–42 was dissolved in 3 μl 
of vehicle and injected through the guide cannula using a Hamilton 
syringe at a rate of 0.5 μl/min. Drug diffusion after i.c.v. injection was 
studied confirming that was mainly restricted to dorsal hippocampal 
formation (Supporting Information Figure S1). For the Aβ1–42 + ML297 
group, sequential 3 µl-injections of each drug were made at 15 min 
intervals (Aβ1–42 administration took place first, and ML297 (1.5 mM) 
was injected 15 min later) to both assure small volume injections at 
a time and avoid any flow back when removing the internal cannula.

2.8 | Data analysis

Blinding was achieved in all experiments as experimenters were al-
ways unaware of the animal's treatment during in vitro or behav-
ioral experimentation and while performing all different analysis. 
Statistical analysis of collected data was performed with SPSS 15.0 
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(RRID:SCR_002865). Normal distribution of the data was tested 
with Kolmorov–Smirnov's test. Homogeneity of variances was as-
sessed with Levene's test. When the distribution of the variables 
was normal Student's t test (Figure 3, western blot data; Figures 
S2 and S3 in vivo data), one-way (Figure 2 in vitro data; Figures 3, 
4, Figures S2 and S3 in vivo data; Figure 5, immunohistochemistry 
data) or two-way repeated measures ANOVA (Figure 2 and Figure S4 
where treatment was the inter-subject variable, and time (Figure 2) or 
trial (Figure S4) the intra-subject variable) followed by post hoc test 
analysis (DMS or Dunett's methods for multiple comparisons) were 
performed as needed. When data were not normally distributed 
the appropriate non-parametric test was used (Kruskal–Wallis and 
Mann–Whitney U tests for Figure S2, behavioral data). Statistical 
significance was determined at a level of p ≤ .05.

In vitro recordings were acquired online with the help of a 
CED 1,401 interface (CED), and stored on a personal computer 
(sample frequency 12.5 kHz). Data were analyzed with Signal 7 
(RRID:SCR_017081) program. As synaptic responses were not con-
taminated by population spikes, the amplitude (i.e., the peak-to-peak 
value in mV during the rise-time period) of successively evoked fEP-
SPs was computed and stored for later analysis. Unless otherwise 
indicated, the electrophysiological in vitro data are always expressed 
as mean ± standard error of the mean, and n represents the number 
of averaged slices. Synaptic potentials were averaged (≥5) before 
quantitative analysis.

Computed results were processed for graphical purposes using 
the SigmaPlot 12.3 software (RRID:SCR_003210). Final figures 
were prepared using CorelDRAW v.18 Graphics Suite software 
(RRID:SCR_014235). Box-plot was used to rule out outlier values in 
our data (three animals were excluded from the analysis of the open 
field habituation test in Figure 4, and 17 slices from the in vitro LTP ex-
periments (Figure 1) because of an abnormal potentiation/depression 
or the lack of sufficient stability in the recording). No sample size cal-
culation was performed. No exclusion criteria were pre-determined.

3  | RESULTS

3.1 | Aβ1–42 converts HFS-dependent LTP into LTD 
at hippocampal CA3—CA1 synapse

LTP has been shown to have a capital role in the hippocampal CA3—
CA1 synapse for learning and new memories formation processes 
(Kumar, 2011). Synaptic plasticity deficits have been previously re-
ported for AD acute models (Eslami, Sadeghi, & Goshadrou, 2018; 
Kimura, MacTavish, Yang, Westaway, & Jhamandas, 2012). However, 
the effect of GirK channels modulation on Aβ-induced LTP impair-
ments has not been deeply investigated. For that purpose, first, HFS 
was applied at Schaffer collaterals to induce LTP in CA1 region in 
vitro. Then the evolution of fEPSPs amplitude evoked in CA1 were 
compared to baseline for 30 min. This protocol induced a LTP of 
123.2 ± 3.2% of baseline in control slices (n = 10 slices; black circles, 
Figure 2a and black bar, Figure 2c. Note that for each experimental 

group, bars in Figure 2c represent potentiation level in the 30 min 
after HFS protocol as the mean of the nine points measured post-
HFS from every slice) which remained stable for, at least, half an hour 
after HFS (F(11,99) = 3.86, p < .001). However, application of soluble 
Aβ1–42 (0.5 µM) significantly depressed LTP induced by the potentia-
tion protocol to LTD (n = 9 slices, Figure 2a, red circles; Figure 2c, 
88.7 ± 3.1% of baseline; post hoc vs. control, p = .015). In contrast, 
equimolar concentrations of the reverse peptide, Aβ42-1 (0.5 µM), did 
not significantly affect to LTP (n = 4 slices, Figure 2a, blue circles; 
Figure 2c, 133.6 ± 2.5%; post hoc vs. control, p = .726), suggesting 
that LTP inhibition induced by Aβ1–42 is therefore, specific.

