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Abstract

The interaction between depression and stroke is highly complex. Post-stroke depression (PSD) is among the most frequent neuropsychiatric conse-
quences of stroke. Depression also negatively impacts stroke outcome with increased morbidity, mortality and poorer functional recovery. Antide-
pressants such as the commonly prescribed selective serotonin reuptake inhibitors improve stroke outcome, an effect that may extend far beyond
depression, e.g., to motor recovery. The main biological theory of PSD is the amine hypothesis. Conceivably, ischaemic lesions interrupt the projec-
tions ascending from midbrain and brainstem, leading to a decreased bioavailability of the biogenic amines – serotonin (5HT), dopamine (DA) and
norepinephrine (NE). Acetylcholine would also be involved. So far, preclinical and translational research on PSD is largely lacking. The implementation
and characterization of suitable animal models is clearly a major prerequisite for deeper insights into the biological basis of post-stroke mood distur-
bances. Equally importantly, experimental models may also pave the way for the discovery of novel therapeutic targets. If we cannot prevent stroke,
we shall try to limit its long-term consequences. This review therefore presents animal models of PSD and summarizes potential underlying mecha-
nisms including genomic signatures, neurotransmitter and neurotrophin signalling, hippocampal neurogenesis, cellular plasticity in the ischaemic
lesion, secondary degenerative changes, activation of the hypothalamo-pituitary-adrenal (HPA) axis and neuroinflammation. As stroke is a disease of
the elderly, great clinical benefit may especially accrue from deciphering and targeting basic mechanisms underlying PSD in aged animals.
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Introduction

Post-stroke depression (PSD) is of high clinical importance. At least
one third of stroke survivors display mood symptoms at some time
after the insult [1–4]. Depression after stroke generally runs a chronic

course and is related to a variety of adverse health outcome including
increased disability, morbidity and mortality [5–11]. Interestingly,
symptoms of depression may even worsen during the chronic phase
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after stroke [12]. Depression persists after 20 months in 34% of
elderly patients with acute stroke [13] and has been linked to both
worse cognitive and physical outcome.

Mental distress associated with physical disability may contribute
to the development of PSD. However, the higher prevalence of symp-
toms of depression in stroke patients compared with orthopaedic
patients with a similar degree of disability may be a good argument
against purely psychological explanations of PSD [14]. Furthermore,
anosognosia does not shield against PSD [15]. Common mood symp-
toms after stroke include anxiety and feelings of despair as well as
anhedonia [16–20].

Antidepressant treatment initiated soon after stroke may prevent
the emergence of PSD [21–24]. A number of studies have also
reported beneficial effects of antidepressant pharmacotherapy on long-
term functional recovery after stroke including activities of daily living
as well as cognitive and executive functioning [23, 25–28]. Of note,
propitious antidepressant effects may even extend beyond mood
symptoms, e.g., to motor recovery, and thus significantly increase the
proportion of patients reaching partial or full independence [29]. More-
over, a placebo-controlled clinical trial of antidepressant pharmacother-
apy early in the recovery period after stroke demonstrated a significant
advantage of active treatment in terms of patients’ survival. Impor-
tantly, this benefit was independent of whether or not the patient
reported mood symptoms on enrollment [30]. Unfortunately, we do
not have animal models for all of the successful treatments, most spe-
cifically for the psychotherapy interventions.

The biological underpinnings of PSD

Despite the fact that a high proportion of stroke patients develop
mood symptoms, there is as yet little insight into the underlying neu-
robiological mechanisms. Relevant animal models have only sparsely
been investigated. This research gap becomes even more relevant
when one considers the growing body of clinical evidence indicating a
beneficial effect of antidepressants and especially of selective seroto-
nin reuptake inhibitors (SSRIs) on post-ischaemic outcome.

