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Abstract. Major depressive disorder is a very common serious mental illness with increasing preva-
lence in the population. Its pathology includes biochemical, morphological, and electrophysiological 
changes in various brain areas. In spite of decades of extensive research pathophysiology of depres-
sion is still not sufficiently understood. When depression occurs just before or during pregnancy, 
it may have a detrimental effect on perinatal and/or postnatal brain development, affecting the off-
spring’s behavior. An important role in the pathology of depression is the hippocampus as a center 
for cognition and memory. Here we review changes in morphology, biochemical, and electrical 
signaling caused by depression in first and second generation identified in various animal models.
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Introduction

Depression is a common mental disorder that affects more 
than 280 million people worldwide. It is characterized by 
persistent low mood and loss of interest in activities we 
once enjoyed (Diseases and Injuries Collaborators 2020). 
Depression significantly limits psychosocial functioning 
and reduces the quality of life. It is also one of the most com-
mon complications during pregnancy, with a prevalence of 
around 20%. Anxiety is a common symptom of depression. 

However, clinical anxiety is also present in nearly two-thirds 
of individuals with major depressive disorder (Goldberg and 
Fawcett 2012). Anxiety symptoms often appear 1 or 2 years 
before the onset of major depression (Malhi et al. 2002).

While the underlying mechanisms are not well under-
stood, some reviews and meta-analyses have demonstrated 
the impact of maternal depression symptoms on child de-
velopment in cognitive, behavioral, social, mood, language, 
and “attachment” manifestations (Kingston et al. 2018; Ahun 
and Cote 2019; Rogers et al. 2020). Maternal depression 
is a  known risk factor and has adverse consequences for 
the offspring, such as preterm birth, low birth weight, and 
intrauterine growth restriction (Accortt et al. 2015; Gelaye 
et al. 2016). Complications of low birth weight and preterm 
birth are reported as the leading cause of death in children 
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under five years of age (Eshete et al. 2019; Silveira et al. 
2019). Children of depressed mothers also have higher rates 
of cognitive, social, and mood disorders later in childhood 
and adolescence (Grundwald and Brunton 2015; Braun et 
al. 2020).

Depression is associated with dysregulation of the hypo-
thalamic-pituitary-adrenal (HPA) axis and the abnormal re-
lease of the stress hormone cortisol (Seth et al. 2016). Cortisol 
can disrupt the flow of oxygen and nutrients, predisposing 
the fetus to intrauterine growth restriction, low birth weight, 
and preterm birth (Meltzer-Brody 2011). Antenatal depres-
sion can disrupt the immune system, leaving the mother 
vulnerable to various infections that can affect fetal growth 
and cause premature birth and other congenital defects. In 
addition, depression can affect the mother’s appetite, which 
affects the mother’s nutritional status. This causes poor fetal 
development, leading to low birth weight and intrauterine 
growth restriction (Grote et al. 2010). Ghimire et al. (2021) 
demonstrated that there is a significant risk of preterm birth 
(35%), low birth weight (86%), and a fourfold increase in 
the risk of intrauterine growth restriction due to antenatal 
depression. 

Changes in fetal response to vibroacoustic stimulation, 
fetal heart rate variability, altered motor activity, and altered 
behavioral reactivity and development have been observed 
in prenatal stress and depression (Hanley and Oberlander 
2012; Graignic-Philippe et al. 2014). Effects of prenatal 
depression observed in infants included altered neonatal 
behavior scores, reduced vagal tone, altered cortisol reactiv-
ity, altered reactivity to pain or stress, altered temperament, 
increased irritability, altered attention, sleep problems, and 
delayed neuromotor development (Hanley and Oberlander 
2012; Suri et al. 2014).

An important role in stress-induced depression is the 
hippocampal-prefrontal pathway, representing a unidirec-
tional projection (Godsil et al. 2013). Hippocampus is a brain 
region essential for learning and memory, abilities known 
to be impaired during the depression. It is also unique in 
its capacity to generate new neurons from neural stem cells 
(Eriksson et al. 1998; van Praag et al. 2002). Defects in hip-
pocampal neurogenesis were identified in animal models of 
depression and patients suffering from a depressive disorder. 
Therefore, the hippocampus is emerging as a brain structure 
significantly contributing to the development of the depres-
sive disorder.