3.2 | Aβ1–42-induced depression of hippocampal 
CA3—CA1 LTP is prevented by GirK-dependent signal 
enhancement

GirK-dependent signal plays an important role as resting conduct-
ance for controlling neuronal excess of excitability in CA1 neurons 
(Drake, Bausch, Milner, & Chavkin, 1997; Kim & Johnston, 2015) and 
gating hippocampal synaptic plasticity processes (Malik & Johnston, 
2017). As neuronal hyperexcitability induces early synaptic dysfunc-
tions in the pathogenesis of AD (Palop & Mucke, 2010) we evalu-
ated in vitro whether increasing GirK conductance impedes the 
Aβ-mediated transformation of HFS-induced LTP into LTD. Slices 
were sequentially perfused by Aβ1–42 (0.5 μM) for 10 min, followed 
by 10 min with ML297 (10 μM), and then 10 min of baseline before 
the HFS application. This protocol did assure the induction of the 
HFS-dependent LTD before activating GirK channels (Figure 2b). 
As shown in Figure 2b,c, LTP was induced in the slices treated with 
Aβ1–42 + ML297 (n = 10 slices, gray circles and bar; 121.6 ± 2.8% of 
baseline) without differences with control (vehicle) values (p = .998), 
but with values significantly higher than the slices perfused only 
with Aβ1–42 (p = .008) that showed LTD instead of LTP (Figure 2a). 
However, the increase in GirK-dependent signal with ML297 (10 μM) 
alone hindered LTP (n = 12 slices, Figure 2b,c, yellow diamonds and 
bar, respectively; 100.5 ± 1.8% of baseline; p = .059) probably be-
cause of a massive hyperpolarization that does not allow NMDA 
activation needed for LTP induction. Thus, the activation of GirK 
channels is able to protect the mechanisms needed for LTP induction 
from the depressive Aβ1–42 action in our in vitro amyloidosis model.

Given that Aβ has been shown to alter GirK channels at the mo-
lecular (May et al., 2017; Mayordomo-Cava et al., 2015) and synaptic 
(Nava-Mesa et al., 2013) levels, we asked whether blocking of GirK-
dependent signaling with TQ would interfere with synaptic plasticity 
depression induced by Aβ1–42. As lack of GirK channels has been 
shown to be deleterious for cognition (Slesinger et al., 2015) we first 
evaluated the effect of TQ (0.5 μM) on LTP induction. In Figure 2b it 
can be observed that when TQ was perfused HFS was able to generate 
a significant potentiation of the synaptic responses in comparison to 
Aβ1–42, although it was significantly lower than control's (n = 13 slices, 
Figure 2b,c; white triangles and bar; 112 ± 1.3% of baseline, post hoc 
vs. control, p < .042). However, pre-application of TQ did not prevent 
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the depressant effect of Aβ1–42 on synaptic plasticity and LTD was 
induced (n = 10 slices, Figure 2b,c; green circles and bar; 91.5 ± 2.9% 
of the baseline). This value was significantly different from control ve-
hicle values (p = .005), and equivalent to the slices treated with Aβ1–42 
(p = .817) indicating that the blockage of GirK channels by TQ did not 
directly interfere with the mechanism by which Aβ1–42 transforms 
HFS-induced LTP into LTD in our in vitro model of early amyloidosis.

Finally, we asked whether GirK channels blocking with TQ would 
obstruct the protective effect of ML297 on LTP mechanisms disrupted 

by Aβ1–42. Before baseline recordings, slices were sequentially per-
fused by TQ (0.5 μM), to block GirK channels, and then Aβ1–42 (0.5 μM), 
and ML297 (10 μM) for 10 min each. As shown in Figure 2b,c, HFS also 
induced LTD (i.e., depressed LTP to 89.6 ± 3.6% of baseline; n = 6 slices, 
purple circles and bar), with similar values to Aβ1–42 or TQ + Aβ1–42 
groups, but significantly different to control slices (post hoc vs. control 
vehicle p = .012). These results indicate that GirK channels blocking by 
TQ did not interfere with Aβ1–42 action but avoided the ML297 conser-
vative effects on LTP mechanisms in our in vitro model of amyloidosis.

