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Objective: Major depressive disorder occurs in 15%–30% of patients who have had a myocardial infarction (MI), but the neurobiological
mechanisms involved are not well understood. Previously, we found early intracellular signalling changes in the limbic system after acute
MI in rats. The aim of the present study was to test the presence of behavioural deficits compatible with animal models of depression af-
ter acute MI in rats and to verify whether this is associated with apoptosis vulnerability markers. Methods: Occlusion of the left-anterior
descending artery was induced for 40 minutes under anesthesia in adult male Sprague–Dawley rats. Control sham rats underwent the
same surgical procedure without occlusion. After surgery, subgroups of MI and sham rats were treated with desipramine, 10 mg/kg, in-
traperitoneally for 14 days. All rats were tested on measures of behavioural depression 14 days after surgery with a sucrose preference
test, a forced swimming test, and a memory test (Morris water maze [MWM]). The rats were sacrificed, and the MI size was determined;
apoptosis was estimated in the prefrontal cortex, hypothalamus, amygdala and hippocampus by measuring Bax:Bcl-2 ratio and caspase-
3 activity. Results: Untreated MI rats drank significantly less sucrose and swam significantly less than sham rats. No difference was
found on the MWM. Behavioural depression was prevented by desipramine. Bax:Bcl-2 ratio was significantly increased in the prefrontal
cortex and hypothalamus of MI rats, compared with sham rats; caspase-3 activity showed no difference between the 2 groups. Bax:Bcl-2
ratio in the prefrontal cortex was correlated with swim time in the forced swim test. Conclusion: Behavioural impairment and limbic
apoptotic events observed after a myocardial infarct are consistent with a model of human post-MI depression.

Objectif : Un trouble dépressif majeur survient chez 15 à 30 % des patients qui ont subi un infarctus du myocarde (IM), mais on ne com-
prend pas bien les mécanismes neurobiologiques en cause. Auparavant, nous avions découvert des changements précoces de la transmis-
sion des signaux intracellulaires dans le système limbique après un IM aigu chez des rats. La présente étude visait à vérifier la présence de
déficits du comportement compatibles avec des modèles animaux de la dépression après un IM aigu chez les rats et à vérifier s’il y a un lien
avec les marqueurs de la vulnérabilité à l’apoptose. Méthodes : On a provoqué l’occlusion de l’artère interventriculaire antérieure pendant
40 minutes sous anesthésie chez des rats Sprague–Dawley mâles adultes. Des rats témoins ont subi la même intervention chirurgicale
sans occlusion. Après l’intervention, on a traité les sous-groupes de rats qui ont subi un IM et de rats témoins en leur administrant de la
désipramine; 10 mg/kg, par voie intrapéritonéale pendant 14 jours. Tous les rats ont été soumis à des mesures de dépression du com-
portement 14 jours après l’intervention chirurgicale, au moyen de mesures de préférence du sucrose, de tests de natation forcée et d'un
test de mémoire (labyrinthe d’eau de Morris [LEM]). On a sacrifié les rats et déterminé la taille de l’IM. On a estimé l’apoptose dans le cortex
préfrontal, l’hypothalamus, les amygdales et l’hippocampe en mesurant le ratio Bax:Bcl-2 et l’activité de la caspase-3. Résultats : Les rats
qui ont subi un IM non traité ont bu beaucoup moins de sucrose et ont nagé beaucoup moins que les rats témoins. Le test LEM n’a révélé
aucune différence. On a prévenu la dépression du comportement par la désipramine. Le ratio Bax:Bcl-2 avait augmenté considérablement
dans le cortex préfrontal et l’hypothalamus des rats qui ont subi un IM comparativement aux rats témoins. L’activité de la caspase-3 n’a
présenté aucune différence entre les deux groupes. On a établi un lien entre le ratio Bax:Bcl-2 dans le cortex préfrontal et le temps de nata-
tion au cours du test de natation forcée. Conclusion : Le déficit du comportement et les événements d’apoptose limbique observés après
un infarctus du myocarde correspondent à un modèle de dépression humaine consécutive à un IM.
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Introduction

