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The senescence-accelerated mouse prone 8 (SAMP8) strain exhibits age-related learning and memory
deficits (LMD) at 2 months of age. Combined linkage analysis of 264 F2 intercross SAMP8 � JF1 mice
and RNA-seq analysis identified Hcn1 gene out of 29 genes in the LMD region on chromosome 13.
Hcn1 in SAMP8 strain showed 15 times less polyglutamine repetition compared to Japanese fancy mouse
1 (JF1). Whole cell patch clamp analysis showed that Hcn1 ion conductivity was significantly lower in
SAMP8 compared to that of JF1, which may be associated with learning and memory deficiency.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

In every advanced nation where life expectancy increases, the
incidence of age-related dementia increases simultaneously. The
exact cause of age-related dementia is still unknown due to
involvement of multifactorial genes.

The senescence-accelerated mouse prone 8 (SAMP8) strain
exhibits severe age-related learning and memory deficits (LMD)
at 2 months of age well before the median age of survival
(17.2 months), which further aggravates with advancing age with-
out displaying other signs of premature aging [1]. Japanese Fancy
Mouse (JF1) strain shows normal learning and memory [2]. In a
previous study, we have performed genetic analysis of SAMP8
mouse using the whole genome scan for quantitative trait loci
(QTLs) to specify the impairment in step-through passive avoid-
ance response with F2 intercross SAMP8 � JF1 mice and 5 loci have
been identified with significant linkage to chromosomes 1, 12, 13
and 15 related to manifestations of LMD [3]. To narrow down the
candidate regions and to assess candidate genes, we performed
linkage analysis with additional markers on chromosome 13 and
placed the LMD locus between D13Mit53 and D13Mit78 marker.
By combining linkage analysis and RNA-seq analysis, Hyperpolar-
ization activated cyclic nucleotide gated potassium channel 1
(Hcn1) gene was strategically identified out of 29 genes in the
LMD region.

Hcn1 encodes K+ ion permeable channel consists of six a-helical
segments (S1–S6). There is a CAG repetition known as polygluta-
mine (polyQ) repetition region at the C-terminal end of this chan-
nel. The current flowing through Hcn channel plays a key role in
the control of cardiac and neuronal rhythmicity. The current car-
ried by Hcn channels is important for generating and pacing rhyth-
mic bursts in many brain areas, including the septum. Recent
studies suggest roles for Hcn channels in coordinated motor behav-
ior and aspects of learning and memory [4,5].

Interestingly, we found that the PolyQ repetition in the C-termi-
nal end of Hcn1 is 15 times less in case of SAMP8 (22 CAG repeats)
compared to JF1 (37 CAG repeats). Whole cell patch clamp analysis
of 293FT cells transiently expressed Hcn1 genes revealed that ion
conductivity of SAMP8-type Hcn1 was significantly lower than that
of the JF1 mice. Present results demonstrated possibility that the
Hcn1 channel mutation causes learning and memory dysfunction
in SAMP8 strain.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2013.09.145&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2013.09.145
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2. Materials and methods

2.1. QTL analysis

Animal experiments have been approved and conducted
according to the guidelines of ethical review committee by Hokka-
ido University. QTL analysis was performed as described previously
[3]. Briefly, genomic DNA was extracted from mice tail by standard
procedures. Microsatellite sequence length polymorphisms were
detected by 2% agarose gel electrophoresis after polymerase chain
reaction. A genetic mapping study of F2 intercross SAMP8 � JF1
mice was performed through passive avoidance test, in which
SAMP8 exhibiting short retention time and JF1 exhibiting normal
long retention time. Linkage analysis was performed with interval
mapping by Mapmaker/QTL 3.0 b 29 software [www.mapmanag-
er.org]. 155 informative markers were used to perform individual
genotyping of 264 F2 mice (145 females and 119 males). The
position of microsatellite markers are followed according to
the UCSC Genome Bioinformatics (http://genome.ucsc.edu/cgi-bin/
hgGateway).