3.3 | Hippocampal GirK protein pattern is not 
affected by Aβ1–42 in slice preparation

Protein expression of GIRK1 and GIRK2 was assessed in hippocam-
pus slices treated with Aβ1–42 for incubations of 30 and 120 min 

F I G U R E  2   Effect of amyloid-β (Aβ)1–42 and G-protein-gated 
inwardly rectifying potassium channels (GirK) signaling modulation 
on long-term potentiation (LTP) in vitro. Hippocampal slices were 
perfused with Aβ1–42 (0.5 μM), Aβ42-1 (0.5 μM), ML297 (10 μM), 
TQ (0.5 μM) or different combinations of Aβ1–42, ML297 and TQ. 
A baseline was stablished by stimulating Schaffer collaterals at 
0.5 Hz. LTP was induced by an high-frequency stimulation (HFS) 
protocol, and evolution of field excitatory post-synaptic potential 
(fEPSP) amplitude was analyzed during the following 30 min. 
Representative examples of averaged (n = 20) fEPSPs at time (1) 
Baseline; and (2) after HFS, are illustrated in (a) and (b) for each 
experimental group. (a) Data represent fEPSP amplitude after 
LTP induction in control (vehicle), Aβ1–42 and Aβ42-1-treated slices. 
There were significant differences in potentiation levels between 
experimental groups (F(2,20) = 6.23; p = .008). Aβ1–42 prevented 
LTP and induced long-term depression (LTD) (post hoc vs. control, 
p = .015). In Aβ42-1-treated slices, LTP did not differ from the control 
vehicle group (post hoc vs. control, p = .726). (b) Plot representing 
fEPSP amplitude after LTP induction in control (vehicle), TQ, 
ML297, Aβ1–42 + ML297, TQ + Aβ1–42, and TQ + Aβ1–42 + ML297-
treated slices. Potentiation levels between experimental groups 
were significantly different (F(5,55) = 4.77; p = .001). Note that after 
decreasing GirK-dependent signal with TQ, the LTP induced was 
lower than control's (post hoc TQ vs. control, p = .042), whereas 
GirK channel activation with ML297 hindered LTP (post hoc ML297 
vs. control, p = .03). In contrast, an increase in GirK channels 
conductance restored the LTP abolished by Aβ1–42 (post hoc 
Aβ1–42 + ML297 vs. control, p = .998). However, Aβ1–42 prevents 
LTP (inducing LTD) even when GirK channels were previously 
closed by TQ (post hoc TQ + Aβ1–42 vs. control, p = .005). Blocking 
GirK channels also prevented restoration of LTP by ML297 in our 
in vitro model of amyloidopathy (post hoc TQ + Aβ1–42 + ML297 
vs. control vehicle, p = .012). (c) For each experimental group, bars 
illustrate potentiation level in the 30 min following HFS protocol as 
the mean of all measured post-HFS points (9 potentiation measures 
per treatment/slice in 30 min) from every slice (4–13 slices per 
treatment). Number of slices for each condition is indicated in 
the corresponding bar. n numbers for each condition = number of 
total independent potentiation points = number of slices for each 
condition multiplied by nine potentiation measures per slice. Error 
bars represent the standard error of the mean. *p < .05; ***p < .001
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(Figure 3). Using western blotting, we found the expected band of 
60 KDa for GIRK1 (Figure 3a), as well as the 45 KDa band for GIRK2 
(Figure 3b). Our results show that Aβ1–42 did not induce significant 
changes on the GirK subunits analyzed at the protein expression 
level in our in vitro model of amyloidosis.

3.4 | Hippocampal GirK activation counteracts 
memory deficits induced by Aβ1–42

LTP is proposed to be the functional correlate that underlies learn-
ing and memory processes in the hippocampus (Bliss, Collingridge, & 
Morris, 2007). LTD has also been shown to have a relevant role in hip-
pocampal-dependent learning (Kemp & Manahan-Vaughan, 2007). 
As we found in vitro that LTP deficits induced by Aβ1–42 consisted 
on the actual induction of LTD and were compensated by enhanc-
ing GirK-dependent signaling (Figure 2b), we asked whether these 
results might be extrapolated to an in vivo system. For that purpose, 
we assessed hippocampal-dependent memory with an habituation 
test as LTD has been mainly related to habituation forms of and to 
be mainly associated to habituation forms of memory (Collingridge, 
Peineau, Howland, & Wang, 2010) and extinction of previous mem-
ories (Bliss et al., 2007; Malleret et al., 2010). However, before ha-
bituation memory testing, we confirmed that spontaneous activity 
recorded from hippocampal CA1 area and motor coordination were 
not affected by drugs i.c.v.-injected in the present work, as it had 
been previously reported that intraperitoneal injection of ML297 
significantly decreased mice general motor activity (Kaufmann, 
Romaine, & Days, 2013) (See Supporting Information Figures S3 and 
S4). For such objective, electrophysiological recordings from CA1 
neurons in slices and in freely moving mice were obtained (Figure 
S3), and a rotating rod test was performed after i.c.v. injections 
(Figure S4). Results confirmed that at drug concentrations used in 

