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Abstract

Aims Myocardial infarction (MI) and heart failure (HF) are risk factors for the development of depression, additionally
worsening the quality of life and patient outcome. How HF causes depression and how depression promotes HF remain
mechanistically unclear, which is at least partly caused by the difficulty of in vivo modelling of psychosomatic co-morbidity.
We aimed to study the potential sequence of events with respect to different depression aspects upon HF.
Methods and results Male C57BL6 mice underwent MI, followed by behavioural and echocardiographic characterization.
Motility, exploration, and anxiety-like behaviour were unaffected in mice after MI. We did not observe increased
depressive-like behaviour in the sucrose preference, tail suspension, or Porsolt forced swim test. Mice did not display signs
of learned helplessness (LH) when compared to sham. Accordingly, cluster analysis revealed only a slightly higher quota
of LH in HF (38%) vs. sham mice (32%). But strikingly, three-group cluster analysis revealed an additional intermediate
subpopulation at risk for LH after HF (29%). Interestingly, this population featured elevated cardiac expression of nr4a1.
Conclusions The LH paradigm uncovered a subtle predisposition to depressive-like behaviour after MI, whereas testing for
anhedonia and despair was insufficient to show a behavioural shift in mice. Therefore, we suggest an accumulating risk profile
and a multiple-hits hypothesis regarding the pathogenesis of co-morbid depression after MI. Symptoms of LH may present a
marker of subclinical depression after MI, the impact of which remains to be investigated. The proposed sequence of behav-
ioural testing enables the mechanistic dissection of cardio-psychogenic signalling in the future.
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Introduction

Heart failure (HF) is the leading cause of death in Europe and
depression the major cause of disability worldwide.1 The
prevalence of major depression is up to five times higher in
HF patients when compared with the general population.2

Conversely, patients with symptoms of depression are at

increased risk of HF.3 Taken together, a reciprocal hazard
model of depression and HF is suggested. Even though myo-
cardial infarction (MI) and ischaemic heart disease present
the leading cause of HF in Europe1 and an important risk fac-
tor for the subsequent development of depression,4 the
pathogenesis of increased vulnerability to depression and
anxiety in response to MI remains unclear.4 Patients with
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HF and co-morbid depression show poorer clinical outcome,
including elevated morbidity, rate of hospitalization, and
mortality.5,6 Pathogenetically oriented treatment options
remain scarce. Psychotherapy and antidepressant medication
have not shown beneficial impact on patient outcome so
far.7–10

This may be explained by a separate type of depression in
the setting of HF, as opposed to spontaneous occurring de-
pression in otherwise healthy individuals. Therefore, a basic
mechanistic understanding remains necessary to develop
novel therapeutic approaches. Unfortunately, the pursuit of
suitable animal models to investigate the brain–heart axis
in vivo remains a major challenge. And even though there is
a reproducible rat model of good validity,11 a murine model
of depression after MI remains missing. Several studies utilize
a model of depression together with MI12,13 to investigate
the effects of depression on cardiac remodelling, but few
publications focus on the pathogenesis of depression due to
MI per se. In this regard, murine anhedonia over the course
of 8 weeks after MI associated with expression changes of
the orphan nuclear receptor 4a1 (nr4a1) has been
observed.14

In behavioural research, tests of individual symptoms of
depression, e.g. the sucrose preference test (anhedonia),
the Porsolt forced swim test, and the tail suspension test (de-
spair), have to be distinguished from models that induce
depressive-like behaviour.15 Although behavioural tests may
unravel a distinct symptomology, the introduction of an ani-
mal model of depression at this point presents an opportu-
nity to uncover an underlying disposition to depressive-like
behaviour. The learned helplessness (LH) paradigm presents
a model of stress-induced depression due to repetitive aver-
sive events (mild electric foot shocks) that was first conceptu-
alized by M. Seligman with translation into a clinically
relevant mouse model by Chourbaji et al.16 Helplessness-
related coping deficits present a core symptom of human de-
pression, and LH presents a clinically relevant model of
depressive-like behaviour in rodents with high validity.15,17

To evaluate the pathogenesis of depression and anxiety in
HF, MI or sham operation was performed in male C57BL6
mice with consecutive behavioural testing 3–4 weeks later. Fi-
nally, we aimed to uncover underlying behavioural tenden-
cies by subjecting mice to the LH paradigm with consecutive
cardiac characterization.