2.2. RNA-seq and micro array analysis

Hippocampus mRNAs obtained from 2 months of age mice were
extracted with trizole method as described previously [6]. RNA-seq
analysis was performed using hippocampus mRNA of 2 months of
age mice by Hokkaido System Science (http://www.hssnet.co.jp/
index_e.htm). RNA-seq data were analyzed for SAMP8 specific
polymorphism such as single nucleotide polymorphism (SNPs),
triad base repetition, unique alternative splicing events and long
intervening non coding RNAs by using Integrated Genomic viewer
version 2.0 (IGV 2.0) [7].

Micro array analysis was performed using Agilent sure print G3
mouse gene expression 8X60K array using total RNAs of 2 and
5 months of age both male and female mice of JF1 and SAMP8
strain through Takara bio (http://www.clontech.com/takara).

2.3. CAG repeat analysis

The CAG repeat region located in the Hcn1 gene in JF1 and
SAMP8 was amplified by PCR with primers 50-CTCAGCAGCAAC-
TACCGCAGTC-30 and 50-GGAGACCTCATGGGGCAGAGAAGGC-30.
Approximately 10 ng genomic DNA was amplified with PrimeStar
DNA polymerase with My Cycler™ Thermal Cycler, BIO RAD (One
cycle with denaturation at 96 �C for 2 min followed by 30 cycles
with denaturation at 96 �C for 10 s, annealing at 55 �C for 10 s
and strand extension at 72 �C for 1 min, followed by a final exten-
sion of 5 min at 72 �C). PCR products were sub cloned into pBlue
Script SK (�) and sequenced with ABI 377 DNA Sequencer (Applied
Biosystems).

2.4. Construction of expression vectors

Full length of Hcn1 gene of SAMP8-type and JF1-type were
amplified by RT-PCR using hippocampus cDNA as templates with
primers 50-TGCTCCTTGGCTTCGAGCCCCCGGCGAGATC-30 and 50-
TCTTTTGAACTTCTCTTGGGCATTTAGATA-30. The amplified genes
were inserted into pGEM-T-easy vector and sequenced. The SAMP8
type- and JF1 type-Hcn1 gene were then inserted into pEGFP-C1
(Clontech), respectively. P2A sequence encoding GSGATNFSLLK-
QAGDVEENPGP was synthesized by annealing oligonucleotides
and then inserted in frame between green fluorescent protein
(GFP) and Hcn1 gene to construct pEGFP-P2A-HCN1 (SAMP8) and
pEGFP-P2A-HCN1 (JF1) respectively. SAMP8 type- and JF1 type-
Hcn1 gene were also inserted into pIRES2-EGFP, resulting in the
generation of pIRES-HCN1 (SAMP8) and pIRES-HCN1 (JF1) respec-
tively. Plasmids were prepared by high purity midiprep plasmid
purification kit (Marligen Bioscience) and suspended in ultrapure
water.

2.5. Transient expression of Hcn1 in 293FT cells

293FT cells were cultured in 3 cm culture dish with 2 ml DMEM
containing 10% fetal bovine serum under 5% CO2 incubator. Plas-
mid DNA was transfected with FuGENE HD Transfection Reagent
(Roche Co.) as described previously [8].

2.6. Western blotting method

Cells were harvested after 48 h of the DNA transfection and
lysed with 500 ll RIPA buffer containing 5 ll of protease inhibitor
(Sigma–Aldrich), 2.5 ll of 200 mM NaF, 1 ll of 500 mM Na3VO4,
5 ll of 0.1 M DTT. Supernatant was collected by centrifugation
15 � 1000 rpm for 10 min at 4 �C, then run in 10% SDS–polyacryl-
amide gel. Proteins were transferred to PVDF filter from gel. Hcn1
and GFP were detected with anti-Hcn1 (CHEMICON Co.) and anti-
GFP antibody (Roche Co.). Signals were revealed by using a Chemi-
Lumi One (Nakarai tesque, Japan) as described previously [6].
Images were captured using CCD camera (Fujifilm, Lumino Image
Analyzer, LAS-1000-mini, Japan). The intensity of Hcn1 and EGFP
brands were quantified using image analysis software Image J
(ver. 1.46r) (http://imagej.nih.gov/ij/index.html).