our experiments, no significant alterations were observed neither 
on CA1 spontaneous activity (both in vitro and in vivo; Figure S3) 
nor on locomotion (Figure S4). We then evaluated habituation, an el-
ementary form of non-associative hippocampal-dependent learning 
(Collingridge et al., 2010; Leussis & Bolivar, 2006) in our experimental 
groups. We challenged control (vehicle), Aβ1–42 and Aβ1–42 + ML297 
i.c.v.-treated groups on the Open Field Habituation Test performed 
in automatic Laboratory Animal Behavior, Observation, Registration, 
and Analysis System (LABORAS®). The task relies upon the tendency 
of rodents to decrease in exploratory behavior (exploratory habitu-
ation) in response to continued or repeated exposure to a novel en-
vironment as an open field. In the acquisition or training trial (Open 
field 1, OF1), there were no significant differences between trave-
led distances between mice assigned to each experimental group 
(Figure 4c,d; n = 31 animals; F(2,28) = 2.51, p = .099). However, 24 hr 
later on the retention day (habituation session or OF2), exploratory 
movements were significantly reduced in all animals when compared 
with the training session (Figure 4c,d), indicating they all could re-
call the arena (vehicle: t(9) = −5.56, p = .0003; Aβ1–42: t(10) = −3.11; 
p = .011; Aβ1–42 + ML297: t(9) = −4.63; p = .001). Moreover, the de-
crease in exploration was less noticeable for Aβ1–42 injected animals 
in comparison to controls (post hoc Aβ1–42 versus. vehicle: p = .037), 
showing that Aβ disrupted hippocampal-dependent habituation in 
these animals (Figure 4c,d) and they could not remember the open 
field as well as controls. On the contrary, for Aβ1–42 + ML297-treated 
mice levels of habituation (measured as exploration distance) were 
similar to controls (Figure 4c,d; post hoc Aβ1–42 + ML297 versus. 
vehicle: p = .929). Finally, in order to confirm our findings, and fur-
ther discard any possible locomotion impairments induced by GirK 
modulation (Kaufmann et al., 2013), animals i.c.v.-injected with 
ML297 or TQ alone together with the other 3 experimental groups 
(vehicle, Aβ1–42 and Aβ1–42 + ML297) were challenged in an additional 
open field habituation test (see Supporting Information, Figure S2). 
Results showed that, when GirK channels were specifically modu-
lated by increasing (ML297) or decreasing (TQ) their activity, ani-
mals presented disrupted habituation memory when compared to 
controls (vehicle)—that is, showed higher levels of exploration than 
controls (Figure S2b,c) indicating an incomplete memory of the open 
field— in agreement with LTP impairments observed in vitro for both 
groups. However, in accordance with results described in Figure 2, 
Aβ1–42 + ML297 recovered control (vehicle) values of exploration lev-
els previously increased by Aβ1–42 alone (see Figure S2b,c for details), 
confirming fully recall of the arena and therefore the interest of GirK 
channels modulation in amyloidosis models.

3.5 | Hippocampal GirK protein expression is 
altered by Aβ1–42 in vivo

In order to assess whether GirK channels are targeted by Aβ1–42, we 
analyzed in our experimental groups the optical density of GIRK1 subu-
nit immunostained sections through the stratum lacunosum-moleculare 
of the dorsal hippocampus. GIRK 1 subunit analysis was chosen as 

