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a b s t r a c t
Heart failure (HF) is characterized by a blood supply which is insufﬁcient to meet the body's demand. HF can potentially affect the brain and is associated with a high prevalence of depression. However, the mechanisms by
which the two are related remain largely unclear. Structural abnormalities of the ventral hippocampus have
been observed in depression but have never been reported in HF. In this study, we thus investigated structural
brain abnormality in HF using voxel-based morphometry (VBM) and histological analysis in a rat model of HF.
T2-weighted images were obtained in rats with HF (n = 20) and sham rats (n = 17) and VBM was used to
produce gray matter concentration (GMC) maps. Twenty-four hour locomotor activity was used as a sign of
depressive behavior. Brains of HF and sham rats (n = 8, each) were ﬁxed and histologically analyzed for the measurement of neurogenesis, the number of astrocytes and neurite outgrowth in the ventral hippocampus. VBM
demonstrated signiﬁcant GMC decrease in the hippocampus, which was restricted to the ventral segment.
Similarly, neurogenesis and neurite outgrowth were signiﬁcantly decreased and the number of astrocytes was
signiﬁcantly increased in HF rats as compared with sham rats in the ventral hippocampus. GMC values in the
ventral hippocampus were signiﬁcantly and negatively correlated with 24 hour locomotor activity in HF rats.
In conclusion, the present study has demonstrated for the ﬁrst time that the structural abnormality of the ventral
hippocampus is associated with depressive symptoms in HF rats.
© 2014 Elsevier Inc. All rights reserved.