If we cannot prevent stroke, we shall try to alleviate its long-term
consequences. Although PSD may also occur in younger stroke vic-
tims, it is primarily a condition that affects the elderly. Therefore,
great clinical benefit may specifically accrue from deciphering and tar-
geting basic mechanisms underlying chronic depression in aged ani-
mals after stroke. So far, the majority of experimental stroke studies
have concentrated heavily on acute stroke outcome, which, after all,
represents only a snapshot of a complex sequence of events. This
limitation may have majorly contributed to the conspicuous discrep-
ancy between laboratory and clinical findings that has been a recur-
rent theme in stroke research in recent years (‘translational road
block’). In addition, most candidate therapies have so far been devel-
oped in young experimental animals, whereas most natural strokes
occur in the elderly. Since old age as such is also associated with an
enhanced susceptibility to stroke along with a poorer recovery from
brain injury, it deserves to be investigated as a key modulatory factor.

Antidepressants may also exert direct actions on the brain inde-
pendent of, or beyond their effects on depression, such as providing

neuroprotection and promoting brain plasticity/neurogenesis. To vali-
date these hypotheses, we will have to translate experimental findings
into the clinic and investigate brain correlates of depression in stroke
patients. As SSRIs were also found to improve motor outcome by
diminishing abnormalities in brain motor areas, studies will have to
disentangle their effects on either depression or motor function and
on the respective brain correlates.

Animal models of PSD

Depression is a heterogeneous, multifaceted disorder with psycholog-
ical, behavioural and vegetative components. Translating the com-
plexities of human affective disease (e.g., guilt/suicidality symptoms)
or of behavioural interventions, such as psychotherapy into animal
models poses a huge challenge to the experimental researcher. Still,
various behavioural tests have been proposed to investigate some of
the central aspects of human depression in rodents. For example, the
forced swim test (FST) [31] and the tail suspension test [32] are
widely used as behavioural paradigms that measure behavioural des-
pair in an inescapable stressful situation. These tests have been
extensively characterized and have also been pharmacologically vali-
dated with drugs possessing antidepressant properties in humans
[33]. Another core symptom of depression, namely anhedonia, can
be evaluated in rodents by assessing sucrose consumption [34].

In contrast to global cerebral ischaemia, spontaneous post-stroke
depressive-like symptoms have not been consistently described after
focal brain ischaemia. For example, 1 week after intraluminal tran-
sient middle cerebral artery occlusion (MCAo) in the mouse, no
depressive-like symptoms were detected in the FST [35–37]. By con-
trast, another study at a later time point after the ischaemic event
(8 weeks) reported an ‘affective’ phenotype with increased anxiety
[38]. Craft and DeVries [39] found decreased sucrose consumption
2 weeks after transient focal ischaemia in mice, suggesting a hedonic
deficit in MCAo animals. Another publication reports that focal ischae-
mia induces shuttle-box escape deficits in rats and that this failure is
reversed by treatment with a monoamine oxidase inhibitor [40].

Exposure of animals to unpredictable chronic mild stress (CMS)
associated with isolated housing after ischaemia is another way to eli-
cit experimental depression. It has been shown that rats subjected to
ischaemia show decreased locomotor activity in the open field test
and decreased sucrose consumption when exposed to the CMS para-
digm for 18 days after surgery. These depressive-like behaviours,
associated with a decrease in hippocampal neurogenesis, are again
reversed by treatment with an antidepressant, namely SSRI citalop-
ram, corroborating both the face validity and the predictive validity for
this PSD model [41]. Nevertheless, future experimental studies
should use aged animals that might be even more prone to develop a
depressive phenotype post-stroke [42].

Genome profiling

Despite its analytical power, transcriptional profiling has not yet been
employed to identify genetic pathways associated with PSD. Most
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studies reporting the use of gene expression profiling to investigate
rodent models of depression focused on stress models instead and
did not reach a consensus regarding a specific genomic signature.
Promising results have been recently reported from FSL and FRL rats.
Flinders rats are a genetic model of depression, derived by selective
breeding of Sprague–Dawley rats, which show many key behavioural
features of depression in humans. Using these two rat strains small,
but statistically significant increases were confirmed in the prefrontal
cortex and hippocampus of the FSL rats for genes involved in cholin-
ergic (Chrm2, Chrna7) and in serotonergic (Htr1a, Htr2a) neurotrans-
mission. Much larger gene changes were found for transmembrane
protein 176A (TMEM176A) in the cortex of FRL animals compared
with FSL rats [43–45]. TMEM176A has been implicated in adaptive
immunity and in the induction and maintenance of immune tolerance
[46]. In another study, five (Htr2a, Ntrk3, Crhr1, Ntrk2, Crh) of the
genes classically related to human major depression were differen-
tially expressed in three animal models of depression: acute treatment
with reserpine, olfactory bulbectomy and chronic treatment with corti-
costerone. In addition, two new genes, complement component 3 and
fatty acid-binding protein 7, have recently been described [45].