F I G U R E  3   Effects of Aβ1–42 on hippocampal G-protein-gated 
inwardly rectifying potassium channels (GirK) protein expression 
pattern in vitro. Western-blot analysis of the (a) GIRK1 and (b) 
GIRK2 protein levels in hippocampus slices treated with Aβ1–42 
(0.5 μM) or vehicle (control group: vehicle, veh.) for 30 and 120 min. 
Results are expressed with the standard deviation; (n = 21–28 slices 
per experimental group, from seven mice). Aβ, amyloid-β; β-tub, 
β-tubulin
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F I G U R E  4   Effects of G-protein-gated inwardly rectifying potassium channels (GirK) activation on mice intracerebroventricular (i.c.v.)-
injected with amyloid-β (Aβ)1–42 during hippocampal-dependent habituation to an open field. (a, b) Experimental design. (a) Pictures illustrate 
how mice were prepared for drug administration. A stainless-steel guide cannula was implanted chronically on the left ventricle [1 mm lateral, 
0.5 mm posterior to bregma, and 1.8 mm from the brain surface]. The photomicrograph serves as histological verification of cannula position 
(black arrow). Scale Bar 500 µm. LV, Lateral Ventricle; D, dorsal; M, medial. (b) Open field habituation test. Mice were exposed for 15 min to 
the same open field (OF) two consecutive times with a 24-hr interval (OF1, Training trial, and OF2, Habituation or retention trial). Habituation 
memory levels were determined by measuring exploration behavior. I.c.v. injections were performed 1 hr before OF2. For each mouse, traveled 
distance was automatically tracked and recorded using a LABORAS® system (Metris, Hoofddorp, The Netherlands) on the basis of detecting 
vibrations of the movements of each animal. Diagrams represent an example of the path followed by a control (vehicle-injected) animal during 
both training (OF1) and habituation (OF2) sessions. (c) Total horizontal distance traveled during the 15-minsession for vehicle (n = 10 animals), 
Aβ1–42 (n = 11) and Aβ1–42 + ML297 (n = 10) -treated mice before (OF1) and after (OF2) drug administration. Data were normalized as percentage 
of the movement in the training (OF1) session. Differences between OF1 and OF2 are indicated by asterisks (*p < .05; **p < .01; ***p < .001). 
Differences versus. control (vehicle) within OF2 session are indicated by crosses (+, p < .05). (d) LABORAS®-generated images illustrate the 
distance and path traveled by a representative animal of each experimental group during OF1 and OF2 sessions
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ML297 and TQ modulate the activity of GIRK1-containing channels 
(Wydeven et al., 2014; Yow et al., 2011). Our results show that i.c.v. 
injections of TQ produced a significant increase in GIRK1 staining 
(n = 16 slices, 112 ± 4.1% of control vehicle values; post hoc vs. con-
trol, p = .033). However, ML297 significantly decreased GIRK1 optical 
density (n = 15 slices, 78 ± 3.7% of control values, post hoc vs. control 
vehicle, p < .001), suggesting that both, pharmacological activation or 
blockage of GirK-dependent signaling in the dorsal hippocampus have 
significant effect on channel protein expression. On the other hand, 
GIRK1 immunostaining was statistically lower in Aβ1–42-injected ani-
mals in comparison with controls (n = 23 slices, 71 ± 3.4% of control 
values, post hoc vs. control, p < .001). Furthermore, ML297-increased 
GirK channel activity was not able to prevent the down-regulation in-
duced by Aβ1–42 on GIRK1 subunit analyzed in Aβ1–42 + ML297-treated 

mice (n = 25 slices, 70 ± 4.9% of control values, post hoc vs. control, 
p < .001) and showed similar optical density values than mice injected 
with Aβ1–42 alone (post hoc vs. Aβ1–42, p = .800). In summary, our data 
show that in vivo, GIRK1 subunit expression in the dorsal hippocampus 
is not only pharmacologically regulated by specific GirK drugs, but also 
down-regulated by Aβ1–42 action.

4  | DISCUSSION

Synaptic plasticity, the cellular substrate of learning in the hip-
pocampus, has been shown to be altered in in vitro and in vivo mod-
els of AD (Styr & Slutsky, 2018; Tu, Okamoto, Lipton, & Xu, 2014) as 
the correct functionality of hippocampal neuronal circuits depends 

F I G U R E  5   Hippocampal G-protein-gated inwardly rectifying potassium channels (GirK) protein pattern is altered by amyloid-β (Aβ)1–42 in 
vivo. (a) Bar plots showing GIRK1 immunostaining intensity (measured as optical density), as percentage of control (vehicle) values (dashed 
line, 100%) in the stratum lacunosum-moleculare of the dorsal hippocampus in intracerebroventricular (i.c.v.)-injected mice with vehicle (n = 7 
animals), Aβ1–42 (n = 6), Aβ1–42 + ML297 (n = 6), ML297 (n = 4) or tertiapin-Q (TQ) (n = 4). Number of hippocampal sections for each condition 
(n = 15–26 slices) is indicated in the corresponding bar. Differences versus. control (vehicle) are indicated by asterisks (*p < .05; ***p < .001). 
(b) Confocal fluorescence photomicrograph showing the distribution of GIRK1 subunit (green labeling), with intense immunolabeling in the 
stratum lacunosum-moleculare, and DAPI stained cells (blue labeling) in the dorsal hippocampus of a representative vehicle-injected mouse. 
The image illustrates how random 15 × 15 µm squares were distributed through the stratum lacunosum-moleculare to measure GIRK1 optical 
density. Calibration bar: 500 µm (c–f) Representative confocal microscopy images showing GIRK1 immunostaining in i.c.v.-injected mice with 
Aβ1–42 (c), Aβ1–42 + ML297 (d), ML297 (e), and TQ (f). Calibration bar in (b) also applies for (c–f)

(a) (b)

(c)

(e) (f)

