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Abstract
Background  Abnormal excitability of hippocampal neurons may lead to dysfunction of neural circuits and then 
causes cognitive impairments in Alzheimer’s disease (AD). However, the underlying mechanisms remain to be fully 
elucidated.

Methods  Electrophysiology was performed to examine the intrinsic excitability of CA1 neurons and the activity of 
the hyperpolarization-activated cyclic nucleotide-gated ion channels (HCNs) of CA1 neurons in wild type (WT) and 
hAPP-J20 mice. The activity of CA1 pyramidal neurons (PNs) was modulated with chemogenetics. The activity of HCNs 
was regulated with nonselective facilitator (cAMP) or inhibitor (ZD7288) of HCNs. Immunohistochemical staining 
or western blotting were performed to examine the expression of HCN1 and HCN2 in the hippocampus of WT and 
hAPP-J20 mice, or AD patients and non-AD controls. AAVs were injected to specifically modulate the expression of 
HCN2 in dorsal CA1 (dCA1) PNs. Cognitive performance of mice was assessed with behavioral tests.

Results  dCA1 PNs were more excitable in hAPP-J20 mice, but the excitability of PNs in the ventral CA1 (vCA1) or 
PV neurons was comparable between WT and hAPP-J20 mice. The activity of the HCNs was reduced in dCA1 PNs of 
hAPP-J20 mice, and pharmacologically increasing the activity of HCNs attenuated the hyperexcitability of dCA1 PNs 
in hAPP-J20 mice, suggesting that the reduced activity of HCNs is associated with the hyperexcitability of dCA1 PNs 
in hAPP-J20 mice. The expression of HCN2 but not HCN1 was reduced in the hippocampus of hAPP-J20 mice, and the 
expression of HCN2 was also reduced in the hippocampus of AD patients, suggesting that dysregulation of HCN2 is 
associated with the reduced activity of HCNs in AD. Overexpressing HCN2 rescued the activity of HCNs, attenuated 
the hyperexcitability of dCA1 PNs and improved memory of hAPP-J20 mice, and knocking down HCN2 impaired the 
function of HCNs, increased the excitability of dCA1 PNs and led to memory deficits in WT mice.
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Background
Alzheimer’s disease (AD) is the most common neuro-
degenerative disorder characterized by progressive cog-
nitive impairments [1–3]. The featured hallmarks of 
AD include extracellular deposition of amyloid β (Aβ) 
and intracellular tau fibrillary tangles [1, 2, 4]. Although 
the precise roles of Aβ and tau in AD pathogenesis are 
not clear, the accumulation of both Aβ and tau leads to 
abnormal neuronal activity which may account for the 
dysregulation of the neural circuits and the impaired 
cognitive functions in AD [5–12]. Previous studies have 
revealed that selective vulnerability of CA1 PNs plays a 
key role in the onset of cognitive impairment during the 
early phases of AD, and the hyperactivity of CA1 PNs is 
an early event in the pathogenesis of AD [5, 13]. While 
impaired synaptic transmission may contribute to the 
hyperactivity of CA1 PNs [6, 14–16], several studies indi-
cate that the disturbed intrinsic membrane properties 
play major roles in the hyperactivity of CA1 PNs in AD 
[17–19]. However, the factors accounting for the abnor-
mal intrinsic membrane properties of CA1 PNs in AD 
remain to be elucidated.

Hyperpolarization-activated cyclic nucleotide-gated 
channels (HCNs) include four members: HCN1-4[20–
22]. They are voltage-gated ion channels that conduct 
a current termed Ih and are activated upon membrane 
hyperpolarization [20, 21]. The HCN channels are open 
at rest, permeable to K+ and Na+ ions, and their activa-
tion gating is facilitated by cAMP [21]. Among the four 
HCN members, intense expression of HCN1 and HCN2 
but not HCN3 and HCN4 could be observed in the hip-
pocampus of rodents and humans [23–25]. Several lines 
of studies have demonstrated that HCNs are important 
in maintaining the membrane properties of neurons, 
generating theta rhythms and regulating memory forma-
tion [22], and disrupted HCNs are associated with differ-
ent types of neurological disorders such as epilepsy and 
neurodegeneration [22, 26].

Previous studies have indicated that the dysregulation 
of HCN channels is involved in the pathogenesis of AD 
[22]. Saito et al. reported that abnormal signaling of HCN 
channels was a potential link between epileptic seizures 
and Aβ generation [27]. Musial et al. reported a mixed 
HCN channelopathy in the CA1 PNs of 3×Tg and 5×FAD 
mice, but the expression level of HCN1 in enriched CA1 
membrane fractions of these AD mice was similar to that 
of normal control mice [28, 29]. In hAPP-J20 mice, the 
expression of both HCN1 and HCN2 was not changed 

in both DG and CA1 areas [30]. In Tg2576 mice, how-
ever, the expression of HCN1 was reduced in CA1 lysates 
[31]. In AD patients, one study reported that the expres-
sion of HCN1 was reduced in the temporal lobe [27]. In 
a meta analysis, among 8 dataset of mass spectrometry 
(MS)-based proteomics of the temporal lobes, reduction 
of HCN1 was only observed in 2 of them [32]. A recent 
study reported, however, that the expression of HCN1 
and HCN2 was increased in the hippocampus of patients 
with AD [33]. Clearly, the results of studies regarding the 
alteration of the expression of HCNs in brain tissues of 
AD patients or mouse models are inconsistent. In a rat 
model of Aβ pathology, Eslamizade et al. reported that 
the alterations of intrinsic excitability in CA1 PNs was 
related to the functions of HCN channels [34]. Treatment 
with lamotrigine, a non-selective modulator of HCN 
channels, rescued the activity of HCN channels, attenu-
ated the hyperexcitability of CA1 PNs and improved 
memory in Tg2576 or APP/PS1 mice [31, 35]. However, 
it is not clear which subtype(s) of HCNs were affected 
under the Aβ pathology, and which subtype(s) of HCNs 
account for the alterations of the intrinsic properties of 
CA1 PNs in AD.

In the present study, we report that the functions of 
HCN channels are impaired in the dCA1 PNs of hAPP-
J20 mice, and the impaired HCNs contribute to the 
hyperexcitability of dCA1 PNs in hAPP-J20 mice. Spe-
cifically, the expression of HCN2 is reduced in the hip-
pocampal CA1 neurons of hAPP-J20 mice and AD 
patients. Overexpressing HCN2 rescues the activity of 
HCN channels, ameliorates the hyperexcitability of dCA1 
PNs, enhances the CA1 LTP and improves the cognitive 
functions of hAPP-J20 mice. In addition, knocking down 
the expression of HCN2 reduces the activity of HCNs in 
dCA1 PNs, increases the excitability of dCA1 PNs and 
impairs memory of WT mice. Our data suggest that the 
dysregulation of HCN2 is one of the factors accounting 
for the abnormal intrinsic membrane properties of dCA1 
PNs in AD mice.

Methods
Animals
hAPP-J20 mice (JAX, 034836) overexpressing human 
APP (hAPP) with two mutations (Swedish and Indi-
ana mutations) [36] were used as the AD mouse model. 
hAPP-J20 mice were bred with CaMKIIα-Cre mice (JAX, 
005359) or PV-Cre mice (JAX, 008069) to generate dou-
ble-transgenic mice for electrophysiological recordings in 

Conclusions  Our data suggest that dysregulation of HCNs, particularly HCN2, contributes to the abnormal 
excitability of CA1 PNs in AD mice and probably in AD patients as well, and thus provide new insights into the 
mechanisms underlying the aberrant activity or excitability of hippocampal neurons in AD.
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hippocampal pyramidal neurons or PV neurons, respec-
tively. All mouse lines were maintained on a C57BL/6 
background and housed under standard conditions at 
22 °C and a 12 h light: dark cycle with free access to food 
and water. All experiments were conducted in accordance 
with the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals, and these were approved 
by the Animal Care and Use Committees of Ningbo Uni-
versity and Zhejiang University, China.

Preparation of the Aβ oligomers
Oligomeric Aβ1–42 was prepared as described previ-
ously [37]. Briefly, synthetic Aβ powder (GL Biochem, 
Shanghai, China) was dissolved in ice-cold hexafluoroiso-
propanol (HFIP) (Sigma-Aldrich, USA) and then diluted 
with ddH2O (100 µL HFIP solution + 900 µL ddH2O). 
HFIP was then volatilized under high-purity N2 blowing 
until the total volume of the solution is about 700–750 
µL, which made the concentration of the Aβ solution 
as 60 µM. Next, the Aβ solution was incubated at room 
temperature with shaking for 24 ~ 48  h to obtain Aβ 
oligomers. The Aβ oligomers was checked by western 
blotting with 6E10 (Biogelend, SIG-39320, 1:1000), and 
the solution of Aβ oligomers was stored at 4 °C until use.

Stereotaxic injection of virus
Mice were anesthetized with sodium pentobarbital 
(50  mg/kg) and positioned in a stereotaxic appara-
tus (68030, RWD, China). A heating pad was used to 
warm the mice during surgery. Viruses were injected 
using a glass micropipette with a tip diameter of 
15–20 μm, through a small skull opening (< 0.5 mm [2]). 
Viruses including rAAV-Ef1a-DIO-EYFP-WPRE-pA, 
pAAV-DIO-hM4Di-mCherry-3Flag, rAAV-CaMKIIα-
HCN2-P2A-EGFP-WPREs and AAV-mCaMKIIα-
EGFP-shRNAmir (mHCN2) were purchased from the 
BrainVTA (BrainVTA Technology Co., Ltd., China) and 
stereotaxically injected into the dCA1 (anterior-poste-
rior, -2.06 mm; lateral, ± 1.74 mm; and vertical, -1.3 mm; 
the bregma served as the reference point) with 1 µl/hemi-
sphere at a perfusion rate of 0.2 µl/min.