Neurogenesis and neuroplasticity in stress and depression

One of the most important neuroscience discoveries of 
the last century was the identification of pluripotent stem 
cells in the adult brain from which new neurons can be 
generated. This process is called neurogenesis. Growth and 

adaptability at the level of neurons are more commonly 
called neuroplasticity. Neuroplasticity at the cellular level 
is likely altered by inflammation and HPA axis dysfunction 
caused by environmental stress (Egeland et al. 2015). The 
process of neurogenesis is managed by regulatory proteins 
such as brain-derived neurotrophic factor (BDNF), which 
is reduced in the serum of patients with major depressive 
disorder (Singh et al. 2022). Abnormally low serum BDNF 
concentrations in depressed patients can be restored by anti-
depressant therapy, either pharmacotherapy or psychological 
interventions (Molendijk et al. 2014; Zhou et al. 2017). 

Numerous clinical studies demonstrated lowered serum 
BDNF level during pregnancy (Singh et al. 2022). BDNF 
serum concentration decreased significantly from 1st to 2nd 
trimester, then from 2nd to 3rd trimester, and this decrease 
was fully reversed during weeks 4–11 postpartum (Lom-
matzsch et al. 2006; Christian et al. 2016). Participants in 
clinical studies were also tested for depression symptoms us-
ing standardized tests. Most studies demonstrated a negative 
correlation between BDNF serum concentration and depres-
sion scores (Gazal et al. 2012; Pinheiro et al. 2012; Dhiman 
et al. 2014; Fung et al. 2015; Gao et al. 2016). However, other 
authors reported only a weak correlation (Lommatzsch et al. 
2006) or no association (Akbaba et al. 2018).

A possible association between BDNF level and depres-
sion-like behavior was also found in animal models. Pro-
longed but not short repeated restrain stress during the last 
week of pregnancy significantly decreased BDNF expression 
in rat hippocampi (Maghsoudi et al. 2014). BDNF expres-
sion in the prefrontal cortex was significantly reduced in the 
estrogen withdrawal rat model of postpartum depression (Li 
et al. 2018). In the mouse model exposed to stress during 
the first week of gestation, hippocampal BDNF expression 
was significantly lowered at day 28 postpartum (Vanmierlo 
et al. 2018).

Animal studies report that limiting neurogenesis pre-
vents the action of antidepressants and has been shown to 
lead to depression-like symptoms, particularly in stressful 
situations. Therefore, neurogenesis is thought to facilitate 
resistance to stress, which could underlie the clinical effects 
of antidepressants (Kraus et al. 2017). Postmortem studies 
of depressed patients show a deficit of granule neurons in 
the gyrus dentatus (GD) in untreated subjects compared 
to non-depressed and treated groups. Patients treated for 
depression have significantly more dividing neural pro-
genitor cells compared to the untreated depressed group 
and even the non-depressed group (Gururajan et al. 2016). 
These findings are consistent with mouse studies showing 
that antidepressants can act by increasing neurogenesis in 
the adult brain.

Several animal models of maternal depression have 
been designed and developed in recent decades. Models of 
maternal depression are based on prenatal and/or early life 
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stress (Pereira-Figueiredo et al. 2017). Prenatal stress (PS) 
has direct effects on the processes of neurogenesis, neuronal 
migration, cellular differentiation, and synaptic refinement 
that occur during the prenatal period. The results of maternal 
stress coincide with significant neurodevelopmental changes 
in the fetus. Low to moderate levels of PS can enhance fetal 
maturation and have an adaptive role, but higher persistent 
stress can lead to adverse neurodevelopmental outcomes 
(DiPietro et al. 2006). Evidence of neurodevelopmental 
deficits was observed in rats exposed to maternal PS from 
G14 (14th day of gestation), with developmental differences 
in the amygdala nuclei suggesting that fear-related behaviors 
elicited anxiety-like symptoms (Kraszpulski et al. 2006). PS 
also causes learning deficits associated with inhibiting neu-
rogenesis (Lemaire et al. 2000) and expression of the neural 
cell adhesion molecule PSA-NCAM, which is involved in 
the migration of new neurons (Morley-Fletcher et al. 2011).