2.7. Immunostaining method

Cells expressing Hcn1 were fixed with PBS containing 4% for-
malin for 10 min, washed three times with 1� PBS containing
0.5% Triton X-100. Hcn1 was detected with anti-Hcn1 antibody
(CHEMICON Co.) combined with Anti-Rabbit IgG Antibody labeled
with Alexa594 (Invitrogen Co.). Signals were observed by fluores-
cence microscopy (1X71S1F-2, Olympus, Tokyo, Japan) and
images were captured using CCD camera (KEYENCE-VB7010,
Japan).

2.8. GFP-based cell marking for whole cell patch clamp recording

8 � 105 293FT cells plated on collagen coated 3 cm culture were
transiently transfected with plasmid. After 48 h of the transfection,
culture dish was put as a whole cell patch clamp recording cham-
ber on the stage of an upright microscope (BX-50WI, Olympus, To-
kyo, Japan). Then, extracellular solution containing 30 mM KCl,
110 mM NaCl, 0.5 mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES, pH
was adjusted to 7.3 and replaced nutrient medium in the culture
dish, and was perfused at 1 ml/min and at room temperature.
GFP-labeled cells were visualized on a television screen through
an infrared charge coupled device (CCD) camera (C2741-79, Ham-
amatsu Photonics, Hamamatsu, Japan) and a real-time digital video
microscopy processor (XL-20, Olympus, Tokyo, Japan). Cells exhib-
iting similar intensity level of GFP fluorescence were chosen for the
whole cell patch clamp study. Whole cell patch clamp recordings
were made on the cell. Patch pipettes were pulled from 1.5 mm
o.d. borosilicate glass (1.5 � 90 mm, GD 1.5, Narishige, Japan)
and had resistances of 3–6 MX when filled with the standard pip-
ette solution containing 130 mM KCl, 10 mM NaCl, 0.5 mM MgCl2,
5 HEPES, 1 EGTA, pH adjusted to 7.3. Cells were recorded in voltage
clamp mode with holding potential of �40 mV using a patch clamp
amplifier (Axopatch 200B, Axon Instruments, Union City, CA, USA).
To activate Hcn channels, the cells were applied voltage step pulses
(from �140 to �10 mV) with pulse duration of 3 s and inter pulse
intervals of 2 s. An Ag/AgCl reference electrode was placed near the
intermediate position between the inlet and outlet of the chamber.

http://www.mapmanager.org
http://www.mapmanager.org
http://genome.ucsc.edu/cgi-bin/hgGateway
http://genome.ucsc.edu/cgi-bin/hgGateway
http://www.hssnet.co.jp/index_e.htm
http://www.hssnet.co.jp/index_e.htm
http://www.clontech.com/takara
http://imagej.nih.gov/ij/index.html
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Currents recorded via the electrodes were fed into the amplifier.
The output of the amplifier was digitized using an A/D converter
board (Digidata 1200, Axon Instruments, Union City, USA) with a
sampling rate of 10 kHz, and recorded on a hard disk by data
acquisition and analysis software (pCLAMP 8, Axon Instruments,
Union City, USA). Membrane potentials were low-pass filtered
at 2 kHz.

2.9. Statistical analysis

All data were expressed as means ± SEMs. The statistical
significance between genotype and phenotype was analyzed
using JMP� ver. 10.0.2 (http://www.jmp.com) followed by
Turkey and Kramer’s honestly significance difference test. For
comparison of multiple gene groups, two-way analysis of vari-
ance (ANOVA) with repeated measures followed by a Scheffe’s
F test was used. P < 0.05 was taken as the level of statistical
significance.

3. Results

3.1. Identification of candidate gene by QTL analysis of chromosome 13

To clarify the fundamental determinants involved in age-re-
lated LMD in SAMP8 strain, linkage analysis was performed with
additional markers. Genotyping data is significant (P < 0.01) only
when female mice was considered in case of P8/P8 vs. JF1/JF1
and JF1/JF1 vs. P8/JF1 (Table 1). As shown in Fig. 1A, high logarithm
of the likelihood ratio for linkage (lod) score peak was obtained in
F2 intercross SAMP8 � JF1 female mice of chromosome 13 and
marked as LMD region. The LMD region, showing high lod score va-
lue 2.2–3.2 was placed between D13Mit53 marker and D13Mit78
marker. The position of highest lod score value 3.2 was observed
at D13Mit77 marker in LMD region.