Chemogenetic inhibition of dCA1 PNs
For behavioral tests, mice expressing hM4Di in dCA1 
PNs were intraperitoneally injected with Clozapine 
N-oxide (CNO) dissolved in 0.9% saline (2 mg/kg) once 
daily for 2 weeks. Behavioral tests were performed 24 h 
after the last injection of CNO. After behavioral tests, 
brain slices were prepared from those mice and were 
used for electrophysiological recordings.

Hippocampal slice preparation and electrophysiology
Mice were anesthetized deeply with sodium pen-
tobarbital and then decapitated. Brain slices for 

electrophysiological recordings were prepared as 
described previously [38]. Briefly, the brains were quickly 
removed and placed in ice-cold solution containing 
(in mM): 75 sucrose, 87 NaCl, 3.0 KCl, 1.5 CaCl2, 1.3 
MgCl2, 1.0 NaH2PO4, 26 NaHCO3, 20 D-glucose equili-
brated with 95% O2–5% CO2. Coronal slices (220 μm in 
thickness) containing the dCA1 (roughly from bregma 
− 1.46 to -2.30) or vCA1 (roughly from bregma − 2.80 to 
-3.40) were cut using a vibratome (Leica VT1200S, Leica 
Microsystems, Germany). Subsequently, slices were incu-
bated in a chamber with artificial CSF (aCSF) (in mM: 
124 NaCl, 3.0 KCl, 1.0 NaH2PO4, 1.3 MgCl2, 2.0 CaCl2, 
26 NaHCO3, and 20 D-glucose, 295–305 mOsm, equili-
brated at 32 °C with 95% O2-5% CO2) at least 1 h at room 
temperature (20–22 °C). Following incubation, the slices 
were transferred to a recording chamber, where the sub-
merged slices were perfused with aCSF (32 °C) saturated 
with mixed gas at a flow rate of 2 mL per min.

Standard whole-cell recordings were made using Mul-
ticlamp 700B amplifier and Digidata 1550B (Molecular 
Devices, Axon Instruments, CA, USA) for data acquisi-
tion. A vertical two-stage puller (PC-10, NARISHIGE) 
was used to make glass electrodes (3IN thin-wall GL1.5 
OD/1.12 ID, TW150-3, WPI) into pipettes with resis-
tance between 1.5 and 2.0 mOhm when filled with inter-
nal. For current-clamp recordings, a K-based internal 
solution was used (in mM: 120 K-gluconate, 10 KCl, 10 
HEPES, 0.5 EGTA, 4.0 Mg-ATP, and 0.3 Na-GTP, 5.0 
Phosphocreatine-Na2; pH 7.2–7.4, 270–280 mOsm). 
Before recording, the series resistance was monitored 
and canceled using a bridge circuit, and the pipette 
capacitance was compensated. After forming the whole-
cell current-clamp configuration, the recorded cells were 
given 10 min for stabilization of their resting membrane 
potentials. A current step protocol (from − 200 to 500-
pA, with a 50-pA increment; inter-pulse interval, 15  s) 
was then carried out. The sag ratio was calculated by 
dividing the difference between the peak and steady-state 
hyperpolarization following a -200 pA current injec-
tion. This was quantified using a series of hyperpolariz-
ing steps, including − 50 pA, and the sag amplitude was 
recalculated from − 200 pA to 0 pA [39]. RMP and input 
resistance were recorded by a 500-ms duration − 100 pA 
current injection. The rheobase was the minimum cur-
rent injected that generated action potentials, and the 
threshold was the membrane potential that valued from 
the first current injected step. Spontaneous action poten-
tials (sAPs) were induced and recorded in the whole-cell 
current clamp mode with the modified internal solution 
containing (in mM): 100 K-gluconate, 20 KCl, 10 HEPES, 
4 Mg-ATP, 0.5 Na2-GTP and 10 Na2-phosphocreatine 
[14]. The bias current was carefully calibrated to ensure 
accurate assessment of neuronal activity. For voltage-
clamp recordings, a cesium-based internal fluid was used 
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(in mM: 110 cesium methylsulfate, 15 CsCl, 4 Mg-ATP, 
0.3 Na2-GTP, 0.5 EGTA, 10 HEPES, 4 QX-314, 5 Phos-
phocreatine-Na2; pH 7.2–7.4, 270–280 mOsm). HCN 
currents were recorded with a series of 3.0-s hyperpolar-
izing voltage steps from a holding potential of − 45 mV 
to − 105 mV. Tetrodotoxin (TTX, 1 µM), tetraethylam-
monium chloride (TEA, 5 mM) and BaCl2 (500 µM) and 
picrotoxin (100 µM) were added in the aCSF to block 
sodium currents and potassium currents, respectively 
[40]. Additionally, we utilized the P/4 protocol to subtract 
leak currents from the voltage clamp recordings. Series 
resistance was normally less than 20 MΩ and record-
ings exceeding 20% change in series resistance were ter-
minated. All holding potentials were corrected for liquid 
junction potential. Data were low pass filtered at 1  kHz 
and digitized at a sampling frequency of 10  kHz. All 
chemicals used in the patch clamp were purchased from 
Sinopharm Chemical Reagent Co., Ltd., except as noted.

For LTP recording in CA1, the field excitatory post-
synaptic potentials (fEPSPs) were recorded with glass 
electrodes (~ 3 MΩ tip resistance) filled with aCSF and 
evoked every 20  s with a bipolar tungsten stimulating 
electrode (FHC). Stimulus strength was adjusted to ∼40% 
of the maximal fEPSP response, after a 20  min stable 
baseline was established, LTP was induced by theta-burst 
stimulation (TBS) (four theta bursts were applied at 15 s 
intervals; each theta-burst consisted of five bursts, at 200 
ms intervals, of five 100 Hz pulses). Data were analyzed 
offline with Clampfit 10.7 software.

ELISA
To measure the cAMP levels in the hippocampus, brain 
tissues were lysed using RIPA buffer (Beyotime, Shang-
hai, China), and the supernatants were collected for 
experiments. The mouse cAMP ELISA kit was used to 
determine the levels of cAMP according to the manufac-
turer’s instructions (Shanghai Enzyme-linked Biotech-
nology, Shanghai, China).

Immunostaining and quantification
Mouse tissue
As described previously [38, 41–43], mice were perfused 
transcardially with 0.9% saline and brains were removed 
immediately and immersed into 4% PFA solution. Coro-
nal Sect.  (30  μm in thickness, one in tenth series) were 
prepared with a sliding microtome (Leica) after the 
brains were saturated in 30% sucrose in PBS.

For immunofluorescence staining, free-floating sec-
tions were first blocked with blocking buffer (10% serum, 
1% nonfat milk, 0.2% gelatin in PBS containing 0.5% Tri-
ton X-100) and were then incubated with the following 
primary antibodies: mouse anti-GFAP (G3893, Sigma, 
1:2000), rabbit anti-Iba1 (019-19741, Wako, 1:300) and 
3D6 (Janssen Research & Development, 1:1000), followed 

by incubation with appropriate secondary antibodies 
conjugated with 488 (ab150077, Abcam, 1:500) or 594 
(ab150116, Abcam, 1:500).

For immunohistochemical staining, after quenching 
endogenous peroxidase activity by incubation with 3% 
H2O2 in methanol, sections were incubated with the fol-
lowing primary antibodies: rabbit anti-HCN1 (55222-1-
AP; Proteintech, 1:500), rabbit anti-HCN2 (ab313873, 
abcam, 1:200) and 3D6 (Janssen Research & Develop-
ment 1:1000). After washing, sections were incubated 
with biotinylated anti-rabbit (90982, Jackson Lab, 1:250) 
or anti-mouse IgG (BA9200, Vector, 1:250). Binding of 
the antibodies was detected using the Elite kit (Vector 
Laboratories) with diaminobenzidine (Sigma) and H2O2 
for development.

For quantification of GFAP+ and Iba1+ cells, images of 
hippocampal slices stained with antibodies against GFAP 
or Iba1 were obtained with Olympus BX61 microscope 
equipped with a 10x (NA 1.25) objective. The images 
were then imported into Fiji (Image J, version 2.0.0). 
Five images spanning between bregma − 1.46  mm and 
− 3.16  mm per mouse were selected. The numbers of 
microglia and astrocytes in the hippocampus were manu-
ally counted with Cell Counter plugin, and the number of 
cells was divided by the total area of the acquired field to 
represent cell density (cells/mm2).

The Aβ plaque load was calculated as the percent 
area of the hippocampus covered by 3D6 immunoreac-
tive material. Three coronal sections were analyzed per 
mouse, and the average of individual measurements was 
used to calculate group means.

The expression of HCN1 or HCN2 in the hippocampus 
of mice was detected as described above. The integrated 
optical density (IOD) from 3 coronal sections per mouse 
was determined with the Image J analysis system and 
averaged in two areas of the SLM and the molecular layer 
of the DG. Levels of HCN1 and HCN2 were expressed as 
the ratio of IOD in the SLM and the molecular layer of 
the DG. Three coronal sections were analyzed per mouse, 
and the average of individual measurements was used to 
calculate group means.

Human tissue
Paraffin Sect.  (7  μm) of hippocampal tissues from indi-
viduals with AD (Braak stages of 4–6) and non-AD con-
trols as described previously [42] were obtained from the 
National Human Brain Bank for Health and Disease at 
Zhejiang University. Sections went through xylene and 
a series of ethanol for dewaxing and underwent anti-
gen retrieval with citrate buffer and formic acid before 
incubation with 3% H2O2 in methanol to quench the 
endogenous peroxidase activity. After washing with 
PBS containing 0.1% Triton X-100 and blocked in 10% 
goat serum, the sections were incubated with rabbit 
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anti-HCN1 (55222-1-AP; Proteintech, 1:500) and rabbit 
anti-HCN2 (ab313873, abcam, 1:200) for 48 h at 4℃, fol-
lowed by goat anti-rabbit biotinylated antibody (90982, 
Jackson Lab, 1:250) for 2 h at room temperature and then 
avidin-biotin complex (ABC system, Vector Laborato-
ries) for 1 h at room temperature. Binding of the antibod-
ies was detected using the Elite kit (Vector Laboratories) 
with diaminobenzidine (Sigma) and H2O2 for develop-
ment, followed by hematoxylin-eosin staining for 1 min 
to visualize the nuclei of cells.