(d)
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on a delicate balance between excitatory and inhibitory synaptic 
transmission, which is early affected by the action of Aβ (Busche & 
Konnerth, 2016; Pini et al., 2016; Villette & Dutar, 2017). The soluble 
forms of Aβ1–42 peptide are pathological species present in AD that 
are widely used to investigate their contribution to the pathogen-
esis and progression of the disease (Selkoe & Hardy, 2016). In vitro 
acute application of Aβ1–42 causes hippocampal hyperexcitability 
(Tamagnini et al., 2015; Varga et al., 2014) and deficits in LTP (Eslami 
et al., 2018; Kimura et al., 2012; Lei, Xu, & Li, 2016). Similarly, dif-
ferent in vivo experiments show that the administration of Aβ1–42 
triggers behavioral deficits because of alterations in neural excitabil-
ity and LTP process (Kalweit et al., 2015; Sanchez-Rodriguez et al., 
2019, 2017). In this regard, it is widely accepted that hyperexcitabil-
ity induced by Aβ in the early stages of AD has a main role in plastic-
ity alteration, although the mechanisms underlying such disruptions 
are not clear. In fact, controlling the excess of neuronal activity con-
tributes to restore the excitation-inhibition balance lost in AD brain 
(Huang & Mucke, 2012; Sanchez et al., 2012; Styr & Slutsky, 2018). 
Hence, GirK channels, as one of the main determinants for the rest-
ing membrane potential, might be able to compensate the hyperex-
citability induced by Aβ in early stages of AD as already suggested 
(Nava-Mesa et al., 2014). Our data show that Aβ switched hippocam-
pal HFS-induced LTP into LTD inducing memory deficits, effects that 
were avoided by GirK channels activation. These results suggest that 
LTP can be preserved from the deleterious action of Aβ by enhancing 
GirK activity and therefore support the interest of modulating GirK 
channels in pathologies where hyperexcitability is a hallmark.

4.1 | Aβ1–42-induced LTD by HFS protocol

One of the main results reported here is that, instead of LTP, Aβ1–42 
induced LTD of the synaptic response recorded from CA1 region after 
HFS was applied at Schaffer collaterals. These results were previously 
observed in vivo, where LTP was abolished and showed a tendency to 
maintain depression of the synaptic response that lasted several days 
(Sanchez-Rodriguez et al., 2017). Because of the role of GirK chan-
nels in maintaining a correct inhibitory tone in the hippocampus, it has 
been shown that their activity modulation modifies the threshold of 
stimulation necessary for NMDA receptors (NMDARs) activation and 
LTP induction (Malik & Johnston, 2017). It has been previously pro-
posed that the molecular mechanism mediated by the activation of 
NMDARs may also produce an increase in the expression and activ-
ity of GirK channels (Chung, Ge, et al., 2009a; Chung, Qian, Ehlers, 
Jan, & Jan, 2009b). Thus, the HFS protocol applied in our experiments 
could temporarily modify the activity of these channels, as it has 
been already found within 15 min after NMDAR activation, with an 
increase in the surface density of GirK channels in soma, dendrites, 
and some spines of hippocampal neurons (Chung, Qian, et al., 2009b). 
Therefore, NMDAR-induced GIRK surface expression might also 
modulate the threshold of stimulation necessary for NMDARs activa-
tion in LTP found in our in vitro experiments (Chung, Ge, et al., 2009a; 
Huang et al., 2005), as well as it has been recently shown in vivo 

(Sanchez-Rodriguez et al., 2019). In fact, it has been reported that LTD 
may take place when threshold of LTP is not reached because stimula-
tion fails to activate properly the post-synaptic neurons. This situa-
tion can be explained by the Bienenstock, Cooper and Munro (BCM) 
theory of synaptic plasticity that proposes that a certain threshold is 
needed for LTP induction (Cooper & Bear, 2012). Therefore, Aβ1–42 
might decrease the levels of response to HFS (i.e., below the threshold) 
inducing LTD instead of LTP. This interesting mechanism has also been 
reported in basolateral amygdaloid nucleus-insular cortex projection 
where, as in our experiments, Aβ1–42 has shown to shift HFS-induced 
LTP to LTD (Moreno-Castilla et al., 2016). These authors found Aβ1–42 
to modify the threshold for the induction of cortical LTP and/or LTD 
through dopaminergic neurotransmission, in agreement with BCM 
theory. These findings suggest the importance of maintaining the cor-
rect neural excitability levels to preserve physiological synaptic plas-
ticity processes in amyloidosis models.