Methods

Experimental animals

Animal experiments were performed according to institu-
tional and governmental guidelines. The study conforms to
the Guide for the Care and Use of Laboratory Animals

published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1985) and was approved by
the authorities of the Regierungspräsidium Karlsruhe,
Germany (G-134/16). Every effort was made to minimize
the number of animals used and their suffering. Animals were
held with access to food and water ad libitum at a 12 h day-
and-night-rhythm at 21°C and 50–60% humidity. All behav-
ioural testing was conducted during the active phase by the
same experienced investigator that was blinded regarding
the animals group affiliation.

Experimental design

Ten-week-old male C57BL6 mice were subjected to MI or
sham operation 1 day after baseline echocardiography.
After 24 h, blood was drawn to quantify infarct size via
high-sensitive Troponin T levels as previously described.18

Behavioural testing started at week 3 after MI and ended
with the LH paradigm with subsequent follow-up echocardi-
ography and sacrifice by decapitation (Figure 1). Trunk blood
was collected and spun at 14 000 g for 20 min at 4°C, and
supernatants were stored at �80°C until further analysis.
The heart was harvested, and left and right ventricles were
dissected and immediately stored on liquid nitrogen. The
brain was harvested and dissected into prefrontal cortex,
hippocampus, and brain stem. Tissue was pulverized by a
mortar and stored at �80°C until further evaluation.

Myocardial infarction and sham operation

We used the model of left anterior descending coronary ar-
tery ligation,19 to induce MI. Briefly, mice were injected with
buprenorphine 0.1 mg/kg bw s.c. 30 min before anaesthe-
tized with isoflurane (3 vol%), intubated, and put on a small
animal ventilator. After thoracotomy, MI was induced by
proximal ligation of the left anterior descending coronary ar-
tery. In sham-operated mice, the myocardium was punctured
without ligation. The operation took about 20 min and was
followed by postoperative analgesia with s.c. buprenorphine.

Plasma preparation, measurement of Troponin T

Retroorbital blood was taken from isoflurane anaesthetized
mice using haematocrit capillaries 24 h after the operation.
Whole blood was centrifuged at 14 000 g for 20 min at 4°C.
Supernatants were stored until further analysis at �80°C.
For quantification of infarct size, high-sensitive Troponin T
(hs-TnT) was measured using an automated Cobas
Troponin T hs STAT Elecsys (Roche) as described previously.18

Corticosterone was quantified by radio-immunosorbent assay
as described elsewhere.20
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Echocardiography

Cardiac function was evaluated by 2D echocardiography at
baseline and 4 weeks after MI or sham operation under
isoflurane volatile mask narcosis (1–3 vol%) at a constant
temperature of 38°C using a Visual Sonics Vevo® 2100 with
an MX550D transducer by a blinded investigator. Mice were
shaved, and left ventricular parasternal short-axis views were
obtained in M-mode imaging at the papillary muscle level.
Four consecutive beats were used for measurements of left
ventricular end-diastolic internal diameter, left ventricular
end-systolic internal diameter, and left ventricular ejection
fraction (EF). Evaluation was conducted at 400–500 bpm to
avoid the confounding effects of heart rate on cardiac
function.

Open field test

Locomotor testing was conducted in a square, grey open field
arena of 50 × 50 cm2 with 25 lx illumination from above. Mice
were placed individually into the arena and tracked for
10 min by a digital camera from above. Evaluated parameters
included mean distance to center (cm), total distance moved
(cm), and mean speed (cm/s) and are indicators of
anxiety/exploration and locomotion. Tracking and quantifica-
tion were performed with Limelight 4.1 (Actimetrics). After
each animal, the arena was cleaned by 70% ethanol.