The expression of HCN2 in the human hippocampus 
was detected as described above. For quantification of 
the overall density of HCN2 in CA1 area, the IOD from 
1 section each individual was determined with the Image 
J analysis system and averaged in two areas of the CA1 
field and the molecular layer of the DG. The relative over-
all density of HCN2 in CA1 was expressed as the ratio of 
IOD in the CA1 field and in the molecular layer of the 
DG. For quantification of the HCN2 in individual CA1 
neurons, the IODs from 18 neurons of the CA1 field per 
section and the extracellular space around each selected 
neuron was determined with the Image J analysis system. 
The relative density of HCN2 in individual CA1 neurons 
was shown as the ratio of IOD in each neuron and in the 
extracellular space around this neuron. Five individu-
als of AD patients or non-AD controls were included for 
the quantifications of the overall density of HCN2 in the 
field of CA1 and the density of HCN2 in individual CA1 
neurons.

Western blot analysis of HCN1 and HCN2
For analysis of HCN1 and HCN2 in the whole hippocam-
pus of mice, hippocampal tissues were homogenized in 
ice-cold RIPA buffer (Beyotime, Shanghai, China) with a 
protease inhibitor cocktail (Beyotime, Shanghai, China), 
using a glass Teflon homogenizer and incubated on ice 
for 10 min. Homogenates were centrifuged for 12 min at 
12,000 g (4 °C), after which supernatants were collected.

For analysis of HCN1 and HCN2 in the membranous 
fractions of the hippocampus, a subcellular fraction-
ation method was used to obtain membrane proteins in 
the hippocampus. Briefly, hippocampal tissue was incu-
bated on ice and homogenized with a Teflon-coated 
motorized homogenizer. To restore isotonic conditions, 
0.32 M sucrose was added at 10 vol of the 10 mM HEPES 
(pH7.4, containing protease inhibitors cocktail). Then, 
the samples were centrifuged at 900 g at 4 °C for at least 
10  min to remove nuclei and debris and the superna-
tant containing the membrane, organelles, and cytosolic 
fractions was collected. The supernatant was further 
centrifuged (10,000 g) at 4 °C for 20 min. The pellet was 
collected and centrifuged (20,000 g) at 4 °C for 20 min for 
two times. The supernatant containing the cytosolic frac-
tion was removed from the pellet containing the enriched 

membrane fraction. The membrane fraction was then 
resuspended in a 1% SDS in PIPA solution.

The protein concentrations of the whole hippocam-
pal lysates and the membrane fraction lysates were 
determined by the BCA assay. Proteins were separated 
by electrophoresis and then transferred to a nitrocel-
lulose membrane (BioRad, Hercules, California, USA). 
The membrane was blocked in 5% milk-TBST at RT and 
probed with rabbit anti-HCN1 (55222-1-AP, Proteintech, 
1:2000), rabbit anti-HCN2 (55245-1-AP, Proteintech, 
1:1000), mouse anti-GAPDH (sc-137179, Santa Cruz, 
1:10000), and anti-caveolin-1 (66067-1-AP, Protein-
tech, 1:10000) at 4  °C overnight and then reacted with 
goat anti-rabbit HRP antibody (SA00001-2, Proteintech, 
1:5000) or goat anti-mouse HRP antibody (SA00001-1, 
Proteintech, 1:5000) for 120 min. Detection and quanti-
fication of specific bands were performed using a fluo-
rescence scanner (Odyssey Infrared Imaging System, 
LI-COR Biotechnology, Lincoln, NE, USA). GAPDH 
and caveolin-1served as the loading controls for whole 
hippocampal lysates and lysates of membrane fractions, 
respectively.

Behavioral tests
All behavioral experiments were performed between the 
ages of four to six months. Intervals between each behav-
ioral test were 1–3 days, which was to ensure sufficient 
rest for mice. The apparatus was thoroughly cleaned with 
70% ethanol between the tests. The behavioral data were 
recorded and analyzed by ANY-maze software (Stoelting, 
UK). All tests were performed and analyzed by experi-
menters who were blind to the genotypes of animals and 
drug treatments.

Y-maze
The Y maze test was used to assess the spatial working 
memory (via spontaneous alternations) and exploratory 
activity (via total number of arm choices). The device 
was a three-arm horizontal maze (40 cm long and 10 cm 
wide with 25 cm high) in which the angle between each 
of the two adjacent arm is 120°. Mice were placed at the 
center of the three arms and allowed to explore freely for 
8 min. The total arm entries and sequences of each arm 
were recorded. The percent alternations were defined as 
the proportion of arm choices that differed from the last 
two choices.

Novel location recognition (NLR)
Mice were first habituated to the open field box for three 
days, 10  min a day. During training, 24  h after the last 
habituation, mice were allowed to explore two identical 
objects for 10 min, two hours later, one of the objects was 
picked up and placed diagonally opposite the other and 
mice were allowed again to explore two objects for 5 min. 
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The time of investigation for each object was measured. 
The investigation time was measured for each case in 
which a mouse’s nose touched the object or was oriented 
toward the object and came within 2  cm of it. The dis-
crimination index was defined as (novel location investi-
gation time - familiar location investigation time) / (novel 
location investigation time + familiar location investiga-
tion time).

Three chamber tests
Three chamber tests were performed as described previ-
ously to detect rodent sociability and social novelty. The 
apparatus was consisted of a three-compartment white 
Plexiglas box (20 cm × 40 cm × 20 cm), a central chamber 
and two side champers. In the middle of dividing walls, 
there were rectangular opening (6 cm × 8 cm, equipped 
with sliding doors) to allow mice moving freely between 
chambers. Two identical inverted wire cups were placed 
separately in the corner of each side chamber, whose 
walls have long vertical openings that are large enough to 
allow mice outside the cylinder to easily contact the mice 
inside by sight, hearing and smell. During the habituation 
phase, the test mice were placed in the middle chamber 
and allowed to freely explore for 10 min. In the sociabil-
ity stage, a stranger mouse (the same age, sex, and strain) 
was placed in a wire cup on one side, then released the 
test mouse to freely explore for 10  min again. In the 
social novelty phase, a new stranger mouse was placed in 
the wire cage on the other side. Then, the test mice were 
allowed to freely explore for another 5 min. The interac-
tion time (during which a mouse’s nose touched the wire 
cup or was oriented toward the wire cup and came within 
2 cm of it) was measured. The discrimination index was 
calculated by the formula (A-B)/(A + B). For sociability 
phase, A and B were defined as the interaction time with 
social wire cup and empty wire cup respectively; As for 
social novelty phase, A and B were defined as the inter-
action time with the cup of the novel stranger and the 
familiar one.

Statistical analysis
For all experiments, statistical analyses were performed 
with GraphPad Prism 8.01. Data represent mean ± SEM. 
Differences between two means were assessed by 
unpaired t-test. For comparing multiple measurements 
in the same experiment, data were analyzed by two-way 
ANOVA, and Bonferroni’s tests were applied for multiple 
comparisons. Only values with p < 0.05 were accepted as 
statistically significant. Statistical details were provided 
in the figure legends.

Results
Pyramidal neurons (PNs) in dCA1 but not vCA1 are 
hyperexcitable in hAPP-J20 mice
We demonstrated previously that CA1 PNs were hyper-
active in hAPP-J20 mice of 4–5 months old [42]. To fur-
ther assess the properties of neurons in CA1, we crossed 
CaMKIIα-Cre or PV-Cre mice with hAPP-J20 mice and 
then injected rAAV-Ef1a-DIO-EYFP into the hippocam-
pal CA1 region to visualize PNs and PV neurons, respec-
tively (Fig. 1A). Results of whole-cell recordings showed 
that, in response to the depolarizing current injections, 
the spike numbers were increased in dCA1 PNs of 
2.5-month-old hAPP-J20 mice (Fig. 1B), but the increase 
was more pronounced in dCA1 PNs of 6-month-old 
hAPP-J20 versus WT mice (Fig.  1C). However, no sig-
nificant difference in spike numbers was observed in 
vCA1 PNs of 6-month-old hAPP-J20 versus WT mice 
(Fig.  1D). The spike numbers were also comparable in 
dCA1 PV+ neurons between hAPP-J20 and WT mice at 
6 months old (Fig.  1E). Furthermore, we measured the 
initial frequency (the frequencies of the first two action 
potentials) in response to the first suprathreshold current 
step to distinguish spiking from bursting. An increase in 
the mean initial frequency was found in the dCA1 PNs 
of 6-month-old hAPP-J20 mice (Fig. 1F, G), indicating a 
pronounced output mode transition of CA1 PNs from 
regular spiking to bursting. We also observed that the 
input resistance was significantly increased (Fig.  1H, I) 
but the rheobase was decreased (Fig.  1J) in dCA1 PNs 
of 6-month-old hAPP-J20 versus WT mice. The resting 
membrane potential (RMP) and the threshold to gener-
ate action potentials in dCA1 PNs were not significantly 
altered in hAPP-J20 mice (Fig. 1K, L). Taken together, our 
data demonstrated that the dCA1 PNs were hyperexcit-
able but the excitability of vCA1 PNs and PV+ neurons 
in dCA1 was not significantly altered in 6-month-old 
hAPP-J20 mice.

Consistent with the hyperexcitability of dCA1 PNs in 
hAPP-J20 mice, we found that the frequency of the spon-
taneous action potentials (sAPs) was also increased in 
dCA1 PNs of hAPP-J20 versus WT mice (Fig. 1M, N).