Major depressive disorder (MDD) occurs in 15%–30% of pa-
tients who have had myocardial infarction (MI),1–3 suggesting a
pathophysiological cross-talk between the heart and the brain.
Interface models have been proposed and have lead to various
hypotheses, one of which suggests that the release of proin-
flammatory cytokines is involved in the pathophysiology of
post-MI depression.4 This is supported by the fact that the ad-
ministration of proinflammatory cytokines, such as tumour
necrosis factor alpha (TNF-α), induces depressed mood in
healthy humans.5,6 Proinflammatory cytokines also display pro-
apoptotic properties in limbic areas such as the hippocampus,
further supporting their role in the pathophysiology of depres-
sion.7,8 We have recently shown in rats that pro-inflammatory
cytokine release can induce apoptosis (programmed cell death)
of limbic neural tissue after acute MI.9,10 Apoptosis is regulated
by different classes of proteins,11,12 including caspase-3, which
can induce the cleavage of other proteins and alter cell in-
tegrity. Activation of caspase-3 is considered to be a hallmark of
apoptosis.12,13 Upstream caspase-3 are anti-apoptotic proteins
(e.g., Bcl-2) and pro-apoptotic proteins (e.g., Bax), which regu-
late the release of cytochrome C from mitochondria, activat-
ing caspase to induce apoptosis. For example, it has been
shown that Bcl-2 shuts off the apoptotic signal transduction
pathway upstream of caspase activation.14 The Bax:Bcl-2 ratio
is used as an index of vulnerability for apoptosis.12,15

Apoptosis is suggested to be involved in mood disorders,16

and antidepressant treatments are known to prevent apopto-
sis17,18 and even increase neurogenesis in the rat hippocam-
pus.19 Fluoxetine (a selective 5-hydroxytryptamine [HT]
uptake inhibitor) and moclobemide (a monoamine oxidase-A
inhibitor) are antidepressant drugs known to upregulate Bcl-
2.20,21 Lithium and valproate, mood-regulating molecules used
in bipolar disorders, also increase the expression of the anti-
apoptotic protein Bcl-2.22 Thus, the present study aims to ver-
ify whether biochemical markers of apoptosis are associated
with behavioural signs of depression after MI in rats.

Methods

Experimental groups

We used 30 adult male Sprague–Dawley rats. They were
housed individually under constant temperature (22°C)
and humidity (40%–50%); food and water were available ad
libitum. Light period was 12 hours long and started at 8 am.
In 14 rats, the left coronary artery was occluded for 40 min-
utes (MI rats); the remaining rats were sham operated and
were submitted to the same protocol, except the coronary
artery was not occluded. Five MI rats and 7 sham rats were
treated with desipramine 10 mg/mL (Sigma, Saint Louis,
Mo.) at a daily morning dosage of 10 mg/kg, intraperi-
toneally; the other rats received 0.9% saline in equal vol-
ume. The first dose was administered immediately after su-
turing, and the last dose was administered the morning
before being sacrificed (i.e., 14–18 days after surgery). Be-
havioural tests were conducted between the 14th and the

18th day after surgery (see below). Animal care and han-
dling procedures were approved by the Local Animal Care
Committee and followed the guidelines of the Canadian
Council for Animal Care.

Surgical procedure

Anesthesia was induced with ketamine/xylazine (35–50
mg/kg and 5 mg/kg intramuscularly, respectively) and
maintained on isoflurane (1.5%) ventilation. Electrocardio-
gram (ECG) and heart rate were monitored throughout. A
left thoracotomy was performed at the fifth intercostal space,
and the left coronary artery was occluded for 40 minutes
with a silk thread. Ischemia was confirmed by alterations of
the ST segment (time of complete stimulation of the ventri-
cles) and myocardial surface cyanosis. After the thread was
removed and the thorax sutured, each animal was returned
to its home cage. All surgeries were performed between 8 am
and noon.

Behavioural measures

We selected the tests used on the basis of their validity re-
garding behavioural depression syndrome. All tests were
conducted individually, in the morning, starting 14 days after
surgery.