Dark–light box test

The dark–light box consists of a black 20 × 15 cm2 and a
bright grey 30 × 15 cm2 compartment connected by an open
door. The black compartment is covered by a lid from above,
whereas the adjacent grey box is illuminated brightly from
above by 600 lx. Mice were initially placed into the dark com-
partment to quantify latency to first exit, number of exits,
and total time exploring. Tracking and evaluation were per-
formed with Limelight 4.1 (Actimetrics) for 5 min. After each
animal, the arena was cleaned by 70% ethanol.

Sucrose preference test

Mice were given simultaneous access to a bottle of 1% sac-
charose solution and one bottle of tap water for 48 h. After
24 h, the bottles were switched to exclude side-preference
impact. The fraction of sucrose solution consumed relative
to total liquid intake was calculated according to the weight
difference of corresponding bottles.

Hotplate test

To prevent altered pain sensitivity from influencing the pa-
rameters of LH, mice were subjected to the hotplate test. In-
dividual mice were placed on a heated surface (Panlab model
LE7406, Harvard Apparatus), maintained at 53°C (±0.3°C) for

Figure 1 Schematic representation of experimental design. One day after baseline echocardiography, myocardial infarction (MI) or sham operation
was performed with a subsequent period of rest for 2 weeks. In the third week, behavioural testing was started with the open field test, followed
by the dark–light box test. Afterwards, pain sensitivity was tested via the hotplate test with consecutive testing for depressive-like behaviour in the
Porsolt forced swim, the tail suspension, and the sucrose preference tests. The learned helplessness paradigm was conducted with 2 days of consec-
utive conditioning and testing for helplessness on the third day. One day later, follow-up echocardiography was performed with subsequent sacrifice of
experimental animals.
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a maximum of 45 s. The time taken for the animals to with-
draw the paw from the hotplate or jump was recorded with
subsequent test termination.

Porsolt forced swim test

Mice were placed individually into a glass cylinder (23 cm
height and 17 cm diameter), filled with water at 21°C up to a
height of 12 cm and monitored for 6 min by a digital camera
from the side. The first 2 min were accounted for as an accli-
matization period with evaluation of the latter 4min. Immobil-
ity was defined as floating with only movements, necessary to
stay above water. Struggling/swimming was defined as time
spent in active movement. Immobility was evaluated with
FreezeFrame 4.0 (Actimetrics). The water was switched after
each animal. Afterwards, mice were placed in front of a
heating lamp to support quick recovery of body temperature.

Tail suspension test

Experimental animals were isolated and suspended 25 cm
above the floor by the tip of the tail with tracking of immobil-
ity by a digital camera from the side for 6 min. The first 2 min
were accounted for as an acclimatization period with evalua-
tion of the latter 4 min. Mice were considered immobile only
when they hung completely motionless. Evaluation was con-
ducted with FreezeFrame 4.0 (Actimetrics).

Learned helplessness paradigm

In order to induce a depressive-like state in experimental ani-
mals after testing of depressive-like behaviour after MI or
sham operation, a customized version of the murine model
of LH as initially described by Chourbaji et al.16 was applied
for reasons of animal welfare (refinement). On two consecu-
tive days, mice were exposed to 240 inescapable foot shocks
at 0.15 mA with a random duration of 1–3 s and randomly
assigned inter-trial intervals of 1–15 s for a total daily duration
of 52min in a shock box (Coulborn Instruments, Germany). On
the third day, LH was evaluated by 30 shocks within a shuttle
box, consisting of two 18 × 18 × 30 cm3 compartments, sepa-
rated by a small gate. Foot shocks were announced by light 5 s
before electric foot shock. Infrared-light beams monitored
shuttling between the compartments, including behavioural
responses to light or shock. Experimental animals were capa-
ble to abolish the electric shocks beforehand in response to
appearance of the light or terminate a triggered shock by
switching the compartment. For data acquisition and assess-
ment, Graphic State software (Coulborn Instruments) was
used. In accordance with Churbaji et al.,16 the following be-
havioural reactions were defined: avoidance—adequate reac-
tion to the light stimulus by switching compartments, escape