Chemogenetic inhibition of dCA1 PNs ameliorated 
cognitive deficits in hAPP-J20 mice
Given that the hyperexcitability of dCA1 PNs may con-
tribute to the behavioral deficits [42], we hypothesized 
that directly inhibiting hippocampal PNs might attenu-
ate the behavioral deficits in hAPP-J20 mice. We first 
confirmed that our hAPP-J20 mice exhibited memory 
deficits in several behavioral tests (Fig. S1). We want 
to mention that an increased exploration distance was 
observed in hAPP-J20 mice in the novel location rec-
ognition test (Fig. S1E). This is consistent with previous 
studies showing that hAPP-J20 mice present increased 
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exploratory activity [41, 44–46]. To specifically inhibit 
the activity of dCA1 PNs, we took advantage of the 
DREADDs (designer receptors exclusively activated by 
designer drugs) approach [47]. Adeno-associated viruses 
(AAVs) expressing the Cre-dependent DREADD (pAAV-
hSyn-DIO-hM4D(Gi)-mCherry) or a control vector 
(pAAV-hSyn-DIO-mCherry) were bilaterally injected 

into the dCA1 of hAPP-J20/CaMKIIα-Cre mice. As 
shown in Fig. 2A, the virus was mainly expressed in CA1 
neurons. We performed electrophysiological recordings 
in brain slices to validate the effect of the Gi (hM4Di) 
DREADD on the activity of dCA1 PNs. Bath application 
of clozapine N-oxide (CNO) significantly decreased the 
activity of CA1 PNs (Fig.  2B), increased the rheobase 

Fig. 1  Dorsal CA1 PNs are hyperexcitable in hAPP-J20 mice. (A) Images of brain slices showing the region of dorsal hippocampus (scale bar, 500 μm), a 
representative PV neuron and a representative pyramidal neuron (PN) (scale bars, 50 μm) for recordings. (B) The numbers of spikes generated in dCA1 
PNs of WT and hAPP-J20 mice (2.5 months) in response to depolarizing current injections (WT, n = 29 cells from 10 mice; J20, n = 28 cells from 9 mice). 
Two-way ANOVA: genotype (hAPP), F (1, 55) = 6.503, p = 0.0136; current step, F (10, 550) = 557.3, p < 0.0001; interaction, F (10, 550) = 2.630, p = 0.0039; *p < 0.05, 
**p < 0.01 with Bonferroni’s post-hoc test. (C) The numbers of spikes generated in dCA1 PNs of WT and hAPP-J20 mice (6 months) in response to depolar-
izing current injections (WT, n = 32 cells from 12 mice; J20, n = 31 cells from 11 mice). Two-way ANOVA: genotype (hAPP), F (1, 61) = 15.69, p = 0.0002; current 
step, F (2.408, 146.9) = 585.8, p < 0.0001; interaction, F (10, 610) = 5.962, p < 0.0001; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 with Bonferroni’s post-hoc test. 
(D) The numbers of spikes generated in vCA1 PNs of WT and hAPP-J20 mice (6 months) in response to depolarizing current injections (WT, n = 27 cells 
from 9 mice; J20, n = 28 cells from 10 mice). Two-way ANOVA with Bonferroni’s post-hoc test: genotype (hAPP), F (1,53) = 0.4698, p = 0.4961; current step, F 

(2.426,128.6) = 411.6, p < 0.0001; interaction, F (10,530) = 0.5348, p = 0.8658. (E) The numbers of spikes generated in dCA1 PV neurons of WT and hAPP-J20 mice 
(6 months) in response to depolarizing current injections (WT, n = 23 cells from 9 mice; J20, n = 25 cells from 10 mice). Two-way ANOVA with Bonferroni’s 
post-hoc test: genotype (hAPP), F (1, 46) = 0.1271, p = 0.7231; current step, F (1.944, 89.41) = 630.8, p < 0.0001; interaction, F (10, 460) = 1.135, p = 0.3342. (F) Repre-
sentative traces of the initial firing frequency in the dCA1 PNs of WT and hAPP-J20 mice (6 months). (G) Quantification of the initial frequency in the dCA1 
PNs (WT, n = 32 cells from 10 mice; J20, n = 31 cells from 10 mice). Unpaired t-test: t (61) = 3.392, p = 0.0012. **p < 0.01. (H) Representative traces of the input 
resistance in the dCA1 PNs of WT and hAPP-J20 mice (6 months). (I) Quantification of the input resistance in the dCA1 PNs (WT, n = 32 cells from 10 mice; 
J20, n = 31 cells from 10 mice). Unpaired t-test: t (61) = 2.946, p = 0.0046. **p < 0.01. (J) The rheobase of dCA1 PNs in 6-month-old WT and hAPP-J20 mice 
(WT, n = 32 cells from 10 mice; J20, n = 31 cells from 10 mice). Unpaired t-test: t (61) = 3.572, p = 0.0007. ***p < 0.001. (K) The resting membrane potential 
(RMP) of dCA1 PNs in 6-month-old WT and hAPP-J20 mice (WT, n = 32 cells from 10 mice; J20, n = 31 cells from 10 mice). Unpaired t-test: t (61) = 0.4743, 
p = 0.6370. (L) The threshold for generation of action potentials of dCA1 PNs in 6-month-old WT and hAPP-J20 mice (WT, n = 32 cells from 10 mice; J20, 
n = 31 cells from 10 mice). Unpaired t-test: t (61) = 0.9104, p = 0.3662. (M) Representative traces of the spontaneous action potential (sAP) of dCA1 PNs in 
WT and hAPP-J20 mice (6 months). (N) Quantification of sAP in the dCA1 PNs (WT, n = 26 cells from 10 mice; J20, n = 26 cells from 10 mice). Unpaired 
t-test: t (50) = 2.563, p = 0.0134
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Fig. 2  Chemogenetic inhibition of dCA1 PNs improves cognitive functions of hAPP-J20 mice. (A) A representative image showing the expression of the 
AAV virus microinjected into the dCA1 of J20/CaMKIIα-Cre mice, red: mCherry, blue: DAPI. Scale bar, 500 μm. (B) Representative traces of action potentials 
recorded in dCA1 PNs before (baseline) and after bath application of CNO (10 µM) and washout of CNO. (Red traces represent the rheobase). (C) The rheo-
base of dCA1 PNs was higher after CNO treatment (n = 11 cells from 4 mice). Unpaired t-test: t (10) = 3.231, p = 0.0090. **p < 0.01. (D) The numbers of spikes 
generated in dCA1 PNs in response to depolarizing current injections were significantly decreased after CNO treatment (n = 14 cells from 5 mice). Two-
way ANOVA: drug (CNO), F (1, 13) = 24.93, p = 0.0002; current step, F (10, 130) = 125.5, p < 0.0001; interaction, F (10, 130) = 2.957, p = 0.0022; **p < 0.01, ***p < 0.001 
with Bonferroni’s post-hoc test. (E) A summary plot in response to 100 pA depolarizing current step showing a significant decrease in the excitability of 
dCA1 PNs after CNO treatment (n = 10 cells from 4 mice). One-way ANOVA with Bonferroni’s post-hoc test: F (1.77, 15.93) = 15.97, p = 0.0002. **p < 0.01. (F) Path 
traces of mice and the percentage of alternations in Y-maze test from hAPP-J20 mice expressing mCherry or hM4Di after CNO administration (mCherry, 
n = 9; hM4Di, n = 9). hAPP-J20 mice expressing hM4Di showed the increased alternations. Unpaired t-test: t (16) = 3.873, p = 0.0013. **p < 0.01. (G) The total 
arm entries of Y-maze test from hAPP-J20 mice expressing mCherry or hM4Di after CNO administration (mCherry, n = 9; hM4Di, n = 9). Unpaired t-test: t 

(16) = 0.1362, p = 0.8934. (H) The sociability in three chamber tests from hAPP-J20 mice expressing mCherry or hM4Di after CNO administration (mCherry, 
n = 9; hM4Di, n = 9). Unpaired t-test: t (16) = 1.905, p = 0.0749. (I) The social novelty in three chamber tests from hAPP-J20 mice expressing mCherry or hM4Di 
after CNO administration (mCherry, n = 13; hM4Di, n = 9). hAPP-J20 mice expressing hM4Di displayed an increased discrimination index compared with 
hAPP-J20 mice expressing mCherry. Unpaired t-test: t (20) = 2.107, p = 0.0479. *p < 0.05
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(Fig. 2C) and decreased the firing rate of mCherry-pos-
itive neurons (Fig.  2D, E), confirming the inhibition of 
dCA1 PNs in hAPP-J20 mice. We conducted behavioral 
tests to assess the cognitive functions of mice. Our results 
showed that inhibiting dCA1 PNs for 2 weeks improved 
the performance of hAPP-J20 mice in both Y maze and 
three chamber tests (Fig.  2F-I), suggesting the cognitive 
functions were improved. Chemogenetic inhibition of 
dCA1 PNs for two weeks did not significantly affect the 
inflammation and Aβ deposition in the hippocampus of 
hAPP-J20 mice (Fig. S2).

Impaired HCN function in the dCA1 PNs of hAPP-J20 mice
HCNs are well known as pacemaker channels in main-
taining spontaneous rhythmic activity and regulating 
neuronal excitability [21], and HCN1 and HCN2 are 
highly expressed in the hippocampal PNs [23, 25]. We 
wondered whether the hyperexcitability of dCA1 PNs 
in hAPP-J20 mice was associated with the dysregulated 
HCNs. To examine the function of HCN channels in 
dCA1 PNs of hAPP-J20 mice, we performed whole-cell 
voltage clamping to directly measure the HCN channel-
mediated currents (Ih) in dCA1 PNs by holding the mem-
brane voltage from − 45 to -105 mV in 10-mV steps. We 
found that the sag ratio and amplitude (Fig.  3A-C) and 
the Ih currents (Fig. 3D, E) were significantly reduced in 
dCA1 PNs of 6-month-old hAPP-J20 versus WT mice, 
suggesting impaired functions of HCNs in the dCA1 PNs 
of hAPP-J20 mice. Our results showed that there was no 
difference in the sag ratio, amplitude and the Ih currents 
in the dCA1 PV neurons between WT and hAPP-J20 
mice (Fig. 3F-J).