Patients with either the serotonin transporter protein promoter
polymorphism/s or with the serotonin transporter genotype STin2
(variable number tandem repeats) 9/12 or 12/12 were more likely to
suffer from PSD than patients with the 1/1 or 1/_l genotype or the
STin2 (tandem repeats) 10/10 type. Increased functional activity of
the amygdala in response to negative stimuli appears to be a mood-
congruent phenomenon, and is likely moderated by the 5-HT trans-
porter gene (SLC6A4) promoter polymorphism (5-HTTLPR).

Neurogenesis

Neurogenesis in the adult brain is an activity-dependent phenomenon.
In rodents, neurogenesis has been clearly established in the hippo-
campal dentate gyrus (DG) as well as in the subventricular zone
(SVZ) from which newly born neurons travel through the rostral
migratory stream to populate the olfactory bulb. Even to date, rela-
tively little is known about the biological significance of neurogenesis
in the adult mammalian brain. Two major hypotheses have driven
most of the studies on neurogenesis in the DG, namely that it plays a
pivotal role in hippocampus-dependent learning and memory [47] as
well as in protecting against and promoting recovery from depression
[48]. As far as learning and memory are concerned, the precise role of
neurogenesis remains controversial. For example, genetic ablation of
cell cycle regulatory protein cyclin D2 that results in virtual absence
of newly born neurons in the adult brain does not lead to appreciable
learning and memory deficits [49, 50]. Similarly, the involvement of
hippocampal neurogenesis in depression and in the efficacy of antide-
pressive treatments is also not fully established.

Global ischaemia increases neurogenesis in the adult brain, espe-
cially in DG [51]. Other more circumscribed experimental stroke models,
such as occlusion of the middle cerebral artery were also shown to
increase neurogenesis in SVZ [52] as well as in DG [53]. Furthermore,
the newly generated cells were shown tomigrate from SVZ, but not form
SGZ, to the site of the insult, e.g., into the ischaemic penumbra of the

stroke-damaged striatum and to develop and mature into the phenotype
of the neurons destroyed by ischaemia [54–56]. Also, recovery from
stroke was shown to be associated with growth factor-induced neuro-
genesis in SVZ as well as exercise-induced neurogenesis in DG [57].
Therefore, neurogenesis has been postulated to be an adaptive process
involved in brain regeneration and recovery following an ischaemic insult
[55]. A schematic representation of interactions between stroke, depres-
sion and neurogenesis as a function of age is shown in Fig. 1.

Most importantly, very little is known about the relationship
between PSD and neurogenesis. Depressive behaviours in ischaemic
rats were accompanied by reduced ischaemia-evoked hippocampal
neurogenesis and this effect was reversed by citalopram administra-
tion. Using pharmacological interventions, the involvement of seroto-
nergic neurotransmission was then further corroborated [58].
However, these findings that originate from a single research labora-
tory, need further confirmation along with a clear demonstration of
functional significance.

Neurotrophin signalling

Neurotrophins are a group of molecules that promote the develop-
ment and survival of neurons. In the context of mood disorders, most
research has focused on the brain-derived neurotrophic factor
(BDNF). Antidepressants and the mood stabilizer lithium have both
been shown to increase BDNF levels in the brain [59]. Furthermore,
BDNF produces antidepressant effects in behavioural models of
depression [60] and confers resilience to chronic stress [61]. By con-
trast, chronic mild stress depresses BDNF protein expression [62].
BDNF is an attractive candidate molecule to explain the complex inter-
action between depression, antidepressants and post-stroke recov-
ery. First, BDNF protects against ischaemic brain injury [63, 64] and
attenuates apoptosis in cultured neurons after glucose deprivation
[65]. In addition, BDNF signalling is crucially involved in hippocampal
neurogenesis [66]. Furthermore, BDNF in periinfarct cortex improves
functional recovery after stroke [67] whereas intraventricular
administration of BDNF antisense oligonucleotides impedes re-learn-
ing of a motor skill in a focal ischaemia model in rats [68].