—shuttling to the other compartment in response to an elec-
tric shock, and failure—lack of an attempt to escape. More-
over, escape latency was quantified as a parameter of
helplessness. In addition, general activity was evaluated by
quantification of the number of shuttles before the first foot
shock (initial activity) and the number of compartment
switches in between foot shocks (inter-trial activity). Testing
took place with a duration of 20–24min with the duration de-
pending on the experimental animal’s ability to learn and re-
spond accordingly. After each animal, the apparatus was
cleaned with 70% ethanol. All mice, included in this study, re-
ceived electric foot shocks because only about 30% of the
shocked mice develop helplessness.16

RNA extraction and quantitative PCR

RNA was isolated from homogenized left ventricular, frontal
cortex, hippocampal, and brain stem tissue using TRIzol
(Invitrogen). Total RNA was digested with DNase, and cDNA
synthesis of 500 ng of RNA was carried out by using a Super-
Script first-strand synthesis system for RT-PCR (Invitrogen).
Quantitative real-time PCR was performed with Universal
ProbeLibrary (Roche) by using TaqMan Universal PCR
Mastermix (Applied Biosystems) and detection on a 7500 Fast
Cycler (Applied Biosystems).

Statistical analysis

Results are expressed as mean ± SEM. Normal distribution
was verified by the Kolmogorov–Smirnov test. Statistical anal-
ysis included one-way ANOVA or Kruskal–Wallis test followed
by Bonferroni or Dunn’s post hoc test, respectively. Student’s
t-test or Mann–Whitney U test was used when appropriate
(PRISM Software, GraphPad). Two-group cluster analysis
was conducted according to Chourbaji et al.16 Three-group
cluster analysis was conducted using SPSS according to the
parameters of LH (avoidances, escapes, escape latency, and
escape failures) (SPSS, IBM). A P < 0.05 was considered sta-
tistically significant.

Results

Myocardial infarction-induced heart failure is not
a murine model of depressive-like behaviour

Myocardial infarction significantly increased hs-TnT plasma
levels after 24 h (Figure 2A), indicating a comparable initial car-
diac damage among the groups. Four weeks later, EF was
markedly reduced (Figure 2B), and heart weight/body weight
ratio elevated (Figure 2C) as compared with sham controls.
We tested for symptoms of depression with the sucrose
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preference test (anhedonia) (Figure 2D), the Porsolt forced
swim test (Figure 2E), and the tail suspension test (Figure 2F)
(despair). All tests failed to reveal depressive-like behaviour af-
terMI when compared with sham. In summary,MI-induced HF
did not have a significant impact on depressive-like behaviour
with respect to anhedonia and despair in mice.

Myocardial infarction-induced heart failure does
not affect mobility, speed, or exploration

To evaluate mobility, speed, and exploration, we conducted
the open field test (Figure 3A–D). We did not observe an
impact of HF after MI on total distance travelled (cm)
(Figure 3A), mean speed (cm/s) (Figure 3B), mean distance

to center (cm) (Figure 3C), or time in center (%) (Figure 3D).
Taken together, we found mobility, speed, and exploratory
behaviour to be unaffected by HF after MI.

Myocardial infarction-induced heart failure does
not induce anxiety-like behaviour

In addition to open field testing, we conducted the dark–light
box test (Figure 3E–G) to further evaluate anxiety-like behav-
iour. We did not observe differences between HF and sham
mice with respect to the total number of exits (Figure 3E),
the total amount of time exploring (s) (Figure 3F, dark–light
box), or latency to first exit (s) (Figure 3G, dark–light box).