Aβ disrupts the functions of HCN channels
Besides Aβ, hAPP is also overexpressed in the hippo-
campus of hAPP-J20 mice [36]. To determine whether 
the high level of Aβ affects the function of HCNs or not, 
we prepared acute brain slices from WT mice and incu-
bated the slices with oligomeric Aβ (Fig. 3K). Whole cell 
recordings in dCA1 PNs showed that the amplitudes of 
Ih were significantly reduced after treatment with Aβ 
(Fig. 3L, M), suggesting that Aβ disrupted the function of 
HCNs in dCA1 PNs. Interestingly, treatment with cAMP, 
a facilitator of HCNs, reversed the effect of Aβ on the 
amplitudes of Ih in dCA1 PNs (Fig. 3L, M).

Impaired HCN contributes to the hyperexcitability of dCA1 
PNs in hAPP-J20 mice
To investigate whether the impaired function of HCN 
channels is associated with the hyperexcitability of dCA1 
PNs of hAPP-J20 mice, we first recorded the Ih currents 
in dCA1 PNs in the presence of 8-Br-cAMP (1 mM in the 
pipette), an analog of cAMP which is a facilitator of HCN 
channels [48, 49]. Reduced levels of cAMP were reported 

in the cortex of 5×FAD mice [50] and we found that the 
level of cAMP measured with ELISA was significantly 
decreased in the hippocampus of 6-month-old hAPP-
J20 versus WT mice (Fig.  4A). Interestingly, incubation 
with 8-Br-cAMP significantly enhanced the Ih currents 
in dCA1 PNs (Fig. 4B, C) and decreased the number of 
the spikes in response to depolarizing current injections 
(Fig. 4D, E) in dCA1 PNs of 6-month-old hAPP-J20 mice. 
Similarly, bath application of brain slices with ZD7288, 
a selective inhibitor of HCN channels [51], led to a pro-
gressive and significant increase in the firing rate in dCA1 
PNs of hAPP-J20 and WT mice (Fig. 5A, B). These results 
indicated that the disrupted function of HCNs is associ-
ated with the hyperexcitability of dCA1 PNs in hAPP-J20 
mice. We noted, however, that cAMP decreased firing 
frequency at high stimulation rates but did not shift the 
firing curve at lower frequencies (Fig. 4E), suggesting that 
cAMP may act through other cAMP-dependent path-
ways beyond HCN channel activation to regulate the 
excitability of CA1 PNs. We also noted the persistence 
of the original firing rate difference between WT and 
hAPP-J20 mice following ZD7288 application (Fig.  5), 
suggesting that HCN channel activity alone does not 
fully account for the difference in excitability of CA1 PNs 
between WT and J20 mice.

The expression of HCN2 is reduced in the hippocampal 
membrane extractions of hAPP-J20 mice
HCN channels include 4 subtypes: HCN1, HCN2, HCN3 
and HCN421. Among these four subtypes, HCN1 and 
HCN2 are the major subtypes predominantly expressed 
in the hippocampal pyramidal neurons [23, 24]. To inves-
tigate which subtype(s) of HCNs may contribute to the 
disrupted function of HCNs in dCA1 of hAPP-J20 mice, 
we examined the expression of HCN1 and HCN2 in the 
hippocampus of 5–6 months old WT and hAPP-J20 
mice. Results of immunohistochemical staining showed 
that the expression pattern of HCN1 and HCN2 was sim-
ilar, with weak expression in the pyramidal layer of CA1-
CA3, moderate expression in the SR (stratum radiatum) 
and OR (stratum oreins) of CA1, and intense expression 
in the SLM (stratum lacunosum-molecularis) of CA1 
(Fig. S3A and Fig. S4A), although the expression of HCN1 
was slightly stronger in the pyramidal layer of CA1-CA3 
than that of HCN2 (Fig. S3C and Fig. S4C). These results 
are consistent with the notion that HCN1 and HCN2 are 
accumulated in the distant dendritic fragments of hippo-
campal pyramidal neurons [23]. The expression of both 
HCN1 and HCN2 was very weak in the granule layer and 
molecular layer of the DG (Fig. S3A and Fig. S4A). We 
quantified the relative density of HCN1 and HCN2 in the 
SLM and our results showed that the expression level of 
HCN1 was similar in the SLM of WT and hAPP-J20 mice 
(Fig. S3D, E), but the level of HCN2 was reduced in the 
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SLM of hAPP-J20 versus WT mice (Fig.  6A, B). In the 
neocortex, the expression of HCN1 was mainly found in 
the soma of layer 5 neurons and in the distant dendritic 
fragments of superficial layers (Fig. S3A, B), which is 
consistent with previous reports [23]. The expression of 

HCN2 was observed in cells distributed in different lay-
ers of the neocortex (Fig. S4A). However, we did not find 
intense expression of HCN2 in the distal dendrites in the 
neocortex (Fig. S4A, B), which is different from the data 
of previous reports [23].

Fig. 3  Disrupted functions of HCNs in dCA1 PNs of hAPP-J20 mice or in dCA1 PNs of WT mice treated with oligomeric Aβ. (A) Representative traces 
elicited by a series of negative current injections of dCA1 PNs in WT and hAPP-J20 mice. (B) The sag ratio at the − 200 pA current injection detected from 
the dCA1 PNs of hAPP-J20 and WT mice. Unpaired t-test: t (61) = 2.395, p = 0.0197. (C) Sag amplitudes of dCA1 PNs at − 200 to 0-pA current injections. 
Two-way ANOVA: genotype (hAPP), F (1, 61) = 31.81, p < 0.0001; current step, F (1.225, 74.71) = 450.0, p < 0.0001; interaction, F (4, 244) = 16.29, p < 0.0001; **p < 0.01, 
****p < 0.0001 with Bonferroni’s post-hoc test. (D) Representative traces of the HCN-conducted Ih currents in dCA1 PNs of WT and hAPP-J20 mice. (E) The 
HCN-conducted Ih currents in dCA1 PNs of hAPP-J20 and WT mice (WT, n = 10 cells from 5 mice; J20, n = 10 cells from 5 mice). Two-way ANOVA: genotype 
(hAPP), F (1, 18) = 18.04, p = 0.0005; voltage step, F (6, 108) = 124.7, p < 0.0001; interaction, F (6, 108) = 8.998, p < 0.0001; **p < 0.01, ****p < 0.0001 with Bonferroni’s 
post-hoc test. (F) Representative traces elicited by a series of negative current injections of dCA1 PVs in WT and hAPP-J20 mice. (G) The sag ratio at the 
− 200 pA current injection detected from the dCA1 PVs of hAPP-J20 and WT mice. Unpaired t-test: t (46) = 1.812, p = 0.0765. (H) The sag amplitudes of 
PVs from hAPP-J20 and WT mice. Two-way ANOVA: genotype (hAPP), F (1, 46) = 2.134, p = 0.1508; current step, F (1.025, 47.16) = 243.4, p < 0.0001; interaction, 
F (4, 184) = 0.7310, p = 0.5719. (I) Representative traces of the HCN-conducted Ih currents in dCA1 PVs of WT and hAPP-J20 mice. (J) The HCN-conducted 
Ih currents of dCA1 PVs of hAPP-J20 and WT mice (WT, n = 23 cells from 9 mice; J20, n = 25 cells from 10 mice). Two-way ANOVA: genotype (hAPP), F 

(1, 23) = 0.005643, p = 0.9408; voltage step, F (2.001, 46.03) = 224.3, p < 0.0001; interaction, F (6, 138) = 0.3319, p = 0.9192. (K) Representative bands showing the Aβ 
oligomers by western blotting with 6E10. (L) Representative traces of the HCN-conducted Ih currents in dCA1 PNs of WT mice sampled from baseline, Aβ 
oligomers (10 nM) and Aβ + cAMP treatment, respectively. (M) Quantification of the Ih currents in dCA1 PNs from the three groups in (L) (baseline, n = 15 
cells from 5 mice; Aβ, n = 15 cells from 5 mice; Aβ + cAMP, n = 14 cells from 5 mice). Two-way ANOVA with Bonferroni’s post-hoc test: drug, F (2, 41) = 5.383, 
p = 0.0084; voltage step, F (6, 246) = 506.2, p < 0.0001; interaction, F (12, 246) = 3.875, p < 0.0001
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To further examine the expression of HCN1 and HCN2 
in the hippocampus of WT and hAPP-J20 mice, we per-
formed western blot analysis. When the lysates of the 
whole hippocampal tissue were used for the analysis, 
no difference in the expression levels of both HCN1 and 
HCN2 was found between WT and hAPP-J20 mice (Fig. 
S3F, G and Fig. S4D, E), which is consistent with a pre-
vious study [30]. However, the expression of HCN2 but 
not HCN1 was reduced in the hippocampal membrane 
extractions of hAPP-J20 versus WT mice (Fig.  6C-E). 
These data suggest that the reduced expression of HCN2 
in the membrane extractions of the hippocampus may be 
one of the factors accounting for the impaired function of 
HCNs in dCA1 PNs of hAPP-20 mice.