Structure of hippocampus

The hippocampus, a paired functional system located within 
the temporal lobe, is a phylogenetically old cortical structure 
(“archicortex”) (Vida 2010). It consists of anatomically dis-
tinct subregions: GD and cornu ammonis (CA). The interface 
between them is a region called the hilus (El Falougy et al. 
2008). The CA region consists of three subregions (CA1, 
CA2, CA3) divided according to the density, size, and 
branching of pyramidal cell axons and dendrites (Vida 2010; 
Witter 2010). Currently, the existence of a fourth area, CA4, 
is still debatable. Some studies report this area as a separate 
part between the CA3 and GD areas (Zaidel et al. 1997). In 
others, it is mentioned only as another name for the hilus area 
(Scharfman and Myers 2012). A common feature of all hip-
pocampus regions, except for the hilum, is a highly laminar 
structure. The principal cells of the CA regions form a layer 
called the stratum pyramidale. In GD, this layer is called the 
granular cell layer. Other areas are stratum lucidum (only in 
the CA3 area), stratum radiatum, and stratum lacunosum, 
which is often connected to the stratum moleculare and thus 
forms the stratum lacunosum-moleculare (Spruston and 
McBain 2007). The primary cells forming the hippocampus 
are the pyramidal neurons of the CA regions, granular neu-
rons of the dentate gyrus, and the mossy fibers of the hilum, 
each group forming a  largely homogeneous population. 
Pyramidal neurons of the CA1 region are some of the best-
studied neurons in the brain. A pyramidal or elliptical shape 
of the soma, a large apical dendrite and several small basal 
dendrites characterize them. Pyramidal cell axons usually 
originate from the base of the soma but may also originate 
from the proximal basal or apical dendrite (Maccaferri et al. 
2000). Altered hippocampal CA1 is an emerging marker of 
depression (Zierhut et al. 2013; Roddy et al. 2019). A global 
study has found that the hippocampus, the brain region re-

sponsible for memory and emotion, shrinks in people with 
recurrent and poorly treated depression. 

Hippocampal neurogenesis

The hippocampus is one of the brain structures that is highly 
vulnerable to early-life stress (Hoeijmakers et al. 2017). 
Animal studies pointed out that neurogenesis, in which new 
neurons are generated in the hippocampal GD throughout 
life, occurs more during early life and adolescence than in 
adulthood (Kozareva et al. 2019; Moreno-Jimenez et al. 
2019). Hippocampal neurogenesis is essential in learning 
and spatial memory (Terranova et al. 2019) and is involved 
in anxiety, forgetting stress response, and antidepressant 
effects (Santarelli et al. 2003; David et al. 2009). Accumulat-
ing evidence suggests that the hippocampus is functionally 
segregated along its longitudinal axis into dorsal and ventral 
regions, with the dorsal region playing a  more dominant 
role in spatial learning and memory. In contrast, the ventral 
region is more dominant in regulating anxiety and stress 
response (Bannerman et al. 2004; Fanselow and Dong 2010). 
There is also emerging evidence that neurogenesis in the 
ventral hippocampus (VH) is more sensitive to stress regu-
lation than neurogenesis in the dorsal hippocampus (DH) 
(O’Leary and Cryan 2014; Levone et al. 2021) . In a study by 
Coe et al. (2003), pregnant rhesus macaque monkeys were 
exposed to PS (during early and late pregnancy) by being 
moved to a dark room for 90 min for five days per week and 
intermittently awakened by an acoustic startle protocol. This 
reduced hippocampal volume and inhibition of maternal 
hippocampal neurogenesis in the GD. In addition, it was 
proven that prenatally stressed mothers showed impaired 
long-term potentiation (LTP). This was demonstrated in 
the Morris water maze (MWM) and facilitated long-term 
depression in the CA1 hippocampal region (Yang et al. 2006). 
Based on the fact that the transition to motherhood itself in 
the absence of stress affects hippocampal plasticity (Kinsley 
et al. 2006; Leuner et al. 2007; Pawluski and Galea 2007; 
Pawluski et al. 2010), neurogenesis was observed depending 
on the number of litters. During the post-pregnancy period, 
primiparous rats had reduced dendritic complexity in CA1 
and CA3 pyramidal neurons and lower levels of hippocampal 
neurogenesis compared to nulliparous or multiparous fe-
males (Pawluski and Galea 2007). Van den Hove et al. (2005) 
failed to find a relationship between PS and neurogenesis in 
the GD of stressed rats, but cell proliferation measurements 
concerning PS differed. They suggested that the neurodevel-
opmental variability in rats in response to maternal stress is 
due to genetic influences that explain why some individuals 
are negatively affected by PS and others remain resistant or 
even benefit from it.