There were 29 genes between D13Mit53 marker and D13Mit78
marker. To identify candidate genes underlying QTLs, we per-
formed RNA-seq and micro array analysis. Micro array analysis of
these genes showed no significant differences in the level of gene
expression between SAMP8 and JF1 strains (Supplementary
Table S1). Interestingly, RNA-seq data analysis identified Hcn1 gene
with differences in CAG (Glutamine, Q) repetition length in SAMP8
mice compared to JF1 mice (Fig. 1B).

To evaluate the differences in CAG repeat between SAMP8 and
JF1, PCR amplification of genomic DNA using primers flanking
the CAG repeat region in the Hcn1 gene was performed and subse-
quently electrophoresed. The size of SAMP8 band (185 bp) is smal-
ler than JF1 band (230 bp) (Fig. 1C). Nucleotide sequencing of the
PCR products demonstrated that 15 CAG triad base pairs were
missing in SAMP8 mice (22 CAG repeats) compared to JF1 mice
(37 CAG repeats) while normal wild type mice (C57BL/6, BALB/C
strains) possessed 38 CAG repeats (Fig. 1D).
Table 1
Results of ANOVA for LMD at 5 months.

Gender Retention time by marker genotype

P8/P8 P8/JF1 JF

Male 219.6 ± 39.3 (28) 242.6 ± 32.4 (62) 32
Female 173.0 ± 23.6 (32) 226.5 ± 24.7 (79) 38
Male + female 194.8 ± 22.3 (60) 233.5 ± 19.8 (141) 35

D13 Mit77 marker was used for genotyping of chromosome 13 LMD locus. All the data
� P1-value indicating genotyping data of P8/P8 vs. P8/JF1.
�� P2-value indicating genotyping data of P8/P8 vs. JF1/JF1.
��� P3-value indicating genotyping data of JF1/JF1 vs. P8/JF1.
* Dominances are determined only when P value is less than 0.05.
3.2. Stoichiometric production of EGFP and Hcn1 proteins in cells by
P2A-based bicistronic plasmid

In transient transfection system, gene expression levels are
controlled by the amount of plasmid used for the transfection
and the expression levels are highly heterologous. Because
trans-membrane current depends on the number of channel ex-
pressed on a cell, a uniform expression level of the channel pro-
tein per cells is desirable to perform the whole cell patch clamp
analysis. To monitor accurately the amount of Hcn1 ion channel
expression per cell, we constructed P2A-based bicistronic plas-
mids, which allow the stoichiometric production of both up-
stream and downstream protein [9–11]. The complete cleavage
at P2A sites that produce GFP-P2A fusion protein and Hcn1 was
determined by Western blotting (Fig. 2A). Immunofluorescent
analysis of 293FT cells transiently transfected with GFP-P2A-
HCN1 expression plasmids revealed that all cells expressing GFP
were positive for Hcn1 (Fig. 2B). When we measured the flores-
cent intensity of GFP in relation to that of Hcn1, high R-value of
linear regression line was obtained in cells transiently transfected
with pEGFP-P2A-HCN1 (SAMP8) and pEGFP-P2A-HCN1 (JF1),
respectively (R2 = 0.93 for SAMP8 and 0.85 for JF1) (Fig. 2C). How-
ever, low R-value for the correlation between GFP and Hcn1 was
obtained in cells transiently transfected with pIRES-HCN1
(SAMP8) and pIRES-HCN1 (JF1), (R2 = 0.37 for SAMP8 and 0.64
for JF1) (Supplementary Fig. S2). So by measuring the fluores-
cence of GFP on cells transiently transfected with EGFP-P2A-
HCN1 constructs, we can more precisely monitor the level of
Hcn1 expression in each cell by the P2A than the IRES constructs.
3.3. Hcn1 channels of SAMP8 strain showed decreased current value
by patch-clamp analysis