Introduction
Heart failure (HF) is characterized by insufﬁcient blood supply for
the body demand due to cardiac dysfunction and often occurs as a result
of myocardial ischemia. Low cardiac output and chronic stress in HF can
potentially affect the brain. Prevalence of depression is increased among
HF patients (Rutledge et al., 2006), which suggests that there may also
be coexisting structural brain abnormalities. Depression complicated
with HF is associated with increased risk of mortality and rehospitalization in patients with HF (Jiang et al., 2001; Rutledge et al., 2006) and
thus should be investigated to improve outcomes. However, the mechanism of depression in HF remains largely unclear.
The hippocampus is an important brain center, which is involved in
emotion and memory, and can be subdivided into the ventral and dorsal
segments. Lesioning the ventral and dorsal hippocampi in rodents can
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lead to aberrant expression of anxiety and memory deﬁcits, respectively
(Kjelstrup et al., 2002; Broadbent et al., 2004; Fanselow and Dong,
2010). Behaviorally depressed cynomolgus macaques showed reduced
volume of the anterior hippocampus (Willard et al., 2009), which is
analogous to the ventral hippocampus in rodents. The ventral hippocampus is more vulnerable to decreased neurogenesis than the dorsal
hippocampus in rodent models of depression-like behavior (Tanti and
Belzung, 2013). To the best of our knowledge, however, there is no definite evidence that structural abnormalities of the ventral hippocampus
have been previously observed in HF.
Voxel-based morphometry (VBM), an unbiased technique based on
magnetic resonance imaging (MRI), has been used to assess regional
differences in the concentration or volume of a particular tissue such
as brain gray matter (Ashburner and Friston, 2000, 2001; Quallo et al.,
2009; Sawiak et al., 2009; Yang et al., 2011; Biedermann et al., 2012;
Suzuki et al., 2013b). There have already been three VBM studies
recruiting HF patients (Woo et al., 2003; Menteer et al., 2010; Almeida
et al., 2012), which did not consistently reveal structural abnormalities
of the hippocampus. Probably this is because patients with HF
usually have many confounding factors affecting gray matter such as
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hypertension, diabetes, dyslipidemia, smoking and administration of
antihypertensive drugs (Ward et al., 2010; Zhang et al., 2011; Glodzik
et al., 2012; Moran et al., 2013). Therefore, structural brain abnormalities in HF should be assessed using experimental animals that have uniform environmental and genetic backgrounds. We previously reported
an in-vivo rat T2 MRI template that includes three different classes of
tissue probability maps (Valdés-Hernández et al., 2011). VBM using
our rat template could successfully detect structural abnormalities of
the hippocampus in a rat model of cardiopulmonary resuscitation
(Suzuki et al., 2013b).
In the present study, we assessed structural brain abnormality in HF
using VBM and histological analysis in a rat model of HF. We examined
changes in neurogenesis, the number of astrocytes and neurite outgrowth in the ventral and dorsal hippocampi histologically. Twentyfour hour locomotor activity, an index of depressive symptoms in
rodents (Fukamauchi et al., 1996; Kabuki et al., 2009), was also
measured in both HF and sham rats before MRI recordings. Increased
locomotor activity in 24 hour spontaneous measurement is observed
in rodent models of depression or chronic stress (Fukamauchi et al.,
1996; Kabuki et al., 2009). The purpose of the present study was to investigate the following four hypotheses: (1) VBM detects gray matter
changes in the ventral hippocampus in HF rats, (2) neurogenesis, the
number of astrocytes and neurite outgrowth are changed in the ventral
hippocampus in HF rats, (3) 24 hour locomotor activity is increased in
HF rats, and (4) VBM-detected gray matter changes in HF rats are associated with depressed symptoms examined with 24 hour locomotor
activity measurements.
Materials and methods
Animals
A total of 53 male Wistar rats (9 week-old; Charles River, Japan)
were assigned to either HF group (n = 28) or sham group (n = 25).
The HF and sham rats were used either for MRI recordings followed
by behavioral tests (20 HF and 17 sham rats) or histological analysis
(8 HF and 8 sham rats). All procedures and protocols were performed in
accordance with the policies established by the Animal Care Committee
at Tohoku University, Sendai, Japan (approval number: 2012-241).
The HF rats
The coronary ligation protocol was performed as previously described (Henderson et al., 2009). Brieﬂy, rats were anesthetized with
isoﬂurane, and were orally intubated for mechanical ventilation using
a ventilator (Harvard Apparatus, Holliston, MA, USA). The following surgical preparations were performed in the prone position on a hotplate
(AS ONE, Osaka, Japan) under 1.5% isoﬂurane. The chest was opened
at the 4th intercostal space to expose the heart, the pericardium was
incised and the left anterior descending coronary artery was ligated between the pulmonary outﬂow tract and the left atrium with a 6-0 silk
suture. The lungs were re-inﬂated by momentarily occluding the outﬂow of the ventilator. The chest was closed with 3-0 silk sutures.
Weight-matched rats were used as controls and underwent all surgical
steps except for the coronary ligation (sham rat). The HF and sham rats
were returned to their cages where they were housed for 16 weeks in a
room on a 12-hr light–dark cycle until the time of the behavioral studies
or histological analysis.
Behavioral tests
Sixteen weeks after the coronary ligation or the sham operation protocol, 24 hour locomotor activity measurement was performed as described in our previous study (Okuda et al., 2004). After adaptation for
three days, 24 hour locomotor activity was measured using an infrared
ray sensor system (SUPER-MEX, Muromachi-Kikai, Tokyo, Japan) that
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consists of twelve small compartments divided with walls on a large
shelf. The size of each compartment is 40 cm wide × 50 cm long
× 35 cm high, and each compartment is equipped with a ceiling sensor
that can detect heat energy radiated from the rats. The system monitors
rat movement by measuring changes in heat energy in the covered ﬁeld.
Rats were placed individually in the compartments within steel wire
cages.
Echocardiographic assessment
In vivo heart function and structure were assessed by echocardiography using a Vevo 2100 system (VisualSonics, Toronto, Ontario, Canada)
designed speciﬁcally for small animal studies as previously described
(Morgan et al., 2004). The echocardiographic assessment was performed before MRI recording or histological analysis and within
4 days of the 24 hour locomotor activity measurement. Rats were anesthetized with 2% isoﬂurane administered via a nose cone, were shaved
from the chest and were placed in the supine position on a hotplate
(AS ONE, Osaka, Japan). Two-dimensional (2D) and M-mode echocardiography images were obtained from the parasternal short-axis view to
measure fractional shortening (FS), interventricular septal thickness
(IVSTd), left ventricular diastolic dimension (LVDd), left ventricular systolic dimension (LVDs) and posterior wall thickness in diastole (PWTd)
(Fig. 1). FS was calculated as percentage in accordance with the following formula: FS = (LVDd − LVDs) / LVDd × 100(%). All measurements
were carried out ofﬂine using the Vevo 2100 system software and were
averaged from three cardiac cycles.
MRI recording
MRI recording was performed as described in our previous studies
(Sumiyoshi et al., 2012; Suzuki et al., 2013a,b). Brieﬂy, rats were initially
anesthetized with isoﬂurane, and polyethylene catheters were inserted
into the femoral artery and vein to examine blood pressure and systemic drug delivery, respectively. The rats were orally intubated for artiﬁcial
ventilation, were placed in the prone position on a custom-built MRI
bed with a bite bar, and mechanically ventilated at a respiration rate
of 60 ± 1 breaths/min using a ventilator (SAR-830/AP, CWE Inc.,
Ardmore, PA, USA). After the rats received a bolus injection of
pancuronium (2 mg/kg), anesthesia was maintained at 1% isoﬂurane
with continuous administration of pancuronium (2 mg/kg/h).
All MRI data were acquired using a 7.0 T Bruker PharmaScan system
(Bruker Biospin, Ettlingen, Germany) with a 38-mm-diameter bird-cage
coil. Prior to all MRI acquisitions, we ﬁrst performed global magnetic
ﬁeld shimming inside the core and subsequently localized on the region
of interest (ROI) using a point resolved spectroscopy protocol. The
linewidth (full width at half maximum) at the end of the shimming procedure ranged from 10 to 16 Hz in the ROI (approximately 300 μl). T2weighted images (T2WIs) were obtained using a 2D-RARE sequence
with the following parameters: TR = 4600 ms, TEeff = 30 ms, RARE
factor = 4, SBW = 100 kHz, ﬂip angle = 90°, FOV = 32 × 32 mm2,
matrix size = 256 × 256, voxel size = 125 × 125 μm2, number of
slices = 54, slice thickness = 0.5 mm, slice gap = 0 mm, and number
of repetitions = 10.
Measurement of cardiac infarct size
The measurement of infarct size protocol was performed as modiﬁed in the past study (Saeed et al., 2001). At the end of each MRI recordings, the heart was removed and was cross-sectioned from base to apex
into four short-axis slices. The slices were weighed to measure heart
weight and were immersed in distilled water that contained 1.0% triphenyltetrazolium chloride (TTC; Sigma Aldrich; Munich, Germany)
for 20 min at 37 °C to identify infarcted tissue. Infarct size was calculated as mean value of infarct circumference divided by total
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Fig. 1. Representative echocardiography of sham rat and HF rat. HF, heart failure; IVSTd, interventricular septal thickness in diastole; LVDd, left ventricular diastolic diameter; PWTd,
posterior wall thickness in diastole.