Forced swim test

The forced swim test was originally described by Porsolt23,24

and is a measure of behavioural despair.23,24 Rats were placed
in a clear plastic cylindrical pool (45 cm tall × 25 cm diame-
ter) filled with 30 cm of water maintained at 22°C–25°C. Rats
were tested for 2 consecutive days (15 min on the 14th day
postsurgery and 5 min on the 15th day postsurgery). An ex-
perimentor scored the time spent swimming, trying to es-
cape and being immobile on day 15 postsurgery.

Sucrose preference test

Decreased sucrose intake is a measure of anhedonia.25,26 Rats
had free access to two 250-mL bottles for 5 consecutive days
(i.e., 14–18 days after surgery), one containing tap water and
the other containing a 1% sucrose solution. The position of
the bottles was alternated each day. Volume intake was esti-
mated by weighing bottles each morning at light onset.

Morris water maze (MWM)

The MWM is a test of motor performance and spatial memory
requiring an intact hippocampus.27 Rats were placed in a pool
(150 cm diameter, 50 cm deep) filled to 25 cm with water
maintained at 22°C–25°C and made opaque with powdered
milk. A submerged platform is placed just below the surface
of the water. The rats are tested on 4 trials each day, 5 minutes
apart, for 6 consecutive days (i.e., 14–19 days after surgery).
The number of quadrants crossed, the number of successful
trials and the time taken to reach the platform are recorded.28
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None of the rats tested with the MWM received desipramine. 

Tissue analyses

Brain regions were identified according to the atlas of Paxinos
and Watson.29

Infarct size

The heart was canulated via the aorta and washed with
saline, and the coronary artery was reoccluded at the same
site to determine the area at risk by infusing 2 mL of Evans
Blue (0.5%) into the aorta. The left ventricle was placed at
–80°C for 5 minutes and then sliced into four or five 2-mm
transverse sections. After 5 minutes of incubation in triph-
enyltetrazolium chloride (1.5%), infarct size was estimated as
a percent of area at risk.10

Bax:Bcl-2 content

Tissue samples were lysed in a buffer containing protease
and phosphatase inhibitors (leupeptin, microcystine and ben-
zamidine). After solubilization, equal amounts of proteins in
each line were loaded on a 15% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS–PAGE), and after migra-
tion, proteins were transferred onto a nitrocellulose
membrane. Primary antibody directed against Bax or Bcl-2
(Santa Cruz Biotechnology Inc., Santa Cruz, Calif.) at a con-
centration of 1:1000 was followed by a secondary peroxidase-
coupled antibody (antirabbit immunoglobulin-horseradish
peroxidase [IgG-HRP] or antimouse IgG-HRP, from Santa
Cruz Biotechnology, Calif.) at a concentration of 1:5000. A Re-
naissance chemiluminescence kit (Perkin Elmer, Mississauga,
Ont.) was used to visualize the bands, and the quantitative
analysis was conducted with a Kodak ImageStation. After
quantification, membranes were placed in stripping buffer
(0.1 M glycine, 1% SDS, pH 2.0, 1 hour at room temperature).
The same procedures were repeated with the other antibody
(Bax or Bcl-2) to obtain the Bax:Bcl-2 ratio.10

Caspase-3 activity

Cytosolic proteins were extracted in lysis buffer (1% Triton X-
100, 0.32 M sucrose, 10 mmol/mL Tris [pH 8.0], 5 mmol/mL
ethylenediamine tetra-acetate, 2 mmol/mL DL-1,4-dithiothreitol
[DLL], 1 mmol/mL phenylmethanesulfonyl fluoride [PMSF], 10
mg/mL Leupeptin, 10 mg/mL Pepstatin A, 10 g/mL Apro-
tinin). Enzymatic reactions were performed in a reaction buffer
(50 mmol/mL Tris [pH 7.5], 5 mmol/mL MgCl2, 1 mmol/mL
ethylene glycol bis-2-aminoethyl ether-N,N’,N_,n’-tetra-acetic
acid, 0.1% 3-cholamidopropyl dimethylammonio]-1-propane-
sulfonate [CHAPS], 1 mmol/mL DTT), with 25 mg of proteins
and fluorogenic substrate, N-acetyl-asp-glu-val-asp-7-amido-4
methylcoumarin (Ac-DEVD-AMC) (40 µmol/mL). Reactions
were incubated at 37°C for 3 hours and stopped with the addi-
tion of 0.4 M NaOH and 0.4 M glycine buffer. Fluorescence
was quantified with a spectrofluorometer (Photon Technology
International, Lawrenceville, NJ) at an excitation wavelength

of 365 nm and an emission wavelength of 465 nm. Linearity
has been tested and observed up to 100 µg of protein.10