The expression of HCN2 is reduced in CA1 of AD patients
Previous studies reported that the expression of HCN1 
detected with western blot or proteomics was reduced 
in the temporal lobe of AD patients [27]. However, this 

reduction of HCN1 could be due to loss of neurons but 
not the reduced expression of HCN1 in individual neu-
rons. A recent study reported that the expression of both 
HCN1 and HCN2 was increased in the hippocampus of 
patients with AD [33]. To further examine whether the 
expression of HCN2 is altered in the hippocampus of AD 
patients, we performed immunohistochemical staining. 
Our results showed that, unlike the intensive expression 
in the SLM of CA1 in mice (Fig. S3A and Fig. S4A), the 
expression of HCN2 was mainly observed in the soma 
but not the distant fragments of the neuronal dendrites 
in the human hippocampus (Fig. S5 and Fig. S6). On 
the other hand, the expression of HCN2 were widely 
expressed in neurons across the whole hippocampus 
including the pyramidal layer of CA1-CA3, the granule 
layer of DG and the polymorphic layer of DG (Fig. S5 and 
Fig. S6). Our quantification data revealed that the overall 
density of the HCN2 expression was reduced in the CA1 
field of AD patients versus non-AD controls (Fig. 6F, G). 

Fig. 4  Activating HCN channels by cAMP decreases the hyperexcitability of dCA1 PNs in hAPP-J20 mice. (A) Levels of cAMP in the hippocampus of WT 
and hAPP-J20 mice (WT, n = 7; J20, n = 9). Unpaired t-test: t (14) = 2.539, p = 0.0236. *p < 0.05. (B) Representative traces of the HCN-conducted Ih currents in 
the dCA1 PNs of 8-Br-cAMP- (1mM in the pipette) or vehicle-treated brain slices from hAPP-J20 mice. (C) Quantification of the Ih currents in the dCA1 PNs 
(vehicle, n = 19 cells from 7 mice; cAMP, n = 23 cells from 8 mice). Two-way ANOVA: drug, F (1, 40) = 7.384, p = 0.0097; voltage step, F (6, 240) = 642.5, p < 0.0001; 
interaction, F (6, 240) = 5.266, p < 0.0001; *p < 0.05, ***p < 0.001 with Bonferroni’s post-hoc test. (D) Sample traces of action potentials obtained at the 500 
pA current injection in the dCA1 PNs of 8-Br-cAMP- or vehicle-treated brain slices from hAPP-J20 mice. (E) Quantification of the spike numbers in dCA1 
PNs (vehicle, n = 10 cells from 4 mice; cAMP, n = 19 cells from 6 mice). Two-way ANOVA: drug, F (1, 27) = 8.043, p = 0.0086; current step, F (1.539, 41.56) = 165.6, 
p < 0.0001; interaction, F (10, 270) = 5.481, p < 0.0001; **p < 0.01, ***p < 0.001, ****p < 0.0001 with Bonferroni’s post-hoc test
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However, the overall reduction of HCN2 in CA1 could 
be related with the less density of neurons in CA1 of AD 
patients. Therefore, we further quantified the expres-
sion of HCN2 in individual CA1 neurons. We found that 
the expression of HCN2 was reduced in individual CA1 
neurons of AD patients versus no-AD controls, as well 
(Fig. 6H, I).

The expression pattern of HCN1 in the hippocampus of 
humans is very similar to that of HCN2 (Fig. S7). Unfor-
tunately, we were not able to obtain further samples from 
AD patients to compare the expression of HCN1 in the 
hippocampus between AD and non-AD controls.

Overexpression of HCN2 attenuates the excitability of 
dCA1 PNs, enhances the CA1 LTP and improves cognitive 
functions of hAPP-J20 mice
Although cAMP is known to increase the Ih currents 
[49], the effect of cAMP on HCN channels is nonselec-
tive. Based on our data that the function of HCNs was 
impaired in dCA1 PNs of hAPP-J20 mice (Fig.  3) and 
the expression of HCN2 was reduced in the CA1 neu-
rons of both AD patients and AD mice (Fig. 6), we won-
dered whether overexpressing HCN2 in dCA1 PNs could 
rescue the function of HCNs. To restore the expression 
of HCN2 specifically in CA1 PNs of hAPP-J20 mice, 
rAAV-CaMKIIα-HCN2-P2A-EGFP-WPREs (rAAV-
CaMKIIα-EGFP was used as the control) was injected 
bilaterally into the dCA1 of WT and hAPP-J20 mice. As 

Fig. 5  Blocking HCN channels leads to increased excitability of dCA1 PNs in WT and hAPP-J20 mice. (A) Representative traces of action potentials in 
the dCA1 PNs of baseline or ZD7288 (10 µM)-treated brain slices from WT and hAPP-J20 mice. (B) Summary graph of the firing rate of dCA1 PNs before 
and after ZD7288 treatment in WT and hAPP-J20 mice (WT, n = 8 cells from 3 mice; J20, n = 6 cells from 3 mice). Two-way ANOVA: genotype (hAPP), F 

(1,12) = 8.978, p = 0.0111; drug (ZD7288), F (1,12) = 30.86, p = 0.0001; interaction, F (1,12) = 0.8571, p = 0.3728; *p < 0.05, ***p < 0.001 with Bonferroni’s post-hoc 
test
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shown in Fig. 7A-C, the virus was efficiently expressed in 
dCA1 PNs, and the expression of HCN2 was increased 3 
weeks after the injection of the virus. Whole cell record-
ings revealed that overexpressing HCN2 increased 
the sag ratio and amplitude (Fig.  7D-F) and the Ih cur-
rents (Fig. 7H, I) in dCA1 PNs of hAPP-J20 mice. More 
importantly, overexpressing HCN2 decreased the input 
resistance (Fig.  7J) and the number of spikes generated 
in dCA1 PNs of hAPP-J20 mice in response to the depo-
larizing current injections (Fig.  7K, L), suggesting that 
the excitability of dCA1 PNs was reduced. Single cell 
capacitance was measured to confirm that the recorded 
cells are PNs (Table S1). Overexpressing HCN2 also sig-
nificantly decreased the frequency of spontaneous APs in 

CA1 PNs of hAPP-J20 mice (Fig.  7M, N). These results 
suggested that the reduction of HCN2 was associated 
with the hyperexcitability of CA1 PNs in hAPP-J20 mice.

We also prepared acute brain slices and performed field 
recordings in CA1 to measure the long-term potentiation 
(LTP). Our results showed that overexpressing HCN2 
significantly enhanced the CA1 LTP at the Schaffer col-
lateral inputs of hAPP-J20 mice (Fig. 7O, P).

We then performed behavioral tests to assess the effects 
of overexpressing HCN2 in dCA1 PNs on the cognitive 
functions of hAPP-J20 mice. The spatial learning and 
memory that mainly related to dorsal hippocampus were 
assessed by the Y maze test. We found that the memory 
was impaired in J20 mice, and overexpressingHCN2 

Fig. 6  Expression of HCN2 is reduced in CA1 PNs of hAPP-J20 mice and AD patients. (A) Representative images showing the expression of HCN2 in the 
hippocampus of 6-month-old WT and hAPP-J20 mice. Scale bar, 500 μm. (B) Quantification of the HCN2 expression in the SLM of CA1 of WT (n = 5) and 
hAPP-J20 mice (n = 5). Unpaired t-test: t (8) = 2.473, p = 0.0385. *p < 0.05, statistical power = 0.68. (C) Protein bands of HCN2 and HCN1 in the hippocampal 
membranous fractions of WT and hAPP-J20 mice, caveolin-1 severed as the loading control. (D) Quantification of the levels of HCN2 in the hippocampal 
membranous fractions of WT (n = 6) and hAPP-J20 mice (n = 7). Unpaired t-test: HCN2: t (11) = 2.372, p = 0.0370. *p < 0.05. (E) Quantification of the levels of 
HCN1 in the hippocampal membranous fractions of WT (n = 6) and hAPP-J20 mice (n = 7). Unpaired t-test: HCN1: t (11) = 0.9095, p = 0.3826. (F) Representa-
tive images showing the expression of HCN2 in the hippocampus of AD patients and non-AD controls. (G) Quantification data revealed that the overall 
density of the HCN2 was decreased in the CA1 area of AD patients (n = 5) versus non-AD controls (n = 5). Unpaired t-test: HCN1: t (8) = 2.567, p = 0.0333. 
*p < 0.05. (H) Representative images showing the expression of HCN2 in individual CA1 neurons of AD patients and no-AD controls (from the boxes 
shown in the far right part of F). Scale bar, 25 μm. (I) Quantification data revealed that the expression of HCN2 was decreased in individual CA1 PNs of AD 
patients (n = 5) versus non-AD controls (n = 5). Unpaired t-test: HCN1: t (8) = 2.360, p = 0.046. *p < 0.05
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improved the memory of hAPP-J20 mice (Fig. 7Q) with-
out affecting the total entries in the Y maze test (Fig. 7R). 
Our data also showed that overexpressing HCN2 in 
dCA1 impaired the memory of WT mice but did not 
affect their total entries in the Y maze test (Fig. 7Q, R).