Animal structural studies confirmed in depressed humans 
found that hippocampal volume diminishes in severely de-
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pressed compared to non-depressed humans (Schmaal et al. 
2017). Some studies have linked the degree of hippocampal 
volume loss to the duration of untreated lifetime depression 
(Cole et al. 2011; Kempton et al. 2011). Postmortem stud-
ies have shown that the GD volume in untreated depressed 
patients is approximately half that of non-depressed controls 
and treated depressed patients (Boldrini et al. 2013, 2018). 
The therapeutic effect of antidepressants in rodent animal 
models was directly related to increased neurogenesis 
(Santarelli et al. 2003; Hill et al. 2015). Antidepressants like 
fluoxetine, imipramine (Santarelli et al. 2003) and lithium 
(Chen et al. 2000) were shown to increase adult neurogen-
esis in rodents GD, each acting by a different mechanism. 
Adult hippocampal neurogenesis was also demonstrated in 
young to adult humans (Boldrini et al. 2018). Whether the 
depression-dependent reduction of hippocampal volume 
can be reversed by pharmacological treatment and whether 
this is necessary for antidepressant response in humans 
remains to be seen in further clinical trials.

Functional neuroimaging provides information on brain 
networks involved in critical processes such as emotion regu-
lation, rumination (lack of sleep), inability to experience the 
pleasure of reward, and self-awareness. Studies examining 
these networks in depressive disorders have found that the 
amygdala generally has increased activity and connectivity. 
Other structures, such as the subgenual anterior cingulate, 
are hyperactive. The insula and dorsal lateral prefrontal 
cortex are hypoactive in depressed individuals (Hamilton 
et al. 2012; Pizzagalli 2014). Different types of treatment, 
such as drugs, psychotherapies, and stimulation therapies, 
have different effects. Research linking pre-existing brain 
abnormalities to the selection of optimal therapies is an area 
of current research.

HPA axis in stress and pregnancy

Long-term or chronic exposure to stress can have adverse 
effects and lead to dysregulation of the HPA axis (Tsigos 
and Chrousos 2002). The coordinated action of hormones 
produced by the mother, the placenta, and the fetus regulates 
the neurodevelopmental processes of the fetus and helps the 
formation of the brain (Baud and Berkane 2019).

An essential role play steroid hormone from the gluco-
corticoid group, cortisol in humans and/or corticosterone in 
rodents. A negative feedback loop mechanism controls the 
cortisol synthesis and secretion. After stimulation, the hypo-
thalamus secretes corticotropin-releasing hormone (CRH), 
which stimulates the pituitary gland to synthesize and secrete 
adrenocorticotropic hormone (ACTH). The latter stimulates 
the adrenal glands to synthesize and secrete cortisol, inhibit-
ing the secretion of both CRH and ACTH. Cortisol secretion 
increases during stress (De Kloet et al. 1998).

Effects of stress-induced increases in cortisol include 
activation and regulation of the cardiovascular and immune 
systems, utilization of energy stores and gluconeogenesis, 
inhibition of reproductive and growth functions, and en-
hancement of memory and attention processes (de Kloet et 
al. 1998, 2005; Xiong and Zhang 2013). High levels of circu-
lating cortisol inhibit further HPA activity at the level of the 
hypothalamus, pituitary gland, and hippocampus (De Kloet 
et al. 1998; Smith and Vale 2006). Under normal conditions, 
this negative feedback loop terminates the stress response. 
Increased maternal cortisol is beneficial in the short term 
because it promotes the maturation of fetal organs and 
improves neurodevelopment. However, excessive maternal 
cortisol during early to mid-gestation negatively affects the 
fetus (Davis et al. 2005, 2007; Davis and Sandman 2010). 