In the hippocampus LTD is normally induced by NMDARs stim-
ulation in response to low-frequency stimulation protocols (Bliss et 
al., 2007). LTP and LTD share the same activation pathways through 
NMDARs, and the induction of one or the other depends on subtle 
changes in the Ca2+ concentration (Lisman, 1989) that, according to 
the BCM theory, could govern the LTP induction threshold (Cooper 
& Bear, 2012). Higher increases produce LTP, whereas discrete ones 
facilitate LTD. HFS in normal conditions activates NMDARs and in-
creases Ca2+ influx, inducing LTP. Therefore, the induction of LTD 
might be because of a decrease in Ca2+ influx through NMDARs. 
Indeed, it has been reported that Aβ1–42 alters NMDAR function 
by decreasing Ca2+ influx and facilitates LTD (Li et al., 2009, 2011). 
Hence, NMDARs emerge as a pivotal key in the threshold for the 
determination of the synaptic plasticity direction (Bliss et al., 2007; 
Cooper & Bear, 2012; Lisman, 1989). Indeed, to explain the in-
creased neural hyperexcitability in acute models of AD, Aβ has also 
been proposed to act through NMDA receptor (NMDAR) (Hsieh et 
al., 2006; Rammes et al., 2018). Since glutamate has a double role as 
excitatory neurotransmitter and as precursor for GABA, it would be 
responsible for altering the neurotransmission balance that contrib-
utes to plasticity impairments in AD (Palop & Mucke, 2010).

4.2 | LTP and LTD in learning and memory

In addition to LTP (Bliss et al., 2007), LTD has also been proposed to 
play an important role in hippocampal-dependent learning (Kemp & 
Manahan-Vaughan, 2007) and to be mainly associated to habituation 
forms of memory (Collingridge et al., 2010) as well as clearing of old 
memory traces (Bliss et al., 2007; Malleret et al., 2010). In agreement 
with our data, Aβ1–42 has been previously shown to facilitate LTD (Li 
et al., 2009; Renner et al., 2010) through glutamatergic neurotrans-
mission. Such augmented LTD at Schaffer collateral–CA1 synapses, as 
HFS-induced LTD produced by Aβ1–42 reported here, has been pro-
posed as an underlying mechanism for deficits in habituation to a novel 
environment and acquisition of hippocampus-dependent memory 
tasks (Zeng et al., 2001). Thus, Aβ1–42 might be inducing a significant 
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shift in the LTP/LTD threshold that would explain our results in the ha-
bituation test, where animals i.c.v.-injected with Aβ1–42 were not able 
to fully recall the open field on the retention day. Similar results have 
been reported for novel object recognition test (Sanchez-Rodriguez 
et al., 2017), a memory task that also depends on hippocampal LTP 
(Clarke, Cammarota, Gruart, Izquierdo, & Delgado-Garcia, 2010). In 
contrast, GirK activation opposed to the effect of Aβ1–42, enabling LTP 
induction and subsequent recovery of hippocampal-dependent ha-
bituation memory in the open field habituation test. The results are in 
agreement with the contention that controlling neuronal hyperactivity 
reestablishes excitation-inhibition levels and upstreaming functions 
lost in AD brain (Busche & Konnerth, 2015; Zott et al., 2018).

4.3 | GirK modulation and hippocampal CA3-CA1 
LTP restoration

We also asked for the mechanism by which an increase in GirK 
conductance could compensate the excess of neuronal excitability 
caused by Aβ (Nava-Mesa et al., 2013; Tamagnini et al., 2015; Varga 
et al., 2014) and therefore, restore hippocampal synaptic plasticity 
mechanisms. Present data showed that ML297 was also able to pre-
serve mechanisms needed for LTP induction from the deleterious 
effects of Aβ1–42, most likely by recovering the balance between 
excitatory and inhibitory neurotransmission in CA3—CA1 synapse 
acting mainly at post-synaptic level on pyramidal cells, as we also 
reported in vivo (Sanchez-Rodriguez et al., 2017). But Aβ1–42 trans-
formed HFS-induced LTP into LTD even when GirK channels were 
previously blocked by the specific blocker TQ. Moreover, if TQ was 
present, activation with ML297 failed to restore the LTP switched 
into LTD by Aβ1–42 at the CA3—CA1 hippocampal synapse. One pos-
sible explanation for these results might be that ML297 produces 
GirK activation through direct binding to the amino acid F137 of 
the GIRK1-subunit (Wydeven et al., 2014). However, TQ action has 
been associated to the interaction with GIRK4 subunit, more than 
GIRK1 (Yow et al., 2011), although these experiments were car-
ried out using GIRK1 mutant homotetramers (KIR3.1F137S). As TQ 
has been reported to block GIRK1/2 channels (Kanjhan, Coulson, 
Adams, & Bellingham, 2005), F137 is likely essential as binding site 
of GirK channels also for TQ. This situation would establish a com-
petitive binding in which ML297 would not be able to increase GirK 
channel conductance in the presence of TQ, explaining why TQ pre-
vented the restoration of LTP by ML297 in our in vitro model of AD. 
Our results indicate that regardless the mechanism by which Aβ1–42 
induces hyperexcitability, increasing GirK-dependent signaling is 
able to compensate alterations caused by Aβ1–42 on LTP process.