Fig. 1 Scheme of interaction between ageing, stroke, neurogenesis and

depression. Stroke causes depression (1), depression increases nega-
tive effects of stroke (2), stroke induces neurogenesis (3), depression

is associated with reduced neurogenesis (4), neurogenesis might help

to alleviate the effects of stroke (5), neurogenesis might help to combat

depression (6), ageing increases the incidence of stroke and depression
[**], neurogenesis decreases with age [*].
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So far, only few studies have specifically investigated the role of
BDNF in the pathogenesis of PSD. In stroke survivors diagnosed with
PSD, serum BDNF concentrations were found to be decreased at 3–
6 months post-event [69]. Furthermore, low serum levels on day 1
after admission were reported to predict the risk of subsequent PSD
[70]. Preliminary evidence also suggests that the BDNF Val66Met
polymorphism may modify the association between stroke and
depression [71]. As yet, BDNF signalling has not been investigated in
animal models of PSD. Important questions that will have to be
addressed will be whether antidepressant treatment is able to
increase BDNF levels in and around the ischaemic lesion and whether
BDNF expression in a particular brain area (e.g., the hippocampus) is
especially involved in the pathogenesis of PSD.

Secondary degenerative brain changes
following ischaemia

There has been great interest in elucidating the impact of lesion char-
acteristics on PSD. Indeed, among the many theories that have been
espoused, one considers PSD as a consequence of specific brain
lesions. In support of this theory, differences in the frequency of
depression between left and right hemispheric lesions have been
reported [72]. Thus, left hemispheric cortical strokes, mainly frontal
lesions, have been suggested to be linked with increased risk for
depression. However, a systematic review offered no support for the
hypothesis that the risk of depression after stroke was affected by
the hemispheric location of the brain lesion nor by the position of the
lesion along the antero-posterior axis [73]. Thus, a definitive state-
ment regarding lateralization and risk for depression cannot be made
at this point.

Robinson and others postulated that dysfunction of (cortico)-stri-
ato-pallido-thalamic-cortical projections predisposes to PSD [74].
This loop could even be disrupted indirectly by secondary degenera-
tion when not included in the primary ischaemic lesion. Indeed, focal
ischaemia is known to cause neuronal loss in remote brain areas. For
instance, after a stroke in the most commonly affected MCA territory,
brain regions, such as the ipsilateral thalamus, and substantia nigra
will display delayed shrinkage due to synaptic contacts to the primary
lesion site. Retrograde degeneration due to cortical lesion as well as
anterograde (Wallerian) degeneration due to basal ganglia lesion,
and/or extensive vasogenic edema [75] are thought to be responsible
for these forms of secondary neurodegeneration. These changes
seem to be, at least partly, apoptotic [76]. In addition, such extrafocal
neurodegeneration may also affect neurotransmitter synthesis. Fur-
thermore, the ageing brain seems to be even more sensitive to these
mechanisms of secondary degeneration [77].

Role of ageing in the development of
PSD

It is estimated that ischaemic brain injury is responsible for approxi-
mately half of all patients hospitalized for acute neurological disor-

ders. As old age is associated with an enhanced susceptibility to
stroke along with a poorer recovery from brain injury, it deserves to
be investigated as a key modulatory factor. Depression is also a
highly significant problem in the elderly. It is often associated with
cognitive impairments including cognitive impairments after stroke
[78, 79]. It is therefore unfortunate that most experimental stroke
studies are performed in young or middle-aged animals.

Vascular risk factors, such as hypertension, obesity, diabetes,
dyslipidaemia, hyperhomocystaeinemia and systemic inflammation
increase the probability of silent strokes. Even in the absence of clini-
cally apparent ischaemia, microvascular changes and microstrokes in
vulnerable regions may lead to depression (‘vascular depression’;
[80]). Several genes, such as protein kinase Cg (PRKCH) gene,
angiotensin-converting enzyme, and apolipoprotein (a) [apo(a)] and-
Lp(a), play an important role in this context [81].