The primary regulator of the HPA axis is CRH. HPA 
responses during pregnancy are characterized by the pla-
centa, which synthesizes placental CRH (pCRH) as early as 
seven weeks of gestation. pCRH exhibits distinct responses 
to glucocorticoids and is bidirectionally released into the 
maternal and fetal compartments during pregnancy (Smith 
and Vale 2006).

CRH is a key modulator of neurogenesis, and genetic dis-
ruption of CRH/CRH-R (R-receptor) impairs hippocampal 
neurogenesis. CRH has a neuroprotective role (Koutmani et 
al. 2013, 2019). However, intrauterine exposure to excessive 
CRH can affect fetal neurodevelopment and lead to brain 
changes such as reductions in cortical volume, neuronal 
density in limbic brain regions, and changes in neuronal 
circuits, synaptic plasticity, neurotransmission, and in GPCR 
(G protein-coupled receptors) signaling (Fig. 1). This leads 
to cognitive and emotional deficits that persist into later life 
(Curran et al. 2017; Sandman et al. 2018).

Full-term infants of mothers with lower levels of CRH 
at 25 weeks of gestation showed lower levels of childhood 
anxiety compared to infants exposed to elevated levels of 
the stress hormone (Davis et al. 2005). Experimental ani-
mal models have demonstrated in offspring CRH-induced 
changes in dendritic branching, specifically reduced branch-
ing of cortical neurons (Curran et al. 2017); altered synaptic 
plasticity, impaired myelin formation, and reduced density 
of dendritic processes in the hippocampal region (Hermes 
et al. 2020; Shang et al. 2021).

The hippocampus and the HPA are functionally linked. 
Therefore stress-induced changes in the HPA axis could 
mediate changes in the developing hippocampus in the 
offspring (Pervanidou and Chrousos 2018). Recent studies 
have shown that maternal adversity causes, among other 
things, the activation of brain CRH-R1 and the regulation 
of neuronal connectivity and developmental trajectories of 
the immature hippocampus (Chen et al. 2004). This leads 
to the structural remodeling of hippocampal CA3 neurons 
with a significant reduction in apical dendrite complexity 
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and spine density (Wang et al. 2011; Liao et al. 2014; Liu et 
al. 2016).

Increased inflammation as an effect of maternal 
depression

Several forms of psychological stress are associated with in-
creased inflammatory processes during pregnancy. Depres-
sion may aggravate the proinflammatory state in pregnancy 
(Leff-Gelman et al. 2016) and link maternal depression 
with child development (Glover 2015; Van den Bergh et al. 
2020). Preclinical studies show the effects of these mater-
nal processes on offspring neurobehavioral development, 
and increasing evidence also shows effects on neural and 
behavioral phenotypes relevant to psychiatric disorders in 
humans. Many other aspects of stress-sensitive maternal-
placental-fetal (MPF) biology, including the HPA, oxidative 
stress, serotonin signaling, and epigenetic mechanisms, also 
affect fetal brain development (Buss et al. 2012; Entringer 
et al. 2015). Significantly, the inflammatory process inter-
acts with other aspects of MPF biology through multiple 
mechanisms. Knowing the mechanisms of the inflammatory 
processes is very important for a better understanding of the 
potentially harmful effects of maternal psychological stress 
during pregnancy on the brain development of the offspring.

Increased inflammation is a key pathway through which 
increased maternal psychological stress during pregnancy 
affects fetal brain development and the risk of adverse neu-
rodevelopmental outcomes. Maternal inflammation during 
pregnancy is associated with an increased risk of mental 
disorders in the offspring, including schizophrenia, autism, 
and attention-deficit/hyperactivity disorder (Instanes et 
al. 2017; Meyer 2019). Stress-induced changes in immune 
functioning are thought to occur through interactions be-
tween the immune system and the HPA axis. Cortisol, the 
end product of the HPA axis, regulates immune function 
(Cohen et al. 2012). However, chronic activation of the HPA 
axis in response to stress can lead to impaired glucocorticoid 
regulation of immune function, and thereby contribute to 
increased inflammation (Cohen et al. 2012).