circumference in each section times 100. Rats with small infarct size
(b30%) were excluded from this study.
VBM analysis
T2WIs in HF (n = 20) and sham rats (n = 17) for the group comparison analysis and T2WIs in HF rats (n = 20) or sham rats (n = 17) for
the voxel-based correlation analysis were analyzed using the statistical
parametric mapping software (SPM8, Wellcome Department of
Cognitive Neurology, London, UK) and custom-written software in
MATLAB (Mathworks Inc., Natick, MA, USA). In the present study,
VBM was performed as described in our previous studies (Taki et al.,
2012; Suzuki et al., 2013b). First, the T2WIs were resized by a factor of
10 (Biedermann et al., 2012) and were realigned and resliced to adjust
for head motion. The realigned anatomical images were then averaged
to produce mean images. Second, after the mean images were aligned
with the Wistar rat template brain (Valdés-Hernández et al., 2011),
they were segmented into images of gray matter (GM), white matter
(WM) and cerebrospinal ﬂuid (CSF) by applying a uniﬁed segmentation
approach (Ashburner and Friston, 2005) using the probabilistic maps of
the Wistar rat brain (Valdés-Hernández et al., 2011). The obtained GM,
WM and CSF images and T2WIs were rigid-body aligned (3 rotations
and 3 translations) to the Wistar rat brain template (ValdésHernández et al., 2011) and were resampled to 1.25 mm (for the resized
images) isotropic voxels. Third, the aligned GM, WM and CSF images
were used to create a customized, more population-speciﬁc template
using Diffeomorphic Anatomical Registration using Exponentiated Lie
Algebra (DARTEL) template-creation tool (Ashburner, 2007). DARTEL
has been shown to produce a more accurate registration than the standard VBM procedure (Klein et al., 2009) and is potentially suitable for
performing VBM using probability maps from different rat strains.
Fourth, each rat's gray matter image was warped using its corresponding smooth, reversible deformation parameters to transform it to the
custom template space and then to the Wistar rat template space. Finally, the warped unmodulated or modulated gray matter images were
smoothed with an isotropic Gaussian kernel to produce gray matter
concentration (GMC) maps respectively by convolving an 8-mm (for
the resized images) full-width at half-maximum. Note that, although
the image preprocessing was performed in the resized scales, the results
of VBM analysis were displayed in the original scales.
Histological analysis
We examined changes in neurogenesis, the number of astrocytes
and neurite outgrowth in the ventral and dorsal hippocampi histologically. Fifteen weeks after the coronary ligation or the sham operation
protocol, HF (n = 8) and sham rats (n = 8) were injected with
bromodeoxyuridine (BrdU, 50 mg/kg i.p.) for 7 days to label dividing
cells. One day after the ﬁnal BrdU injection, the rats were transcardially
perfused ﬁrst with phosphate buffered saline (PBS, pH 7.4) and then
with paraformaldehyde in PBS (4% PFA). The brains were carefully