Mechanisms underlying
antidepressant actions in PSD

The neurotransmitter and cytokine hypotheses represent the two
main biological theories of PSD [82]. Robinson and Bloom (1977)
[74] postulated that ischaemic lesions may interrupt the biogenic
amine-containing axons ascending from the brainstem to the cerebral
cortex leading to a decreased availability of biogenic amines in limbic
structures of frontal and temporal lobes as well as in basal ganglia.
The monoamine theory postulates that depression is associated with
low levels of monoamines, particularly 5-HT, NE and dopamine [83].
Along the same lines, a high global receptor density for the mono-
amine oxidase A (MAO-A), which non-specifically metabolizes these
neurotransmitters, has also been reported. The diverse symptoms of
depression (mood, cognition and pain) may be attributable to the
involvement of different neural systems. Alterations of the dopami-
nergic mesolimbic reward system may lead to anhedonia [84]. Sero-
tonergic and noradrenergic fibres originate from brainstem nuclei and
innervate the limbic system, prefrontal cortex and associated struc-
tures involved in the regulation of mood. Furthermore, descending
pathways project through the dorsolateral spinal column and are
instrumental in the regulation of pain. In addition to monoamines, the
cholinergic system, through nicotinic acetylcholine receptors, has
recently been suggested to be involved in the aetiology of major
depressive disorder. All these pathways may be disrupted by the
stroke lesion, which may result in depression [85] (Fig. 2).

In vivo and in vitro studies have shown that fluoxetine and paroxe-
tine, two of the most commonly prescribed antidepressants, pre-
vented degeneration of nigrostriatal dopaminergic neurons. This was
accompanied by marked repression of microglia activation, neutrophil
infiltration and expression of proinflammatory markers. In addition,
these neuroprotective effects in Parkinson’s models were accompa-
nied by improvement of motor impairment and neurological deficits
[86–88]. As stroke in aged rodents is accompanied by a strong
inflammatory reaction in the brain [89], we expect that treatment with
antidepressants will reduce pro-inflammatory cytokines released by
the lesion [90].
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Elevated levels of stress hormone cortisol are consistently found
in severely depressed patients. Increased cortisol may cause impair-
ment in neuroplasticity and cellular resilience, and down-regulation of
the glucocorticoid receptor’s sensitivity. Subsequently, hyperactiva-
tion of the hypothalamo-pituitary-adrenal axis, in conjunction with

amygdala activation, leads to increased sympathetic tone, which pro-
motes the release of cytokines from macrophages, in addition to the
release of cytokines from the ischaemic brain. Increases in
pro-inflammatory cytokines (IL-1beta, IL-6, and IL-18) and tumour
necrosis factor-alpha have been associated with (i) activation of in-
doleamine 2,3-dioxygenase which metabolizes tryptophan to kynure-
nin, thus depleting serotonin in paralimbic regions such as the ventral
lateral frontal cortex, polar temporal cortex and basal ganglia and pre-
cipitating the onset of depression [88, 90]; (ii) loss of sensitivity of
insulin and glucocorticoid receptors, respectively, which further per-
petuates metabolic and neuroendocrine dysregulation. It may also
compromise neurotrophic support and monoaminergic neurotrans-
mission.

Hippocampal volume loss is characteristic of elderly or chronically
ill samples and may be impacted by the Val66Met BDNF gene variant
(see above) and the 5-HTTLPR SLC6A4 polymorphism.