Figure 2 Heart failure (HF) following myocardial infarction (MI) is not a murine model of depressive-like behaviour. MI induced a significant
up-regulation of high-sensitive Troponin T (hs-Troponin T) in plasma after 24 h when compared with sham-operated animals (SHAM) (A). Left ventricular
ejection fraction (EF) was significantly blunted 4 weeks after MI in HF mice (B), in line with the finding of a markedly up-regulated heart weight/body
weight ratio in HF mice (C). With respect to depressive-like behaviour, we conducted testing of anhedonia via the sucrose preference test (D) and of
despair, using the Porsolt forced swim test (E) and the tail suspension test (F). All three tests failed to reveal a significant increase in depressive-like
behaviour after MI. Data are presented as mean ± SEM. ***P < 0.0001 by Student’s t-test; n.s., not significant, n = 18–21 per group.
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Myocardial infarction-induced heart failure does
not predispose to learned helplessness

To evaluate the vulnerability to despair, we utilized the LH
paradigm. After electric foot shocks on two consecutive

days, all mice were tested for helplessness on the third
day. General activity was evaluated by initial shuttling be-
tween the compartments of the shuttle box during the first
2 min before testing started and by shuttling between the
compartments between the foot shocks. Here, we observed

Figure 3 Heart failure (HF) after myocardial infarction does not affect motility, exploration, or anxiety-like behaviour in mice. We observed no signif-
icant impact of HF regarding total distance travelled (A), mean speed (B), mean distance to center (C), and time in center (D) in the open field test.
Furthermore, dark–light box testing (E–G) revealed no marked differences with respect to the total number of exits (E), the total amount of time
exploring (F), or the latency to first exit (G). Data are presented as mean ± SEM; n.s., not significant by Student’s t-test (A, B, E–G) or Mann–Whitney U test
(C) due to absence of normality, n = 12–21 per group.
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no significant differences between groups, suggesting com-
parable general activity in the MI and sham-operated mice.
Also, the amount of shock avoidances (Figure 4A), escapes
(Figure 4B), mean escape latency (Figure 4C), and escape
failures (Figure 4D) revealed no marked differences be-
tween HF and sham mice. Cluster analysis revealed 32%
of sham animals to be helpless as opposed to 38% of HF
mice (Figure 4E). Previous testing for foot pain sensitivity
did not reveal any marked differences between groups
(Figure 4F). In summary, we did not observe significant
helplessness due to HF after MI.

Mice suffering from myocardial
infarction-induced heart failure contain a
subpopulation at risk for learned helplessness

Because of behavioural inhomogeneity in the HF group, we
conducted an additional three-group cluster analysis with LH
parameters: escapes (Figure 5B), escape failures (Figure 5C),
escape latency (Figure 5D), and avoidances (Figure 5E).
Thereby, a large intermediate subpopulation (IM) at risk for
depressive-like behaviour was revealed within the HF (29%)
and to a lesser extent, the sham (11%) group (Figure 5A). This

Figure 4 Heart failure (HF) after myocardial infarction does not enhance learned helplessness (LH) per se. To evaluate a predisposition to despair, the
learned helplessness paradigm was applied. The amount of shock avoidances (A), escapes (B), mean escape latency (C), and escape failures (D) re-
vealed no marked differences between mice with HF or after sham operation (SHAM). Cluster analysis showed 32% of SHAM animals to be helpless
as opposed to 38% of HF mice (E). Previous testing for foot pain sensitivity did not reveal any marked differences between groups (F). Data are pre-
sented as mean ± SEM; n.s., not significant by Student’s t-test, n = 19–21 per group.
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IM group featured elevated left ventricular nr4a1 mRNA ex-
pression (Figure 5F). In summary, we observed a population
at risk for depressive-like behaviour after MI in the HF group
with up-regulated cardiac nr4a1 expression.

Discussion

Clinically, the association of HF with co-morbid depression
and anxiety6,21 as well as its impact on patient outcome is a

well-known phenomenon.22–24 However, the pathogenesis
of increased vulnerability to depression and anxiety in HF re-
mains largely unclear.4 Here, we aimed to investigate the be-
havioural effects of HF upon MI in mice. In our study, mice
suffering from HF after MI did not display increased severity
of depressive-like or anxiety-like symptoms when compared
with sham-operated mice. However, using the LH paradigm
to unmask an underlying risk for depressive-like behaviour,
cluster analysis revealed a vulnerable subgroup. Therefore,
we propose that MI-induced HF is a risk factor of