removed from the skull, post-ﬁxed in 4% PFA, and embedded in parafﬁn.
Twenty consecutive 3-μm coronal sections were obtained from the
dorsal (approximately −2.8 to −3.8 from the bregma) and the ventral
hippocampi (approximately −5.8 to −6.8 from the bregma). For measurement of neurogenesis, three randomly chosen sections in the dorsal
and ventral hippocampi respectively were incubated with sheep antiBrdU (1:50; abcam), a neurogenesis marker, and mouse anti-NeuN
(neuronal nuclei, 1:500; Chemicom), a neuronal marker, for clariﬁcation of the dentate gyrus. Neurogenesis was measured by counting the
number of BrdU-positive cells in the dorsal and ventral hippocampi.
For analyses of astrocytes and neurite outgrowth, sections in the dorsal
and ventral hippocampi were incubated with rabbit anti-GFAP (glial
ﬁbrillary acidic protein, 1:1000; Chemicom), an astrocyte marker, and
mouse anti-MAP2 (microtubule-associated protein 2, 1:500; abcam), a
neurite marker. Quantiﬁcation of GFAP and MAP2 immunoreactivity
was performed as modiﬁed in the past study (Ferreira et al., 2011;
Calvo-Ochoa et al., 2014). Brieﬂy, the number of GFAP positive cells
was counted in four ×40 magniﬁcation images of the hilus. Only astrocytes with complete processes and nuclei were selected. MAP2 densitometry was performed by automatically calculating the mean pixel
intensity in four × 20 magniﬁcation images of the hilus using ImageJ
(http://imagej.nih.gov/). MAP2 density data were expressed as values
relative to the average of sham rats. All the sections were ﬁnally incubated with the corresponding secondary antibodies and were examined
using a ﬂuorescence microscope (BZ-9000, Keyence, Osaka, Japan).
Cardiac variables evaluated with echocardiography were not signiﬁcantly different between the rats undergoing MRI recordings followed
by behavioral tests and the rats undergoing histological analysis
(Supplementary table).
Statistical analysis
To reveal regional changes in gray matter due to HF, the GMC maps
of HF rats were compared to those obtained from sham rats using a
Student's t-test at each voxel. We excluded all voxels with a gray matter
probability value below 0.2 to include only voxels with sufﬁcient gray
matter proportion and avoid possible edge effects between gray matter
and white matter or cerebrospinal ﬂuid (May et al., 2007). The signiﬁcance level was ﬁrst set at P b 0.05 corrected for multiple comparisons
using the false-discovery rate method (FDR corrected) with a minimum
cluster size of 200 voxels (Suzuki et al., 2013b). Second, more stringent
threshold of P b 0.05 corrected for multiple comparisons using the
family-wise error method (FWE corrected) was applied to the comparison of the GMC maps. Consequently, the clusters in the bilateral hippocampus (Figs. 2C, D), whose focuses only survived with a threshold of
P b 0.05 FWE corrected, were considered as a region of interest (ROI)
and subjected to the following correlation analyses (Zhang et al.,
2011; Suzuki et al., 2013b).
To investigate whether the 24 hour locomotor activity is associated
with the GMC change, correlation analyses using the Pearson correlation coefﬁcient were applied to 24 hour locomotor activity and mean
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Fig. 2. VBM results comparing HF rats to sham rats (A–D) and the correlation between 24 hour locomotor activity and GMC values in the ventral hippocampus in HF (E) and sham rats
(F). The results were displayed on the custom template that included both groups at −2.8 mm (A), −3.8 mm (B), −5.8 mm (C) and −6.8 mm (D) from the bregma. (A, B) and
(C, D) correspond to the dorsal and ventral hippocampus respectively. The color calibration bars represent the critical T-score magnitudes with a threshold level of P b 0.05 FDR corrected.
The center of the GMC decrease was exceeded at P b 0.05 FWE corrected. FDR corrected, corrected for multiple comparisons using the false discovery rate method; FWE corrected,
corrected for multiple comparisons using the family wise error method; GMC, gray matter concentration; HF, heart failure; VBM, voxel based morphometry.

gray matter probability values inside the ROI at a signiﬁcance level of
P b 0.05. Because HF rats exhibited signiﬁcant changes in cardiac variables and GMC compared to sham rats, all the correlation and regression
analyses were performed in each of HF or sham rats to avoid biasing the
association. We next applied univariate and multivariate regression
analyses to 24 hour locomotor activity, the mean gray matter probability values inside the ROI, and cardiac variables including HW/BW ratio,
infarct size, FS, LVDd, and PWTd. For multivariate analysis, stepwise
backward elimination was selected to identify independent variables
associated with 24 hour locomotor activity. The signiﬁcance level of
the regression analyses was set at P b 0.05.
We ﬁnally performed voxel-based correlation analysis based on the
general linear model in the SPM8 toolbox to conﬁrm the association
between 24 hour locomotor activity and GMC values in the ventral
hippocampus, which was supported by the regression analyses. For
the voxel-based correlation analysis, we included only signiﬁcant voxels
that were identiﬁed by the comparison between the sham and HF rats
using the signiﬁcant voxel map (P b 0.05, FDR corrected with a minimum cluster size of 200 voxels) as the “inclusive mask” (i.e., small
volume correction) as described in our previous studies (Takeuchi
et al., 2010; Sumiyoshi et al., 2014). In the voxel-based correlation analysis, an uncorrected P value of b0.001 was considered signiﬁcant for the
ventral hippocampus based on a priori hypothesis of the association
between 24 hour locomotor activity and GMC values in the ventral hippocampus, which was identiﬁed by the regression analyses. We also analyzed the correlation between 24 hour locomotor activity and GMC
values inside the ROI, which corresponded to signiﬁcant clusters in
the voxel-based correlation analysis, at a signiﬁcance level of P b 0.05.
The body weight (BW), heart weight (HW)/BW ratio, infarct size, FS,
LVDd, PWTd, 24 hour locomotor activity, the number of BrdU-positive
cells, the number of GFAP-positive cells and relative MAP2 density are
expressed as the mean ± standard error of mean (SEM) and were
analyzed using Student's t-tests at a signiﬁcance level of P b 0.05. All
statistical tests were two-tailed.
Results
Validation of a rat model of HF
Sixteen weeks after the coronary ligation, HF rats had signiﬁcantly
increased heart weight and infarcted regions compared with sham
rats (Table 1). Moreover, signiﬁcant decrease in FS and increase in
LVDd and PWTd were observed with echocardiography in HF rats as
compared with sham rats (Fig. 1, Table 1). These ﬁndings were consistent with cardiac remodeling in patients with ischemic HF (Sutton and
Sharpe, 2000) and provides support for using the model described
here as a valid model of patients with HF.