Human imaging studies

Neuroimaging markers of cellular function, functional and structural
abnormalities have been found in prefrontal and limbic structures
after major depression [91, 92, 93]. We have tempted to summarize
in a table the main and more consistent effects found in the literature
like the reduction in volume of these structures. Neuroimaging of
MAO-A binding, 5-HT2A, 5-HTT, 5-HT1A and 5-HT1B receptors bind-
ing, levels of dopamine transporters D1 and D2 have been investi-
gated and elevated MAO-A binding with [11C]harmine PET imaging
has been found inprefrontal and anterior cingulate cortex [92]. Also
increased or decreased basal activity were reported (Table 1). For
example, a hyperactivity of the ventromedial prefrontal cortex (was
associated with enhanced sensitivity to pain, anxiety, depressive

Fig. 2 The acetyl-amine hypothesis of post-stroke depression. The sero-
tonergic pathway (green), the acetylcholinergic pathway (red), the dopa-

minergic pathway (violet) and the noradrenergic pathway (blue). Dotted

lines represents a stroke lesion disrupting these pathways.

Table 1 Main effects of depression on structural and basal activity of brain regions. Summarized from [93, 94]

Volume
Basal
activity

Basal activity
on Remission

Prediction
Functional
activity

Functional activity
on remission

MAO-A
binding*

Prefrontal cortex ↗

Ventromedial ↘ ↗ ↘

Lateral orbital ↘ ↗

Dorsolateral ↘ ↗ +

Anterior cingulate
cortex (SGPFC)

? + ↘ ↗ ↗

Posterior cingulate
cortex

↘ ↗

Nucleus accumbens ↗ ↘

Amygdala ↗beginning
↘end

+ ↗ ↘

Hippocampus ↘ ↗ ↘ ↗

*Monoamine oxidase-A (MAO-A) [92].
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ruminations and tension), whereas a hypoactivity of the dorsolateral
prefrontal cortex may produce psychomotor retardation, apathy and
deficits in attention and working memory. More precisely, depression
was associated with increases in hippocampal activity and decreases
in posterior cingulate and prefrontal cortex activity in 17 patients
[94]. After 6 weeks of treatment, patients who had responded to
treatment showed a reversal of this pattern whereas non-responders
continued to show abnormalities. Remission was also associated with
decreasing ventral frontal lobe metabolism, ventral anterior cingulate
gyrus (AC) and anterior insula activity, and increasing dorsolateral
prefrontal cortex metabolism [95]. It has been postulated that ACC or
amygdala activity was predictive of clinical response to antidepres-
sant medication [94, 96]. Using diffusion tensor imaging, it was
found that fractional anisotropy was significantly lower and apparent
diffusion coefficient was significantly higher in white matter tracts
that connect to the emotional regulation in depressed patients: pre-
frontal lobe, frontal lobe and limbic structures.

Functional imaging

Using fMRI paradigms, hypoactivity to fearful faces in the rostral ACC
(rACC) and hyperactivity in the limbic regions [97–99,100–103] have
been found in depressed patients. Normalization of these abnormali-
ties was correlated with remission of depressive symptoms (Table 1).
Connectivity fMRI studies have also suggested a decrement in the
‘communication’ between amygdala and ACC regions [103] that could
lead to a failure of the ACC to serve its inhibitory role in emotional
regulation [104]. Functional connectivity of the resting state yielded
several results. Compared with controls, in depressed individuals
each of the following three networks (the cognitive control network,
the default mode network and the affective network) was shown to
have increased connectivity to the same bilateral dorsal medial pre-
frontal cortex region, an area that was termed the dorsal nexus [98].
This further suggests that reducing increased connectivity of the

dorsal nexus presents a potential therapeutic target. Finally, refractory
depression was associated with disrupted functional connectivity
mainly in thalamo-cortical circuits, whereas non-refractory depres-
sion was associated with more distributed decreased connectivity in
the limbic-striatal-pallidal-thalamic circuit [105].

Conclusions

Depression is the most frequent non-cognitive neuropsychiatric com-
plication of brain ischaemia, affecting up to 50% of all such patients.
PSD is associated with increased morbidity and mortality following
stroke. Despite its great clinical relevance, there is as yet little insight
into the underlying neurobiological mechanisms. PSD has remained
under-researched and, in particular, suitable animal models have not
been established in sufficient depth or number. As PSD negatively
interferes with functional outcome, it is of crucial importance to better
understand its pathophysiology and target PSD by therapeutic inter-
ventions. The authors hope that this review will contribute to closing
this research gap by spurring further experimental studies in this
important field.
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