Cells with similar florescent intensity of GFP (JF1: 634 ± 7,
SAMP8: 852 ± 9) were selected and used for patch clamp recording.
To activate Hcn1 channels, the recorded cells were applied voltage
step pulses. The leak currents were digitally subtracted. In total, 57
cells were recorded. As shown in Fig. 3A, the GFP cell did not show
inward currents (left panel), suggesting 293FT cells have few
intrinsic Hcn channels. The voltage step pulses elicited inward cur-
rents on cells expressing SAMP8-type Hcn1, however the ampli-
tudes of currents were less than those obtained in JF1
transfectant (Fig. 3B).

Post hoc analysis revealed that both the JF1 and the SAMP8
groups showed significantly greater amplitudes of voltage-depen-
dent currents than the GFP group (P < 0.01 for each), however that
of the SAMP8 group was significantly lower than that of the JF1
group (P < 0.05). When each current value was normalized by fluo-
rescence intensity of each cell, significant difference of amplitude
of the currents was also detected between JF1 and the SAMP8
groups (P < 0.01), denying the possibility that the difference of
P1-value� P2-value�� P3-value���

1/JF1

8.9 ± 41.7 (29) 0.9055 0.1960 0.2431
2.9 ± 55.5 (34) 0.5061 0.0028* 0.0117*

8.0 ± 35.5 (63) 0.5326 0.0004* 0.0016*

are expressed as mean ± S.E.M. No. of mice is indicated in parentheses.

http://www.jmp.com


Fig. 1. Hcn1 is the candidate LMD gene on chromosome 13. (A) Lod score plots for LMD strain on chromosomes 13. X-axis: indicates map position in centi-Morgan (cM).
Microsatellite markers are indicated. Y-axis: lod scores for QTL in (SAMP8 � JF1) F2 progeny. Female scores were standardized and analyzed by Mapmaker/QTL. Dotted
horizontal line on lod score plot indicates the lod = 2.2 as limits for suggestive level. Thick small horizontal line indicates the 1-lod support interval for the noted LMD locus.
(B) Flow chart summarizing the strategy for identification of candidate gene on mouse chromosome 13. (C) Agarose gel of PCR fragments obtained along the CAG repeated
region of the Hcn1 gene. (D) Schematic diagram of Hcn1 channel structure. The six putative transmembrane segments (S1–S6) and the position of polyQ repeat are shown.
Here, n represents number of CAG repetitions = 22 for SAMP8 and 37 for JF1.
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the GFP fluorescence intensity might cause differences of current
amplitude (Supplemental Fig. S3).

These results indicate that amount of trans-membrane currents
via the Hcn1 channels of SAMP8 mice is smaller than that of JF1 mice.
4. Discussion

By combined linkage and RNA-seq analysis, we identified Hcn1
has structural differences in the length of CAG repeats between
SAMP8 and JF1 strains, resulting less ion conductivity in cells
expressing SAMP8-type Hcn1 compared to those of JF1.

Hcn1 ion channel has been found in correlation with learning
and memory function in many studies [12,13]. Activation of the
Hcn channels, known as ‘‘pacemaker channels’’, causes hyperpolar-
ization-activated depolarization, which contributes to modulation
of neuronal spike timing. In central nerves system, spike timing
is recognized as an important factor to elicit synaptic plasticity,
which may relate to learning and memory. Recent reports demon-
strated that inhibition of Hcn channel by ZD7288 blocker can block
the induction of long term potentiation (LTP) [14]. Septal Hcn
channels likely influence memory by contributing to the theta
rhythm and thus influencing memory processing in the hippocam-
pus. Cissé et al. demonstrated that septal infusions of the Hcn
channel blocker ZD7288 impair hippocampal theta, an effect that
would be expected to impair memory [5]. These reports are consis-
tent with our findings that the reduced ion conductivity of SAMP8-
type Hcn1 in relation with LMD. On the contrary, Hussaini et al.
found that knockdown of Hcn1 ion channels in mice facilitate spa-
tial learning and memory [15]. In Hcn1 knockout mice alternative
neuronal circuit formation during brain development may com-
pensate Hcn1 channel ion conductivity deficiency [16].