Structural abnormality of the ventral hippocampus in HF rats
To support our ﬁrst hypothesis, the ventral hippocampus showed
signiﬁcant changes in VBM and histological analysis in HF rats as compared with sham rats. VBM successfully revealed signiﬁcant GMC decrease in the hippocampus, medial septal nucleus, pons, amygdala,
somatosensory cortex, cerebellum, motor cortex, striatum, subiculum,
hypothalamus, periaqueductal gray and olfactory bulb in HF rats
as compared with sham rats (P b 0.05 FDR corrected, Table 2,
Supplementary ﬁgure). The cluster in the bilateral hippocampus,
whose centers achieve a signiﬁcance of P b 0.05 FWE corrected
(Table 2), did not extend to the dorsal hippocampus (Figs. 2A, B) and
were restricted to the ventral segment (Figs. 2C, D). Similarly, the number of BrdU-positive cells, the number of GFAP-positive cells and relative MAP2 density were not different between the two groups in the
dorsal hippocampus (Figs. 3A, C, E) but the number of BrdU-positive
cells and relative MAP2 density were signiﬁcantly decreased and the
number of GFAP-positive cells was signiﬁcantly increased in HF rats as
compared with sham rats in the ventral hippocampus (Figs. 3B, D, F),
supporting our second hypothesis. These results indicated that the ventral hippocampus is more vulnerable in HF as is similar with depression
(Willard et al., 2009; Tanti and Belzung, 2013).

Association between structural abnormality of the ventral hippocampus
and depressive symptoms in HF rats
Contrary to our third hypothesis, 24 hour locomotor activity was not
signiﬁcantly different between HF rats and sham rats (Table 1). Results
of 24 hour locomotor activity might be confounded by exercise intolerance in HF rats compared to sham rats. To investigate our fourth
hypothesis, we ﬁrst performed correlation analyses between GMC
Table 1
Cardiac variables and 24 hour locomotor activity in HF rats compared to sham rats
undergoing MRI recording.

BW (g)
HW/BW
Infarct size (%)
FS (%)
LVDd (mm)
PWTd (mm)
24 h locomotor
(Counts/24 h)

Sham (N = 17)

HF (N = 20)

P value

555.9 ± 27.1
2.5 ± 0.2
0
48.4 ± 6.4
8.3 ± 0.4
1.6 ± 0.1
93,744
±2746

549.3 ± 38.9
3.4 ± 0.6
37.2 ± 6.1
14.1 ± 4.9
12.0 ± 0.9
1.9 ± 0.3
87,642
±3879

0.557
0.000
0.000
0.000
0.000
0.000
0.222

BW, body weight; FS, fractional shortening; HF, heart failure; HW, heart weight; LVDd, left
ventricular diastolic diameter; PWTd, posterior wall thickness in diastole; 24 h locomotor,
24 hour locomotor activity.
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Table 2
Decreases in gray matter concentration in HF rats compared to sham rats.

Hippocampus

Pons
Medial septal nucleus
Amygdala
Somatosensory cortex
Cerebellum
Motor cortex

Striatum
Subiculum
Hypothalamus
Periaqueductal gray
Olfactory bulb

Coordinates (x, y, z)

Z score

Voxels in cluster

(−3.6, −4.34, −6.72)
(3.72, −5.78, −6.96)
(0.48, −4.46, −0.36)
(3.72, −5.78, −6.98)
(−0.12, −4.34, −2.88)
(−5.4, −4.22, −4.32)
(4.68, −3.02, −3.6)
(1.32, −7.1, −9.96)
(−0.48, −7.1, −12)
(−0.12, −6.86, 0.12)
(−3.36, −7.94, −5.52)
(4.44, −9.5, −3.72)
(5.16, −2.66, 3)
(−0.24, −1.58, −10.44)
(4.2, −7.34, −11.76)
(2.28, −1.34, 2.88)
(−0.96, −0.86, 2.76)
(3.24, -3.02, 5.04)
(−3.84, −7.7, −0.48)
(−6, −6.26, −7.32)
(1.44, −9.5, −3.84)
(−0.48, −5.42, −5.16)
(0.48, −6.62, 5.16)