Statistical analysis

We performed analysis of variance (ANOVA) for factorial
designs (2 × 2) for the forced swim test, the sucrose test and
the Bax:Bcl-2 ratio (prefrontal cortex) to compare MI and
sham rats with and without desipramine. We performed
ANOVA for factorial designs with repeated-measures (2 × 6;
days as repeated-measures) to analyze results obtained in the
MWM. We used orthogonal contrasts according to
Gram–Schmidt were performed. Linear regression coefficient
was calculated with GraphPad Prism version 4b (GraphPad
Software, San Diego, Calif.). Caspase-3 activity and Bax:Bcl-2
ratio (amygdala, hippocampus, hypothalamus) were ana-
lyzed with the Student’s t test to compare MI and sham rats.
In all cases, alpha level was set at 0.05.

Results

Behavioural measures

Forced swim test

ANOVA indicated a significant interaction between MI and
treatment (F1,16 = 20,33; p < 0.001) for immobility, swimming
(F1,16 = 6,25; p < 0,05) and escape time (F1,16 = 15,86; p < 0.001).
For immobility and swimming, further analysis indicated
that the response of the untreated MI group was largely re-
sponsible for this interaction: untreated MI rats were more
immobile (F1,16 = 12,42, p < 0.005) and swam less (F1,16 = 11.93,
p < 0.005) than untreated sham rats. Conversely, de-
sipramine-treated MI rats did not differ significantly from the
desipramine-treated sham group with respect to immobility
and swimming performance. See Figure 1a.

Sucrose preference test

In the sucrose preference test, total liquid did not differ be-
tween groups. ANOVA indicated an interaction between MI
and treatment in the sucrose preference test (F1,13 = 11,1; p <
0.01). Further analysis indicated that the response for the un-
treated MI group was largely responsible for this interaction:
untreated MI rats drank significantly less sucrose (F1,13 =
21,74; p < 0.001) than did the untreated sham rats. However,
desipramine-treated MI rats did not differ significantly from
the desipramine-treated sham group with respect to sucrose
intake. See Figure 1b.

Morris water maze

In the MWM, ANOVA indicated no difference between the
MI group and the sham groups (n = 5 in each group). There
was a significant (F1,40 = 12.59, p < 0.001) linear trend in the
longitudinal data for days 1–6, suggesting a learning effect in
both groups of rats. Higher-order polynomial terms were not
statistically significant. 



Tissue analyses

Infarct size

The MI size was 71.0% (standard error of the mean [SEM]
2.0%) of the area at risk.

Bax:Bcl-2 content

Bax:Bcl-2 ratios were significantly different between the
MI and the sham groups in the hypothalamus (MI: 200
SEM 9.1, sham: 100 SEM 6.9; n = 4. t = 8.76; df 6; p < 0.001).
In the prefrontal cortex, the ANOVA indicated a signifi-
cant interaction between MI and treatment (F1,11 = 6,5; p <
0.05). Further analysis indicated that the change in Bax:Bcl-
2 content for the untreated MI group was largely responsi-
ble for this interaction: compared with the untreated sham
rats, untreated MI rats showed a higher Bax:Bcl-2 content
(F1,11 = 19,18; p < 0.005). Treated MI rats did not differ sig-
nificantly from the desipramine-treated group with
respect to the Bax:Bcl-2 content. Bax:Bcl-2 ratios did not
differ between MI and sham groups for the amygdala (t =
0.91; df 6; p = 0.39) and the hippocampus (t = 1,09; df 6; p =
0.32). See Figure 2.

Relation between Bax:Bcl-2 ratios and specific 
behavioural changes

Regarding the relation between Bax:Bcl-2 ratios and specific
behavioural changes, we observed an inverse linear regres-
sion between Bax:Bcl-2 ratio and swimming time in the
forced swim test: an increase in the prefrontal cortex Bax:Bcl-

2 ratio was associated with a shorter period of swimming.
See Figure 3. 