Cytokines are essential for fetal brain development, 
including signaling cell differentiation, axonal growth 
and synaptogenesis (Boulanger 2009; Deverman and Pat-
terson 2009). An increase in proinflammatory cytokines 
in maternal blood is accompanied by increased levels 
in placental tissues, amniotic fluid, and the fetal brain 
(Gayle et al. 2004; Meyer et al. 2006). This demonstrates 
that maternal inflammation influences the inflammatory 
environment of the fetus. The effects of increased maternal 
inflammation during pregnancy on the neurodevelopment 
of the offspring include altered gene expression in the fetal 
brain (Garbett et al. 2012), reduced total brain volume 

(da Silveira et al. 2017), reduced volume of the prefrontal 
cortex, hippocampus (Piontkewitz et al. 2012; Crum et 
al. 2017), anterior cingulate cortex, amygdala, striatum, 
nucleus accumbens, and lateral ventricles, and increased 
volume of thalamus, ventral mesencephalon, and brain-
stem (Crum et al. 2017). Persistent effects on offspring 
behavior consistent with human psychopathology are also 
observed (Martin et al. 2008; Sullivan et al. 2011; Sasaki et 
al. 2013). The effects can be eliminated by antibodies that 
inactivate specific proinflammatory cytokines (Smith et 
al. 2007; Wu et al. 2017).

Preclinical models provide evidence that inflammatory 
factors influence the development of fetal neurotransmitter 
systems critical for behavioral regulation, including seroton-
ergic (Hsueh et al. 2017), dopaminergic (Bronson and Bale 
2014; Luchicchi et al. 2016), and glutamatergic (Rahman et 
al. 2017) systems. In addition to directly affecting fetal brain 
development, exposure to inflammation in utero is thought to 
trigger an inflammatory process in the fetal brain (Manjeese 
et al. 2021; Singh et al. 2021), which can alter brain develop-
ment through the activation of glial cells (Reus et al. 2015), 
increased oxidative stress (Hassan et al. 2016), and aberrant 
neuronal development.

Neuroinflammation may cause defects in the expression 
of ion channels in the hippocampus, thus causing defective 
synaptic plasticity related to memory and/or emotional 
deficits. Intravenous injection of proinflammatory cytokine 
interleukine-1β (IL-1β) induced depression-like behavior 
in rats (Gui et al. 2016), while intracerebroventricular ap-
plication of IL-1 receptor agonist relieved it (Norman et 
al. 2010). Overproduction of IL-1β and/or another proin-
flammatory cytokine, tumor necrosis factor (TNF-α) were 
shown to impair long-term potentiation in the hippocampus 
(Katsuki et al. 1990; Pickering et al. 2005). Upregulation of 
TNF-α reduced dendritic length and spine densities in CA1 
pyramidal neurons in mice hippocampus (Liu et al. 2017), 
thus contributing to attenuated hippocampal excitability.

Stress, depression, and neuronal excitability 

While extensive research has focused on understanding the 
behavioral correlates of stress during pregnancy, little has 
focused on neuronal excitability. Behavioral and biochemi-
cal changes in the brain are manifested, among other things, 
by changes in excitability in relevant brain areas. Therefore, 
a detailed analysis of neuronal excitability is of great impor-
tance when investigating the effects of stress and/or depres-
sion in both the first and second generations. Experimental 
objects such as the primary hippocampal neuron culture 
and/or the acute hippocampal slices allow this investigation. 
Acute hippocampal slices are most often obtained from the 
brains of young or adult rodents and will enable the analy-
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sis of alteration in excitability in both stressed animals and 
their offspring. Primary cultures of hippocampal neurons 
are prepared from the brain of late embryonic or newborn 
rodents and can be maintained in vitro for 2–3 weeks ( Nagerl 
et al. 2004; Galimberti et al. 2006), allowing analysis of early 
changes in offspring brains. 

Resting membrane potential and voltage-dependent potassium 
channels

The resting membrane potential of an excitable cell (Vrest) is 
its basic property and facilitates or attenuates the propaga-
tion of action potentials (APs) in excitable tissues. A major 
determinant of Vrest is potassium conductance. Several types 
of potassium channels contribute to setting Vrest, along with 
nonspecific cation channels that can transport both K+ and 
Na+ ions (Nishitani et al. 2019). These channels also con-
tribute to the membrane repolarization required for firing 
the recurrent AP, so their altered function may underlie 
changes in both Vrest and activation of the depolarization-
activated AP. It has been shown that stress can change the 
activity of Kv7 (KCNQ) and Kv1 potassium channels. Acute 
restraint stress reduced the activity of Kv7 channels (Zhou 
et al. 2017) and increased the firing activity of neurons in 
the hypothalamic paraventricular nucleus of rats. Chronic 

stress associated with the onset of major depressive disorder 
altered the expression of Kv1 channels in mice (Miyata et al. 
2016). The possible alteration of resting membrane potential 
was not investigated in these experiments.