5.98
5.32
5.18
4.9
4.77
4.46
4.26
4.71
4.18
4.48
4.44
3.96
4.23
4.05
4.03
4.03
3.66
3.63
3.92
3.71
3.7
3.67
3.5

3886 (41)*
4504 (1)*
1092
895
1018
200
246
1023
302
1645
556
321
414
294
1340
735
510
322
271
252
223
221
237

Coordinates are relative to bregma in the medial-lateral (x), superior-inferior (y), and
anterior-posterior (z) directions (mm). Voxels in cluster are expressed as the number of
voxels exceeding the threshold of P b 0.05 corrected for multiple comparisons using the
false-discovery error method. *The center of the GMC decrease was exceeded at
P b 0.05 corrected for multiple comparisons using the family-wise error method (FWE
corrected). The numbers inside parentheses are signiﬁcant voxels exceeding the threshold
of P b 0.05 FWE corrected. HF, heart failure.

values in the ventral hippocampus and 24 hour locomotor activity in
each of HF or sham rats. To support our fourth hypothesis, GMC values
in the ventral hippocampus were signiﬁcantly and negatively correlated
with 24 hour locomotor activity in HF rats (Fig. 2E) but not in sham rats
(Fig. 2F). We next performed univariate and multivariate regression
analyses among 24 hour locomotor activity, GMC values in the ventral
hippocampus and cardiac variables in each of HF or sham rats.
Univariate regression analysis showed that 24 hour locomotor activity
was signiﬁcantly associated with GMC values in the ventral hippocampus and infarct size in HF rats (Table 3). Multivariate regression analysis
demonstrated that the best model predicting 24 hour locomotor activity
consisted of GMC values in the ventral hippocampus, infarct size and
fractional shortening in HF rats (Table 4). Either univariate or multivariate regression analyses did not show any signiﬁcant association in
sham rats. Therefore, GMC values in the ventral hippocampus remained
to be signiﬁcantly associated with 24 hour locomotor activity even after
adjustment of infarct size and FS. Moreover, the signiﬁcant correlation
between 24 hour locomotor activity and GMC values in the ventral
hippocampus was also observed in a voxel-based correlation analysis
in HF rats (Fig. 4, Table 5). In contrast, no voxels survived at a signiﬁcance level of P b 0.001 uncorrected for multiple comparisons in a
voxel-based correlation analysis in sham rats. These results support
the view that the structural abnormality of the ventral hippocampus is
associated with depressive symptoms in HF.
Discussions
The major ﬁndings of the present study were as follows:
(1) Structural abnormalities in the ventral hippocampus such as decrease in GMC, neurogenesis and neurite outgrowth and increase in
the number of astrocytes occur as a result of HF in rats. (2) There was
a signiﬁcant negative correlation between GMC in the ventral
hippocampus and 24 hour locomotor activity in HF rats. To the best of
our knowledge, the present study provides the ﬁrst evidence to suggest
that the structural abnormalities in the ventral hippocampus are associated with depressive symptoms in HF.

Fig. 3. Results of histological analysis comparing HF rats to sham rats. Quantiﬁcation of the
number of BrdU-positive cells (A, B), the number of GFAP positive cells (C, D) and relative
MAP2 density (E, F) in the dorsal (A, C, E) or ventral hippocampus (B, D, F) in HF rats
and sham rats. MAP2 density data relative to sham rats were shown in HF rats.
BrdU, bromodeoxyuridine; GFAP, glial ﬁbrillary acidic protein; HF, heart failure; MAP2,
microtubule-associated protein 2.

Brain structural abnormality in HF rats
In the present study, the ventral hippocampus, which relates to the
processing of emotion (Kjelstrup et al., 2002; Fanselow and Dong,
2010), showed a signiﬁcant decrease in GMC, neurogenesis and neurite
outgrowth and increase in the number of astrocytes in HF rats as
compared with sham rats. The structural abnormality of the ventral
hippocampus in HF was consistent with that found in behaviorally depressed cynomolgus macaques and rodents (Willard et al., 2009; Tanti
and Belzung, 2013) and thus had been hypothesized before the experiment due to the high prevalence of depression in HF patients (Rutledge
et al., 2006). The coexistence of a decrease in GMC and histological
changes in the ventral hippocampus supported the view that MRIdetectable alterations in gray matter reﬂect histological changes
(Zatorre et al., 2012,; Lerch et al., 2011; Suzuki et al., 2013b). Although
adult neurogenesis-derived neurons are a relatively small portion of
the total number of hippocampal neurons (Zatorre et al., 2012), adult
neurogenesis has been reported to buffer depressive symptoms
(Snyder et al., 2011). Therefore, decreased neurogenesis might be indirectly associated with GMC decreases in the ventral hippocampus in HF
through an exacerbation of depressive symptoms. The increase in the
number of astrocytes was not consistent with reduction in the number
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Fig. 4. Results of voxel-based correlation analysis for 24 hour locomotor activity in HF rats. The results (A, B) were displayed on the custom template that included 20 HF rats. The color
calibration bars represent the critical T-score magnitudes with a threshold level of P b 0.001 uncorrected for multiple comparisons. The graph (C) showed the correlation between 24 hour
locomotor activity and GMC values inside the ROI, which corresponded to signiﬁcant clusters in the voxel-based correlation analysis. GMC, gray matter concentration; HF, heart failure.