4.4 | GirK channels and Aβ

Despite the apparent causal relationship of Aβ in the pathogenesis of 
AD, its mechanisms of action or main targets have not yet been es-
tablished (Selkoe & Hardy, 2016). Previous experiments have showed 

that incubation of rat hippocampal slices with Aβ25–35 produces a fa-
cilitation in LFS-induced LTD (Cheng, Yin, Zhang, & Qi, 2009), causes 
a decrease in the expression of the Girk1-4 subunits at the mRNA 
level (Mayordomo-Cava et al., 2015) and, as TQ, a membrane depo-
larization and synaptic neurotransmission impairment by a reduction 
in GirK channels conductance (Nava-Mesa et al., 2013). Aβ25–35, the 
active fragment of Aβ peptide, and Aβ1–42, a more relevant specie in AD 
patients, seem to share neurophysiopathological mechanisms as both 
induce an imbalance in the excitatory/inhibitory neurotransmission 
in the hippocampus that causes aberrant activity (Gutierrez-Lerma, 
Ordaz, & Pena-Ortega, 2013). In addition, pathological GirK channel 
activity induced by Aβ1–42 has been related to neuronal degenera-
tion and apoptosis mechanisms (May et al., 2017). These data suggest 
GirK as one of the putative targets on which Aβ could be acting on. 
However, in this study, we found that in hippocampal slices incubated 
with Aβ1–42, protein expression pattern for GIRK1 and 2 subunits did 
not change. It has been reported that excitotoxic oligomeric Aβ1–42 may 
cause a rapid redistribution of existing GirK subunits to the membrane 
surface (May et al., 2017), which could explain that protein expression 
did not seem to change. On the other hand, the immunohistochemi-
cal analysis of GIRK1 subunit in the dorsal hippocampus of our dif-
ferent experimental groups showed a significant modulation of GIRK1 
protein expression levels, increasing when channel is blocked by TQ, 
whereas decreasing when opened by ML297, as expected for neuronal 
drug sensitization and desensitization processes, respectively (Golan, 
Armstrong, & A.W., A., 2016). We also found a significant decrease in 
GIRK1 subunit induced by Aβ1–42 injection that was not reversed by the 
addition of ML297. This result strongly suggests a link between Aβ1–42 
and GirK channels at least in the dorsal hippocampus, which could very 
likely be masked in western blot analysis by all other regions included in 
the hippocampal slice but, on the contrary, be detected at the gen level 
by a higher sensitive method such as RT-qPCR (Mayordomo-Cava et 
al., 2015). The decrease in GirK expression found in the present work 
would be in agreement with the increase in hyperexcitability observed 
in vivo in the dorsal hippocampus (Sanchez-Rodriguez et al., 2017), as 
well as with the hippocampal-dependent memory recovery produced 
by GirK activation with ML297 when combined with Aβ1–42 in the 
present work. Additionally, it is also important to note the temporal 
course of the experiments. Our data indicate that Aβ1–42 might induce 
GirK channels to decrease in the long-term, a mechanism similar to 
sensitization process. Then, Aβ1–42 modulation of GirK channel might 
be found analyzing specific regions of the hippocampus (immunohisto-
chemical approach), but it could not be observed in the hippocampus 
as a whole (western blot analysis). Nevertheless, present data suggest 
that GirK channels can be taken into account to explain some of the 
effects of Aβ1–42 (May et al., 2017; Nava-Mesa et al., 2013; Sanchez-
Rodriguez et al., 2019, 2017).

5  | CONCLUSIONS

The finding that hyperexcitability could be an early neuronal dysfunc-
tion in AD (Busche & Konnerth, 2015; Palop & Mucke, 2009) has had 
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important consequences for AD research field in the last decade. 
Consistent with this concept, antiepileptic drugs mainly targeted on 
the glutamatergic system, such as levetiracetam (Sanchez et al., 2012), 
have been used to compensate the excess of excitation, although with 
limited success (Vossel et al., 2017). Consequently, inhibitory neuro-
transmission systems have gained great interest in recent years, not 
only as potential pharmacological targets, but also as part of combi-
national therapies that might synergistically protect neuronal deg-
radation in AD (Calvo-Flores Guzman et al., 2018; Nava-Mesa et al., 
2014). One interesting example is the combined drug therapy using 
the NMDA-receptor antagonist, acamprosate and the GABAB agonist, 
baclofen (Hill & Bowery, 1981) whose main effector is the GirK chan-
nel, with significant benefits over monotherapeutics (Chumakov et al., 
2015). With this scenario, our current data highlight the importance of 
understanding how modulation of GirK channels, as the main effectors 
of many inhibitory receptors, contribute to preserve synaptic plasticity 
mechanisms from the deleterious effects of Aβ.
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