Figure 5 Mice with heart failure (HF) after myocardial infarction contain a subpopulation at risk for learned helplessness (LH) with distinguished
cardiac expression of nr4a1. Advanced cluster analysis reveals a large intermediate (IM) subpopulation, based on LH parameters, suggestive of an
accumulating risk profile for depression in HF after myocardial infarction (A). This is mirrored by the number of escapes (B), the amount of escape failures
(C), mean escape latency (D), and avoidances (E). Interestingly, this group features elevated left ventricular (LV) nuclear receptor 4a1 (nr4a1) expression
when compared with RES and LH mice (H). Data are presented as mean ± SEM, *P < 0.05 by ANOVA (Bonferroni), n = 5–15 per group.
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depressive-like behaviour but is not suitable as a mouse
model of depression or anxiety. The subtle shift towards a
‘more depressed’ phenotype may facilitate the development
of depression after further aversive events (i.e. accumulating
hits). Moreover, we observed increased cardiac nr4a1 mRNA
expression in this critical intermediate subgroup, which has
been shown to be both cardioprotective after MI by limiting
inflammation25 and detrimental in chronic pressure-induced
HF by activating the hexosamine biosynthetic pathway.26 It
will be interesting to investigate the role of cardiac nr4a1
signalling regarding cardio-psychogenic crosstalk.

In conclusion, we found MI-induced HF not to lead to the
development of depressive-like or anxiety-like behaviour per
se but to facilitate a subtle behavioural shift towards a more
depressive phenotype. Therefore, we suggest a multiple-hits
hypothesis with accumulating risk after MI, potentially prim-
ing the heart–brain axis towards detrimental psychological
and cardiovascular consequences in the future (Figure 6).

Myocardial infarction-induced heart failure is not
a murine model of depression or anxiety

We observed motility, exploration, and depressive-like be-
haviour to be unaffected in mice with HF upon MI, which
was also described by Wang et al.27 In contrast, Frey et al. re-
ported a reduction of motility and exploration with increased
anhedonia in HF mice.14 Discrepancies here may be based on
shorter duration of HF in our study (3 vs. 6 weeks) as well as a
shorter testing interval for anhedonia (48 h vs. 8 weeks), be-
cause the other study reported an accumulated reduction not
fixed to a single time point. Also, Wann et al. published a
model of depressive-like anhedonia (sucrose preference test)
and despair (Porsolt forced swim test) 2 weeks after MI in
rats, which has been utilized for several follow-up studies fo-
cusing on central nervous system apoptosis and inflamma-
tion.11,28 The availability of a rat model of depressive-like
behaviour after MI may be due to timing/kinetics and

species. Considering clinical and experimental data, the idea
of MI as a murine model of depression remains suggestive.

Paradoxically, the prevalence of depression has been re-
ported higher in patients suffering from heart disease than
in the setting of, e.g. diabetes or cancer,29 whereas
experimental mouse models of diabetes30 as well as cancer31

increased depressive-like behaviour in mice. This inconsis-
tency together with the lack of impact of treatment on pa-
tient outcome may ultimately hint at cardiogenic depression
as a separate disease entity. However, non-ischaemic HF
by transaortic constriction also induced depressive-like
anhedonia,32 and the literature or our results here do not
consolidate a specific effect of ischaemic HF. Because MI as
a murine model of cardiogenic depression would enable
novel therapeutic approaches via knockout studies, further
investigation is warranted.