of astrocytes in postmortem brains of depressed patients (Harrison,
2002). The discrepancy between the result of this study and human
ﬁndings can be explained by the idea that stress activates astrocytes
and induces to increase the number of astrocytes in acute resistance
stage, and ﬁnally chronic stress tires astrocytes and the number of astrocytes is decreased in chronic exhaustion stage (Iwata et al., 2011;
Sugama et al., 2011). Proliferation of astrocytes in the brain region
with reduction in gray matter did not support the view that the
explanation for MRI volume increases is an increase in the number of
non-neuronal cells (Zatorre et al., 2012) but was consistent with our
previous study that GMC values were negatively correlated with the
number of microglia (Suzuki et al., 2013b). The contribution of glia to
MRI-detectable gray matter changes should be reevaluated in the future
studies. The GMC decrease concomitant with reduction in neurite outgrowth, which was also observed in animal models of depression
(Watanabe et al., 1992; Reinés et al., 2008), was consistent with the
past study that axonal remodeling was correlated with MRI-detectable
volume changes in learning exercise (Lerch et al., 2011). Therefore,
neurite outgrowth might reﬂect HF-induced GMC changes in the
ventral hippocampus.
VBM also revealed that GMC decreases in the dorsal hippocampus,
medial septal nucleus, pons, amygdala, subiculum, hypothalamus,
periaqueductal gray and olfactory bulb in HF rats as compared with
sham rats at a signiﬁcance threshold of P b 0.05, FDR corrected. The dorsal (posterior in humans) hippocampus primarily performs memory
function (Broadbent et al., 2004; Fanselow and Dong, 2010). Gray matter decreases in the posterior hippocampus are observed and associated
with reduced memory performance in mild cognitive impairment, the
precursor to Alzheimer's disease (Schmidt-Wilcke et al., 2009). Memory
impairment is also reported in patients with HF (Vogels et al., 2007).
Therefore, it might be reasonable to expect GMC decreases in the dorsal

Table 3
Univariate regression analysis for 24 hour locomotor activity in HF rats.

GMC in hippocampus
HW/BW
Infarct size (%)
FS (%)
LVDd (mm)
PWTd (mm)

Estimate

P value

−958,147
884
1319
426
−1506
9637

0.009
0.900
0.040
0.614
0.753
0.499

BW, body weight; FS, fractional shortening; GMC, gray matter concentration; HF, heart
failure; HW, heart weight; LVDd, left ventricular diastolic diameter; PWTd, posterior
wall thickness in diastole.

hippocampus in HF rats even though histological changes were not
observed in HF rats as compared with sham rats.
HF is characterized by overactivity of sympathetic nervous system,
in which low cardiac output causes reduction in effective circulating
plasma volume (Triposkiadis et al., 2009). Changes in the number of
glial cells in the hypothalamus mediates sympathetic overactivity in
HF (Yu et al., 2010) and may also cause exaggerated hypothalamus–
pituitary adrenal axis (Gerber and Bale, 2012), which can damage
brain regions with high density of glucocorticoid receptors such as the
hippocampus and amygdala (Sapolsky, 2000; Johnson et al., 2005).
Periaqueductal gray and pons, which are downstream targets of the hypothalamus, modulate cardiac sympathetic functions in rats (Farkas
et al., 1998) and may be associated with aberrant sympathetic arousal
in HF in combination with the hypothalamus (Triposkiadis et al.,
2009). The number of astrocytes in amygdala, periaqueductal gray or
pontine locus coeruleus is changed in acute or chronic stress or major
depression (Sugama et al., 2011; Imbe et al., 2012; Chandley et al.,
2013). A meta analysis of MRI studies revealed decrease in amygdala
volume in unmedicated depressed individuals (Hamilton et al., 2008).
These evidences may indicate that the GMC decreases in the hippocampus, amygdala, hypothalamus, periaqueductal gray and pons are associated with the enhancement of sympathetic nervous system and/or
hypothalamus–pituitary adrenal axis in HF. The medial septal nucleus,
subiculum and olfactory bulb have neuronal connections with the
ventral hippocampus (Fanselow and Dong, 2010), which could explain
the reductions in GMC in these brain regions.
Possible mechanisms of brain structural abnormality in HF rats
Potential mechanisms of brain structural abnormalities in HF rats
include the possibility that low cardiac output in HF induces cerebral
hypoxia. The association between cardiac index and total brain volume
has been reported from the Framingham Offspring Cohort (Jefferson
et al., 2010). In contrast, however, we previously demonstrated that
CA1 region of the dorsal hippocampus was mainly affected in a rat
model of cardiac arrest and resuscitation (Suzuki et al., 2013b), which

Table 4
Multivariate regression analysis for 24 hour locomotor activity in HF rats.