Caspase-3 activity

Caspase-3 activity showed no difference between the MI and
sham rats in any of the 4 limbic structures investigated.

Discussion

This study shows that MI rats display behavioural signs com-
patible with depression 2 weeks after the cardiovascular
event, including anhedonia (i.e., less sucrose intake25,30) and
behavioural despair (i.e., decreased forced swimming23,24), and
both were reversed by antidepressant treatment (desipramine
10 mg/kg, intraperitoneally, for 14 days). In the latter case,
desipramine decreased the passive strategy (immobility) in
favour of active strategies (escape and swim), which is consis-
tent with previous observations in other models.31,32 However,
MI rats were not impaired on the MWM, a task that requires
an intact hippocampus. This is consistent with our observa-
tion of lack of hippocampal apoptosis. The lack of impairment
on the MWM further suggests that MI rats did not suffer from
overt motor problems or fatigue over the 6-day protocol.

The increased Bax:Bcl-2 ratio we observed in MI rats rela-
tive to sham rats is in line with the results obtained by Eilat16

in peripheral blood leukocytes of patients with major depres-
sion, compared with control subjects. Our results show that
neurons of the prefrontal cortex and hypothalamus are vul-
nerable to apoptosis 2–3 weeks after an acute MI, while the
hippocampus is spared. Surprisingly, we found no Bax:Bcl-2
ratio difference in the hippocampus and amygdala of the MI
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Fig. 1: Results (mean and standard error of the mean [SEM]) of behavioural tests in myocardial infarction (MI) and control sham rats, with and
without long-term antidepressant treatment (see Methods). Forced swim test (sham n = 6, sham + desipramine treated rats [AD] n = 3, MI n = 7,
MI + AD n = 4) (A). The SEM bar in the MI + AD group (immobility) is too small to be displayed. Sucrose preference test (sham n = 5, sham + AD
n = 3, MI n = 5, MI + AD n = 4) (B). *Indicates a statistically significant difference between the untreated MI group and the untreated sham group.
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group versus the sham group. At least 2 possibilities could ex-
plain these results. First, there could be a different time course
for post-MI apoptosis in these structures, since we have previ-
ously reported the presence of apoptosis in the amygdala 3
days after MI.10 Second, subdivisions of these limbic structures
may need to be independently analyzed because the apoptotic
signal in limbic subcompartments may be lost when averaged
across an entire structure. This possibility may be less likely in
the case of the hippocampus because, in the present study, MI
rats displayed normal performance on the MWM.

A statistically significant inverse linear relation was ob-
served between the Bax:Bcl-2 ratio in the prefrontal cortex
and swimming time in the forced swim test. The fact that
signs of behavioural despair correlate with higher Bax:Bcl-2
ratios (increased apoptosis vulnerability) suggests a link be-
tween limbic cell death and behavioural markers of depres-
sion. Because only prefrontal cortex tissue was available for

this correlation analysis, more research with other apoptotic
structures should be done to verify whether the present ob-
servation is neuroanatomically specific.

The absence of significant differences in caspase-3 activity
between MI and sham rats at the level of prefrontal cortex
and hypothalamus despite increased Bax:Bcl-2 ratios may be
interpreted in several ways. First, it may indicate that this
apoptotic process, that is, the stimulation of caspase-3, is not
active at this point in time and that a shorter or longer post-
MI time-course could be involved (see Wann10). A second
possibility is that caspase-3 is activated only in a subcompart-
ment of the structures investigated in the present experiment.
Third, a dissociation between Bax:Bcl-2 activity and caspase-3
activity has been reported,12 suggesting that this is not an ex-
ceptional process. Indeed, cell death can actually occur with-
out the activation of caspase-3, as in cases of autophagy or
paraptosis. Molecules that are involved in apoptosis, such as
Bcl-2, Bax and apoptosis-inducible factors, are also involved
in caspase-independent cell death processes.33,34 The possibil-
ity that caspase-3–independent apoptosis is present in our
model should be tested in the near future.

In conclusion, the behavioural impairment and limbic
apoptotic events reported here after MI are compatible with a
model of human post-MI depression, and this model follows
a particular time course.
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