Knocking down the expression of HCN2 in CA1 PNs 
reduces the activity of HCNs, increases the excitability of 
CA1 PNs and impairs the cognitive functions of WT mice
We have shown that reduction of HCN2 was associated 
with the hyperexcitability of dCA1 PNs and the impaired 
cognition of hAPP-J20 mice. To further evaluate the roles 

Fig. 7  Overexpressing HCN2 enhances the activity of HCNs, decreases the excitability of dCA1s, increases the CA1 LTP and improves cognitive functions 
in hAPP-J20 mice. (A) Representative images showing the expression of the virus microinjected in the dCA1 of hAPP-J20 mice. Scale bar, 500 μm. (B) 
Representative bands of HCN2 in western blottings of the hippocampal tissues from hAPP-J20 mice with or without overexpressing HCN2. (C) Quanti-
fication of the relative HCN2 levels in the hippocampus (EGFP, n = 7; HCN2, n = 7). Unpaired t-test: t (12) = 2.718, p = 0.0187. *p < 0.05. (D) Representative 
traces elicited by a series of negative current injections of dCA1 PNs in hAPP-J20 mice with (HCN2) or without (EGFP) overexpression of HCN2. (E) The 
sag ratios detected in dCA1 PNs of hAPP-J20 mice with HCN2 overexpression (n = 8) or without HCN2 overexpression (n = 8). Unpaired t-test: t (15) = 2.182, 
p = 0.0454. *p < 0.05. (F) Sag amplitudes of dCA1 PNs in hAPP-J20 mice with or without overexpressing HCN2 at − 200 to 0-pA current injections. Two-way 
ANOVA: virus (HCN2), F (1, 14) = 4.448, p = 0.0534; current step, F (1.612, 22.57) = 150.8, p < 0.0001; interaction, F (4, 56) = 13.14, p < 0.0001; *p < 0.05, ***p < 0.001 
with Bonferroni’s post-hoc test. (H) Representative traces of the HCN-conducted Ih currents in the dCA1 PNs with or without overexpressing HCN2. (I) 
Quantification of the Ih currents (EGFP, n = 8 cells from 4 mice; HCN2, n = 8 cells from 4 mice). Two-way ANOVA: virus (HCN2), F (1, 15) = 6.178, p = 0.0252; 
voltage step, F (1.314, 19.71) = 533.1, p < 0.0001; interaction, F (6, 90) = 23.46, p < 0.0001; *p < 0.05 with Bonferroni’s post-hoc test. (J) The input resistance was sig-
nificantly decreased in dCA1 PNs of hAPP-J20 mice after overexpressing HCN2 (EGFP, n = 8 cells from 4 mice; HCN2, n = 8 cells from 4 mice). Unpaired t-test: 
t (14) = 2.249, p = 0.0411. *p < 0.05. (K) Sample traces of action potentials in dCA1 PNs of hAPP-J20 mice with or without HCN2 overexpression obtained at 
the 150 pA current injection. (L) Quantifications of the spike numbers of dCA1 PNs in response to current injections (EGFP, n = 8 cells from 4 mice; HCN2, 
n = 8 cells from 4 mice). Two-way ANOVA: virus (HCN2), F (1, 14) = 6.597, p = 0.0223; current step, F (2.272, 31.80) = 107.9, p < 0.0001; interaction, F (12, 168) = 3.584, 
p < 0.0001; *p < 0.05 with Bonferroni’s post-hoc test. (M) Representative traces of sAP of dCA1 PNs in hAPP-J20 with or without HCN2 overexpression. 
(N) Frequency of sAP in the dCA1 PNs of hAPP-J20 mice with or without HCN2 overexpression (EGFP, n = 20 cells from 8 mice; HCN2, n = 15 cells from 7 
mice). Unpaired t-test: t (33) = 2.047, p = 0.0487. *p < 0.05. (O) Representative traces showing LTP in CA1 of hAPP-J20 with or without HCN2 overexpression. 
(P) Quantification of the last 15 min of the fEPSP recordings (EGFP, n = 9 cells from 5 mice; HCN2, n = 12 cells from 5 mice). Unpaired t-test: t (19) = 2.683, 
p = 0.0147. *p < 0.05. (Q) The percentage of alternations in Y-maze test from WT and hAPP-J20 mice with or without overexpressing HCN2 (WT/EGFP: n = 9; 
WT/HCN2: n = 9; J20/EGFP: n = 8; J20/HCN2: n = 8). Two-way ANOVA: genotype (hAPP), F (1,30) = 2.938, p = 0.0969; virus (HCN2), F (1,30) = 0.4145, p = 0.5246; 
interaction, F (1,30) = 22.76, p < 0.0001; *p < 0.05, **p < 0.01, ***p < 0.001 with Bonferroni’s post-hoc test. (R) The total arm entries in the Y-maze test from WT 
and hAPP-J20 mice with or without overexpressing HCN2 (WT/EGFP: n = 9; WT/HCN2: n = 9; J20/EGFP: n = 8; J20/HCN2: n = 8). Two-way ANOVA: genotype 
(hAPP), F (1,30) = 21.32, p < 0.0001; virus (HCN2), F (1,30) = 0.4806, p = 0.4935; interaction, F (1,30) = 0.1246, p = 0.7266; *p < 0.05, **p < 0.01 with Bonferroni’s post-
hoc test
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of HCN2, we injected AAV-mCaMK2α-eGFP-shRNAmir 
(mHCN2) into the CA1 to knock down the expression 
of HCN2 in CA1 PNs of WT mice. As shown in Fig. 8A, 
the virus was dominantly expressed in the CA1 field. 
Results of western blot confirmed that the expression of 
HCN2 was significantly reduced in the hippocampus of 
WT mice after injection of the virus (Fig. 8B, C). We then 
performed whole cell recordings in acute brain slices to 
examine the HCN function and the excitability of CA1 

PNs. Our results revealed that reducing the expression of 
HCN2 significantly decreased the sag ratio and amplitude 
(Fig. 8D-F) and the Ih currents (Fig. 8G-H), and increased 
the frequency of sAPs in dCA1 PNs (Fig. 8I-J), suggesting 
that the HCN function was impaired and the excitability 
was increased in dCA1 PNs of WT mice after knocking 
down HCN2. These results are similar to the findings in 
dCA1 PNs of hAPP-J20 mice (Fig.  7). Behavioral tests 
of Y maze and novel location recognition showed that 

Fig. 8  Knocking down the expression of HCN2 decreases the activity of HCNs, increases the excitability of dCA1s and impairs cognitive functions in WT 
mice. (A) Representative images showing the expression of the AAV virus microinjected into the dCA1 of WT mice. Scale bar, 500 μm. (B, C) Western blot 
analysis to confirm the reduced expression of HCN2 in the hippocampus of WT mice. (B), representative protein bands of HCN2; (C), quantification of the 
relative HCN2 levels in the hippocampus (EGFP, n = 6; HCN2-shRNA, n = 5). Unpaired t-test: t (9) = 4.842, p = 0.0009. ***p < 0.001. (D) Representative traces 
elicited by a series of negative current injections in the dCA1 PNs of WT mice with (brown) or without (black) knocking down the expression of HCN2. (E) 
The sag ratios detected in the dCA1 PNs of WT mice with or without knocking down the expression of HCN2, n = 10 (EGFP) or 8 (HCN2-shRNA). Unpaired 
t-test: t (16) = 5.086, p = 0.0001. ***p < 0.001. (F) Sag amplitudes of dCA1 PNs in WT mice with or without knocking down the expression of HCN2 at − 200 
to 0-pA current injections. Two-way ANOVA: virus (HCN2-shRNA), F (1, 16) = 13.86, p = 0.0018; current step, F (1.994, 31.90) = 330.7, p < 0.0001; interaction, F 

(4, 64) = 3.772, p = 0.0081; *p < 0.05, **p < 0.01 with Bonferroni’s post-hoc test. (G) Representative traces of the HCN-conducted Ih currents in dCA1 PNs of 
WT mice with or without knocking down the expression of HCN2. (H) Quantification of the Ih currents (EGFP, n = 8 cells from 5 mice; HCN2-shRNA, n = 8 
cells from 5 mice). Two-way ANOVA: virus (HCN2-shRNA), F (1, 14) = 27.95, p = 0.0001; voltage step, F (1.281, 17.94) = 533.1, p < 0.0001; interaction, F (6, 84) = 26.51, 
p < 0.0001; **p < 0.01, ***p < 0.001 with Bonferroni’s post-hoc test. (I) Representative traces of sAP of dCA1 PNs in WT mice with or without knocking down 
the expression of HCN2. (J) Quantification of the sAP frequencies in the dCA1 PNs of WT mice with or without knocking down HCN2 (EGFP, n = 27 cells 
from 10 mice; HCN2-shRNA, n = 28 cells from 10 mice). Unpaired t-test: t (53) = 2.081, p = 0.0423. *p < 0.05. (K) Representative traces showing LTP in CA1 of 
WT mice with or without knocking down the expression of HCN2. (L) Quantification of the last 15 min of the fEPSP recordings (EGFP, n = 9 cells from 5 
mice; HCN2-shRNA, n = 8 cells from 5 mice). Unpaired t-test: t (15) = 1.757, p = 0.0993. (M) The percentage of the alternations in Y-maze tests of WT mice 
with or without knocking down the expression of HCN2 (WT/EGFP: n = 10; WT/HCN2-shRNA: n = 11). Unpaired t-test: t (19) = 4.659, p = 0.0002. ***p < 0.001. 
(N) The discrimination index of novel location recognition (NLR) test of WT mice with or without knocking down the expression of HCN2 (WT/EGFP: 
n = 10; WT/HCN2-shRNA: n = 11). Unpaired t-test: t (19) = 3.588, p = 0.0020. **p < 0.01
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reducing HCN2 in CA1 impaired the memory of WT 
mice (Fig.  8M, N). The CA1 LTP at the Schaffer collat-
eral inputs, however, was slightly but not significantly 
decreased in CA1 of WT mice after knocking down the 
expression of HCN2 (Fig. 8K, L).

Overexpressing HCN2 in dCA1 did not affect the 
deposition of Aβ and inflammation in the hippocampus of 
hAPP-J20 mice
To evaluate the effects of modulating HCN2 expression 
on the amyloid pathology and inflammation in hAPP-J20 
mice, we did immunostaining to assess the Aβ deposi-
tion and glial cells (GFAP+ and Iba1+) in the hippocam-
pus of hAPP-J20 mice after overexpression of HCN2 in 
the hippocampal pyramidal neurons. The numbers of 
both GFAP+ and Iba1+ cells were increased in the hippo-
campus of hAPP-J20 mice versus WT mice (Fig. S8C-F). 
However, they were not affected in the hippocampus of 
both WT and hAPP-J20 mice after HCN2 overexpres-
sion (Fig. S8C-F). Overexpressing HCN2 in dCA1 for two 
weeks did not affect the Aβ plaque load in the hippocam-
pus of hAPP-J20 mice (Fig. S8A, B). Together, our data 
suggested that increasing HCN2 expression in the dCA1 
pyramidal neurons did not affect the amyloid pathology 
or inflammation in hAPP-J20 mice.