Hippocampal HCN channels in stress and depression

Other channels highly expressed in the hippocampus and 
contributing to Vrest maintenance are hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels (Mon-
teggia et al. 2000), permeable to both K+ and Na+ ions. In 
the hippocampal CA1 region, HCN1 is the primary type 
of HCN channels expressed with a gradient of increasing 
channel density along the CA1 somatodendritic region 
(Lorincz et al. 2002; Notomi and Shigemoto 2004). As they 
are active at a resting membrane potential, they contribute 
to the electrical properties of the neuronal membrane, such 
as input resistance (Rinp), AP generation, and resonance 
frequency (Hu et al. 2002; Shah et al. 2004; Narayanan and 
Johnston 2007). Several studies suggest that HCN channels 
play a role in depression and contribute to the mechanism 
of antidepressant effects (Fig. 2). Reduction of the functional 
Ih current mediated by HCN channels in the brain produces 
antidepressant-like effects (Lewis et al. 2011). Mice in which 
the pore-forming or accessory subunits of HCN chan-
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Figure 2. Cellular pathways connecting 
antidepressant effect, BDNF synthesis, 
and HCN activation in the hippocampus. 
Antidepressants increase the levels of 
monoamines such as serotonin (5-HT) 
and norepinephrine (NE) in the synaptic 
cleft. They act on their respective recep-
tors to stimulate cAMP and protein 
kinase  A  (PKA), resulting in cAMP 
response element binding (CREB), tran-
scription factor phosphorylation, and 
higher BDNF production. The produc-
tion of BDNF will be enhanced by the 
pharmacological inhibition of N-methyl-
aspartate (NMDA) receptors or the 
reduction of HCN channels activity. The 
reduction of HCN channels activity also 
stimulates the kinase mTOR. Molecular 
mechanisms by which the reduced func-
tion of HCN channel enhances BDNF 
synthesis and phosphorylation of mTOR 
remain to be elucidated.
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nels (HCN1, HCN2, and TRIP8b) were deleted exhibited 
antidepressant-like behavior (Lewis et al. 2011; Kim et al. 
2012). However, the physiological role of HCN channels 
in the hippocampus in developing anxiety and depression 
is not clarified in detail. Kim and collaborators (Kim et al. 
2012, 2018) found that chronic, but not acute stress, leads to 
increases in the expression of perisomatic HCN1 channels 
and the amplitude of Ih currents, that correlates temporally 
with the development of depression- and anxiety-like symp-
toms in rats. Furthermore, these changes were restricted to 
the dorsal hippocampus region only. Interestingly, the ex-
pression of the HCN1 channel is negatively correlated with 
the expression of BDNF (Hou et al. 2018). In line with this 
finding, chronic stress causing depression-like behavior also 
decreased BDNF expression in the hippocampus (Gronli et 
al. 2006) and, vice versa, knock-down of expression of BDNF 
in the hippocampus induced depression-like behavior (Taliaz 
et al. 2010). 

Regulation of Ca2+ fluxes in depression

Abnormal increases in intracellular calcium levels were 
found in platelets and lymphocytes from depressed patients 
(Dubovsky et al. 1992; Emamghoreishi et al. 1997). Several 
pathways lead to an increased intracellular calcium concen-
tration. Chronic stress induces hypersecretion of glucocor-
ticoids, resulting in an increased calcium current through 
L-type voltage-gated Ca2+ channels (Karst et al. 2000; Zhao 
et al. 2009). Chronic restraint stress-induced depressive-like 
behavior was accompanied by an enhanced CaV1.2 channel 
expression (Moreno et al. 2020). The increase in mRNA 
and protein levels in the hippocampus and L-type calcium 
current amplitude in CA1 neurons was observed. Calcium 
influx through L-type calcium channels may activate several 
intracellular signaling pathways. In an investigated depres-
sion model, enhanced activity of the L-type calcium channel 
selectively activates the calmodulin-NFAT axis, leading to 
enhanced Fas ligand expression, which may lead to apoptotic 
neuronal death (Moreno et al. 2020). 