Myocardial infarction-induced heart failure
facilitates an underlying risk for depressive-like
behaviour, distinguished by elevated cardiac
nr4a1 expression

Models of depression have been used to investigate the ef-
fect of depression on HF after myocardial ischaemia in mice13

and rats.12 However, evidence regarding the impact of HF
after MI on susceptibility to behavioural alterations prompted
by a model of depression was missing. Here, we underpin the
absence of depressive-like behaviour after MI in mice by
the lack of elevated susceptibility to LH, which has been
established as a clinically relevant model of depression.16 In
our study, all mice were subjected to inescapable foot shocks.
About 30% of sham and MI mice developed LH, which is in
line with the literature discussed earlier. However, we utilized
a slightly modified protocol for reasons of animal welfare
(refinement) based on 240, as opposed to 360 foot shocks
at 0.15 mA during conditioning. We cannot exclude that a
more aggressive protocol of LH, e.g. utilizing foot shocks at

Figure 6 Proposed model of subclinical and multiple-hit-induced depression upon heart failure after myocardial infarction. Myocardial infarction with
subsequent heart failure may facilitate subclinical depression. Multiple hits of subjectively perceived uncontrollable stress lead to an accumulating risk
profile—with the potential of distinct myocardial signalling—ultimately translating to clinical depression.
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0.3 mA, might have shown different results. However, be-
cause we did not observe an increase in severity or incidence
of depressive-like behaviour, we suggest lower EF after MI as
a risk factor, not sufficient by itself for the development of
depressive-like behaviour, proposing a multiple-hits hypothe-
sis of depression after MI (Figure 6).

The finding of an IM behavioural cluster after HF is indica-
tive of a larger population at risk for the development of LH
after MI when compared with sham. Because this group fea-
tured significantly up-regulated cardiac nr4a1-signalling,
which has been shown to balance the myocardial inflamma-
tory response after MI,25 one might speculate on the impact
on cardio-neurogenic signalling. This is particularly
interesting because depression has also been described as a
neuroinflammatory disease entity.33 However, so far, a diver-
gent role of nr4a1 is reported in cardiac disease: Lehmann
et al. recently elaborated a novel mechanism of nr4a1-
facilitated impact on protein glycosylation with subsequent
inhibition of cardiac function,26 and adverse effects were re-
ported in the setting of pressure overload, whereas a protec-
tive role was suggested with respect to MI and β-adrenergic
overstimulation.25,34

Taken together, we propose symptoms of LH as a screen-
ing target for subclinical depression after MI with the poten-
tial of distinct myocardial signalling. Intervention strategies
have been shown to successfully modify negative reactions
to situational stressors35 and may be applied accordingly by
health care professionals after specialized training. Because
psychopharmacological treatment has not been shown to im-
pact patient outcome convincingly7–10 and is associated with
problematic side effects36 as well as drug interactions, a
preventive treatment strategy is not warranted. Further
mechanistical studies are necessary to unravel treatment op-
tions based on molecular pathophysiology.

The interpretation of behavioural testing for individual
symptoms of depression in animals understandably suffers
from several limitations and can only be an approximation.
Feelings of sadness, guilt, or suicidal thoughts are lost by de-
fault.37 However, it is noteworthy that patients with depres-
sion also cannot display all possible symptoms, due to their
antagonistic nature (e.g., weight gain/loss). Sucrose prefer-
ence testing may yield divergent results depending on the
concentration of sucrose and the duration of testing.14,38

The tail suspension and Porsolt forced swim test are of
established predictive validity but naturally devoid of face
and construct validity.39 Conversely, the LH paradigm as a
model of depression features good face, construct, and

predictive validity. However, the induced depressive-like
state only lasts briefly,16 and female C57BL6 mice were
shown to be unsusceptible.40 Also, there is a symptomatic
overlap between depression and anxiety.37 The behavioural
assays performed here to evaluate anxiety-like behaviour
are limited by a competing overlap with novelty seeking as
well as overall motility.

In conclusion, we found MI-induced HF not to trigger
depressive-like behaviour in mice per se but to induce a sub-
tle behavioural shift towards a subclinical phenotype in a sub-
group of mice subjected to the LH paradigm. We suggest
antidepressant consequences of elevated cardiac nr4a1 ex-
pression after MI, which has been implicated with divergent
regulation in the heart–brain axis before.14 Translating our
findings to the psycho-pathogenesis of depression after MI
in patients, we suggest a multiple-hits model of accumulating
aversive events ultimately leading to depression after MI.
Symptoms of LH may present a marker of subclinical depres-
sion after MI, the impact of which remains to be investigated.
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