A growing number of neurodegenerative diseases have been
found resulting from the expansion mutation of an unstable polyQ



Fig. 2. P2A enables coordinate expression of GFP and Hcn1. (A) WB analysis of cleavage efficiency of the P2As in 293FT cells. The cleavage efficiency was assessed using GFP
and Hcn1 antibodies, respectively. (B) Immunofluorescent images of 293FT cells transiently transfected with GFP-P2A-HCN1 (SAMP8) construct representative images are
shown. (C) Linear regression analysis of measured fluorescent intensity of GFP values in relation to that of Hcn1. Fluorescent intensity for GFP and Hcn1 expressed in each cell
was measured by ImageJ software and expressed as arbitrary unit. R2-values of linear regression line were shown.
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[17–19]. Protein aggregation, which is a key feature of most of
these diseases, is thought to be triggered by these expanded polyQ
sequences in disease-related proteins. In human, the length of CAG
repeats of HCN1 gene is shorter and interrupted by other se-
quences. Therefore, the expansion of CAG repeats in human
HCN1 gene less likely to occur. It has been shown that polyQ tracts
in proteins stabilize protein interaction and regulate various sig-
naling processes [20,21]. Alteration of this important biological
function due to polyQ reduction may unstabilize protein interac-
tions, leading to less ion conductivity as we observed in SAMP8
strain.

There are several methods to monitor foreign genes expression
including co-transfection, fusion protein and bicistronic expression.
In cotransfection, not all cells can express cotransfected genes.
Due to high molecular weight of EGFP, possible impact of EGFP
fusion was also considered. IRES allows coordinate expression of
two or more genes from a single transcript. Thus, detection of
the GFP fluorescence encoded by the second cistron is evidence
that the first cistron is also being expressed. However expression
of the downstream gene was found to be as much as 10-fold
lower than the upstream gene [22–24]. Furthermore we found
that IRES failed to express Hcn1 and GFP in a coordinate manner
(Supplemental Fig. S2). By using P2A sequence, we were able to
monitor Hcn1 ion channel expression that allowed us more
precisely to estimate Hcn1 expression in cell to conduct whole-cell
patch clamp analysis.



Fig. 3. Difference in polyQ repetition affects ion permeability of Hcn1. (A)
Comparison of membrane currents among GFP-, GFP-P2A-JF1, and GFP-P2A-SAMP8
expressing cells. Transmembrane current in response to a series of square pulses of
3 s duration measured using the voltage clamp setup. The transmembrane potential
in these experiments ranged from �10 to �140 mV in steps of �10 mV. Data are
shown for representative cells. (B) Current–voltage relationships. ⁄Amplitude of
voltage-dependent currents of the SAMP8 group was lower than that of JF1 group
(P < 0.05).
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In Senescence-resistant inbred strain 1 (SAMR1) showed nor-
mal aging with non-thymic lymphoma, histiocytic sarcoma and
ovarian cysts [1], normally used as aging control strain for the
SAMP8. Although SAMR1 strain has the same length of CAG repe-
tition like SAMP8, they did not show any severe learning and mem-
ory dysfunction. Considering SAMP8 has 5 LMD loci, Hcn1 is not
enough to cause learning and memory dysfunction alone thor-
oughly in SAMR1 strain. Combination with genes from other loci
may affect learning and memory deficiency in SAMP8 mice,
although further studies are required. Gender difference in mice
may also have influence on the phenotypic behavior. We found
SAMP8 male did not show significance in LMD marker genotype.
Flood et al. demonstrated that decreased level of plasma testoster-
one in SAMP8 mice contribute to the age-related deficit in learning
and memory, while replacement improves age-related impairment
of learning and memory function which clearly supports our study
[25].

In conclusion, Hcn1 is the only the most promising candidate
gene on chromosome 13 may be correlated with learning and
memory dysfunction in SAMP8 mice strain.
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