Discussion
Hyperactivity of CA1 PNs is one of the early events in AD 
[7]. Aβ-induced suppression of glutamate reuptake may 
partially explain why CA1 PNs are hyperactive [16]. On 
the other hand, reduced inhibitory synaptic transmission 
was reported to contribute to the hyperactivity of CA1 
PNs in 2.5-month-old 5×FAD mice [14]. However, Hijazi 
et al. reported that PV neurons were hyperactive and 
spontaneous inhibitory inputs onto hippocampal CA1 
PNs were increased in APP/PS1 mice at the age of around 
4-month-old [52]. Clearly, more studies are needed to 
further investigate the role of inhibitory transmission in 
the early hyperactivity of CA1 PNs in AD. Recent stud-
ies of both rat and mouse models of AD suggest that the 
abnormal intrinsic membrane properties play a major 
role in the hyperactivity of CA1 PNs [18, 42]. However, 
the mechanisms underlying the abnormal intrinsic mem-
brane properties of CA1 PNs in AD remain elusive.

In the present study, our data show that the Aβ-induced 
dysregulation of HCNs is associated with the hyper-
excitability of dCA1 PNs in AD mice, which is inline 
with previous literatures [31, 34]. HCN channelopathy 
was also reported in the hippocampus of mice express-
ing a human tauopathy-associated tau fragment [33]. 
Therefore, both Aβ and tau, the two hallmarks of AD, 
could affect HCNs, suggesting that HCNs may indeed 
be involved in the pathogenesis of AD. We further pro-
vide evidence showing that the expression of HCN2 is 

reduced in CA1 neurons of AD mice and AD patients, 
and specifically overexpressing HCN2 attenuates the 
hyperexcitability of dCA1 PNs in AD mice, suggesting 
that deficiency of HCN2 is associated with the hyperex-
citability of dCA1 PNs in AD mice. Knocking down the 
expression of HCN2 increased the excitability of dCA1 
PNs in WT mice, further indicating the association 
between deficiency of HCN2 and hyperexcitability of 
CA1 PNs. Our data, however, did not exclude the possi-
bility that HCN1 or the alteration of the relative levels of 
HCN1 and HCN2 is also involved in the hyperexcitability 
of CA1 PNs in AD. Targeting dCA1 PNs may also lead 
to compensatory changes in vCA1 PNs and therefore 
affects the circuit activity in the hippocampus. It will be 
interesting to examine the excitability of vCA1 PNs after 
overexpressing or knocking down HCN2 in dCA1 PNs in 
future studies. In addition, the hyperexcitability of dCA1 
PNs in hAPP-J20 mice likely arises from a combination 
of different factors. While our data show the association 
between HCN2 deficiency and neuronal excitability, we 
acknowledge that other factors such as the morphologi-
cal changes (for instance, dendritic degeneration of CA1 
PNs) [41, 42] are important contributors as well.

One of the major effects of HCN channels is altering 
the RMP of neurons [20]. However, although the expres-
sion of HCN2 was reduced and the activity of HCN 
channels was impaired, we did not observe a difference in 
the RMP of dCA1 PNs between WT and hAPP-J20 mice. 
Similar to our results, Rizzello et al. reported in Tg2576 
mice that CA1 PNs are hyperexcitable and the HCN 
channels underlying the Ih current are less active in CA1 
PNs, however, the RMP of CA1 PNs is similar between 
Tg2576 and WT mice [31]. We believe that some com-
pensatory changes contribute to the unaltered RMP of 
CA1 PNs in APP mice under the circumstance of HCN 
deficiency, and more studies are needed to further inves-
tigate this possibility.

Treatment with lamotrigine restored the activity of 
HCN channels, reduced the excitability of CA1 PNs 
and improved memory in Tg2576 mice [31], suggesting 
that the hyperexcitability of CA1 PNs mediated by HCN 
channelopathy may be associated with the memory defi-
cits of AD mice. However, due to the fact that lamotrig-
ine is nonspecific for HCNs and nonselective among 
subtypes of HCN channels, it is not clear whether the 
HCN channelopathy is indeed the reason for hyperexcit-
ability of CA1 PNs or memory deficits of AD mice. It is 
not clear either which subtype(s) of HCNs account for 
the hyperexcitability of CA1 PNs in AD. We found that 
the expression of HCN2 was reduced in CA1 neurons of 
AD patients and AD mice, and overexpressing HCN2 not 
only reduced the hyperexcitability of dCA1 PNs but also 
improved cognitive functions of hAPP-J20 mice. Further-
more, reducing the expression of HCN2 enhanced the 
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excitability of dCA1 PNs and impaired the memory in 
WT mice. These results suggest that the hyperexcitability 
of dCA1 PNs which is associated with the dysregulation 
of HCN2 contributes to the memory deficits in AD mice. 
The fact that direct inhibition of dCA1 PNs improved 
cognitive functions in hAPP-J20 mice further supports 
the connection between the hyperexcitability of dCA1 
PNs and the memory deficits in AD.

Although overexpressing HCN2 improves memory in 
hAPP-J20 mice, it impairs memory in WT mice. The dif-
ferential behavioral outcomes of HCN2 overexpression 
may underscore the context-dependent nature of HCN2 
function. In J20 mice, where baseline HCN2 expression 
and function are reduced, overexpression restores HCN2 
to more normal levels, improving cognitive performance. 
In contrast, WT mice exhibit normal HCN2 expression 
under baseline conditions, and overexpression likely 
results in supraphysiological levels of HCN2 activity. This 
disruption of the excitability balance may impair network 
homeostasis, leading to cognitive deficits. These findings 
emphasize the importance of maintaining optimal HCN2 
levels for normal cognitive function and suggest that 
therapeutic interventions should aim to restore, rather 
than excessively enhance, HCN2 activity. In addition, the 
effects of HCN2 overexpression on the input resistance 
of CA1 PNs in hAPP-J20 mice may be mediated by direct 
increase of HCNs and indirect outcomes such as mor-
phological changes of neurons or other compensatory 
mechanisms.

Hijazi et al. reported that PV neurons were hyperexcit-
able and the spontaneous inhibitory transmission onto 
CA1 PNs was increased in young APP/PS1 mice [52]. 
However, we found in a previous study that both spon-
taneous inhibitory and spontaneous excitatory trans-
missions onto the CA1 PNs were comparable between 
hAPP-J20 and WT mice at the age of 4–5 months [42], 
which is similar to the results of studies in a rat model of 
AD [18]. In another study, Li et al. reported that inhibi-
tory transmission onto the CA1 PNs was reduced in the 
early stage of 5×FAD mice [14]. In addition, our results 
in the present study showed that the excitability of PV 
neurons in the CA1 area of 6-month-old hAPP-J20 mice 
was not different from that of WT mice. Apparently, data 
regarding the excitability of GABAergic neurons and the 
synaptic transmission onto CA1 PNs of AD mice are 
inconsistent, and the discrepancies could be caused by 
the different lines of AD models, different ages of mice 
or different approaches used in those different research 
groups. Nevertheless, more studies are warranted to clar-
ify those discrepancies.

While there are studies reporting that modulat-
ing HCN channels affected the Aβ levels [27, 53], we 
did not observe a difference in the deposition of Aβ in 
the hippocampus of hAPP-J20 mice with or without 

overexpressing HCN2 in dCA1 PNs. Previous studies 
reported that chronic activation of perforant pathway 
enhanced the Aβ pathology in APP transgenic mice [54]. 
We therefore expected that inhibiting hippocampal pyra-
midal neurons may reduce the Aβ deposition. However, 
we found that chemogenetic inhibition of dCA1 PNs for 
two weeks did not significantly affect the Aβ plaques in 
the hippocampus of hAPP-J20 mice. Although our data 
did not exclude the possibility that overexpressing HCN2 
or inhibiting dCA1 PNs for a longer period of time may 
reduce the Aβ levels, it indeed suggested that reduc-
ing Aβ was not absolutely required to improve cognitive 
functions of AD mice.

Limitations of this study: Our findings demonstrate a 
correlation between HCN2 deficiency, hyperexcitabil-
ity of dCA1 pyramidal neurons, and memory deficits in 
hAPP-J20 mice. While our data suggest that HCN2 plays 
a role in regulating neuronal excitability, further studies 
are needed to establish a causal relationship and to dis-
sect the contributions of other factors, such as morpho-
logical changes and additional ion channels. Second, the 
behavioral outcomes of HCN2 overexpression highlight 
the importance of maintaining a physiological balance 
of HCN2 activity. While our results suggest that HCN2 
overexpression restores normal function in J20 mice, 
the cognitive impairments observed in WT mice follow-
ing overexpression suggest that supraphysiological levels 
of HCN2 disrupt network homeostasis. Future studies 
should explore the dose-dependent effects of HCN2 
modulation to better understand the therapeutic window 
for interventions targeting HCN2. Finally, the non-selec-
tive nature of cAMP (as an HCN activator) and ZD-7288 
(as an HCN blocker) limits our ability to attribute the 
observed effects specifically to HCN2. While prior evi-
dence and our data suggest a role for HCN2, further 
experiments using more selective tools, such as HCN2-
specific modulators or genetic approaches, are needed to 
confirm our conclusions.

Conclusions
In summary, we show here that dysregulation of HCN 
channels, particularly HCN2, is associated with the 
hyperexcitability of dCA1 PNs in hAPP-J20 mice likely 
by regulating the intrinsic membrane properties. Fur-
thermore, overexpressing HCN2 in dCA1 PNs improves 
cognitive performance of hAPP-J20 mice without affect-
ing the Aβ pathology and inflammation in the hippo-
campus. Our findings thus open the possibility that 
modulating HCN channels, especially HCN2, could be a 
new approach to prevent the aberrant activity of dCA1 
PNs and then improve cognitive functions in AD. Unfor-
tunately, specific modulators for subtypes of HCNs are 
lacking. But a new progress of developing selective and 
brain-penetrant HCN1 inhibitors [55] may facilitate the 
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identification of new specific modulators for HCNs and 
therefore provide new strategies for treating AD.
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