GMC in hippocampus
Infarct size (%)
FS (%)

Estimate

P value

−843,777
1377
1417

0.011
0.020
0.043

FS, fractional shortening; GMC, gray matter concentration; HF, heart failure.
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Table 5
Brain regions containing signiﬁcant correlation voxels between 24 hour locomotor activity and regional gray matter concentration in HF rats.

Hippocampus

Coordinates (x, y, z)

Z score

Voxels in cluster

(−2.28, −3.86, −4.92)
(3.6, −6.26, −5.76)

3.62
3.34

41
14

Coordinates are relative to bregma in the medial-lateral (x), superior-inferior (y), and
anterior-posterior (z) directions (mm). Voxels in cluster are expressed as the number of
voxels exceeding the threshold of P b 0.001 uncorrected for multiple comparisons. HF,
heart failure.

is not consistent with GMC decrease primarily in the ventral hippocampus in HF rats. Moreover, both acute and chronic cerebral hypoperfusion
increase hippocampal neurogenesis (Kokaia and Lindvall, 2003; Sivilia
et al., 2008) in spite of gliosis and MAP-2 loss in CA1 region of the dorsal
hippocampus (De la Torre, 2000). Therefore, the impact of cardiac
output on brain structural abnormality in HF is controversial at this
moment. Second, stress and resultant increase in blood glucocorticoid
level in HF (Bremner, 1999; Güder et al., 2007) decreases gray matter
in the hippocampus and inhibits neurogenesis (Mirescu and Gould,
2006). Changes in the number of astrocytes and neurite outgrowth are
also induced by stress (Watanabe et al., 1992; Reinés et al., 2008;
Iwata et al., 2011; Sugama et al., 2011). This system can form a positive
feedback loop because decreased neurogenesis leads to an increased
glucocorticoid response to stress (Snyder et al., 2011). These possible
mechanisms should be investigated in the future studies.
Implications of the present study
The present study demonstrated an association between structural
abnormality of the ventral hippocampus and depression in HF. The
present study implicates a novel neural substrate to explain the vicious
circle between HF and depression. The prevalence of depression is
increased in HF patients (Rutledge et al., 2006), whereas depression
complicated with HF is associated with increased risk of mortality and
rehospitalization in patients with HF (Jiang et al., 2001; Rutledge et al.,
2006). Antidepressants and exercise training improve symptoms in
patients with depression (Ströhle, 2009; Fournier et al., 2010), increase
gray matter, neurogenesis and neurite outgrowth in the hippocampus
(Malberg et al., 2000; Redila and Christie, 2006; van Praag et al., 2005;
Reinés et al., 2008; Erickson et al., 2011; Arnone et al., 2013) and recover
the proliferation of astrocytes induced by depression (Iwata et al., 2011;
Eyre et al., 2013).
In patients with heart failure, exercise training reduces depressive
symptoms and composite of death or hospitalization (Blumenthal
et al., 2012) but antidepressants have not provided an effect of reducing
depressive symptoms or treating depression on clinical outcomes
(O'Connor et al., 2010). The positive effects of exercise in patients with
heart failure may be mediated by improving structural abnormalities
in the ventral hippocampus.
Limitations of the present study
Limitations of the present study include the fact that 24 hour locomotor activity was not signiﬁcantly different between the two groups.
Exercise intolerance and increased thirst in HF rats (Pfeifer et al.,
2001; De Smet et al., 2003) can also affect results of other behavioral
studies for assessment of depression-like behavior such as the forced
swim test, tail suspension test or sucrose preference test (Ge et al.,
2013). Therefore, it is possible that exercise intolerance in HF rats
(Pfeifer et al., 2001) confounded 24 hour locomotor activity. Despite
the difﬁculties involved in assessing depressive symptoms, the present
study clearly showed the association between decreased GMC values
in the ventral hippocampus and increased 24 hour locomotor activity
in HF rats. Second, neuroanatomical differences are not negligible
between rats and humans (Craig, 2009) in spite of the conservation of

hippocampal function and structure between the two species (Squire,
1992). Although there are many confounding factors (Ward et al.,
2010; Zhang et al., 2011; Glodzik et al., 2012; Moran et al., 2013), the
ﬁndings in the present study should be reevaluated in patients with
HF. On the other hand, an animal MRI study has several advantages
compared to a human study such as availability of histological analysis
(Lerch et al., 2011; Zatorre et al., 2012; Suzuki et al., 2013b) and molecular intervention (Ellegood et al., 2012; Steadman et al., 2014), and thus
can be useful for evaluating the mechanism of alteration in brain structures in humans.
Conclusions
The present study demonstrated for the ﬁrst time that the structural
abnormalities of the ventral hippocampus are associated with depressive symptoms in HF rats.
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