Activation of calcium release from intracellular stores 
and/or inhibition of calcium reuptake by the sarcoplas-
mic/endoplasmic reticulum Ca2+-ATPase (SERCA) also 
increases intracellular calcium concentration. Elevated 
intracellular calcium level induces a perisomatic increase 
in Ih current in CA1 neurons previously observed in the 
animal depression model (Narayanan et al. 2010; Clemens 
and Johnston 2014). This perisomatic increase in Ih current 
was partially mediated by an increase in intracellular cal-
cium and activation of inositol 1,4,5-triphosphate receptors 
(IP3Rs) and store-operated channels (SOC) (Narayanan 
et al. 2010; Ashhad et al. 2015). Vice versa, inhibition of 
SERCA induced depression-like behavior in rats (Kim et 
al. 2018).

Early changes in hippocampal excitability caused by prena-
tal stress

Prolonged exposure to stress before or during pregnancy is 
a well-established model for studying the effects of maternal 
depression on the offspring. Primary culture of hippocampal 
neurons prepared from late embryonic or newborn pups 
enables investigation of alterations developed in utero.

In the primary culture of hippocampal neurons prepared 
from offspring of rats exposed to pregestational stress result-
ing in depression-like behavior, depolarization of the Vrest 
was found in the early days of neuronal culture. Still, it did 
disappear as neurons gradually matured (Bogi et al. 2019). 
In the same model, suppressed depolarization-activated AP 
firing and increased spontaneous hippocampal cell activity 
were found in newborns exposed to pregestational stress.

Cultured hippocampal neurons from pups born to moth-
ers exposed to stress during pregnancy did not differ in Vrest, 
Rinp, and AP properties like the AP threshold, overshoot, 
duration, or after-potentials compared to cultures from non-
stressed mothers (Grigoryan and Segal 2013a). While there 
was no difference in the excitatory postsynaptic currents, 
the rate of spontaneous miniature inhibitory postsynaptic 
current was lowered in prenatally stressed pups (Grigoryan 
and Segal 2013a). Further, these authors also reported more 
developed dendritic networks in cultured neurons from 
prenatally stressed pups.

Later changes in the excitability of hippocampal neurons 
caused by prenatal stress

Acutely prepared slices from the hippocampus allow us to 
analyze neuronal excitability at the age of several days to 
several weeks. The significant advantage is the possibility 
of precise visual identification of individual types of hip-
pocampal neurons.

Reduction of inhibitory tone caused by prenatal stress 
observed in the primary culture of neonatal hippocampal 
neurons was confirmed in slices prepared from 2–3 weeks 
old male offspring by measurement of population spikes in 
the CA1 region (Grigoryan and Segal 2013a). In 4-5 weeks 
old rats, exposure to prenatal stress did not affect pair-pulse 
facilitation of field excitatory postsynaptic potentials (fEP-
SPs) but significantly reduced long-term potentiation (LTP) 
(Yaka et al. 2007). A similar reduction of LTP, accompained 
by promoted induction of long-term depression (LTD), was 
observed by Yeh and colleagues (Yeh et al. 2012) in 5-week-
old rats exposed to prenatal stress, but the effect disappeared 
at eight weeks of age. In a different prenatal stress model, the 
impairments of hippocampal LTP persisted up to 8 weeks 
of age (Yang et al. 2007). Reduced NMDA-dependent hip-
pocampal  LTP was  also reported for 7–8-week-old prena-
tally stressed male mice (Son et al. 2006).
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It is well known that noradrenergic stimulation plays 
a key role in the regulation of excitability, attention, cognitive 
function, and stress responses. One of the underlying regula-
tory pathways involves the facilitation of LTP via adrenergic 
receptors in the hippocampus (Izumi and Zorumski 1999). 
This mechanism is specific to the dorsal (DH) and ventral 
(VH) sections of the hippocampus (Grigoryan and Segal 
2016). In control rats 4–5 weeks of age isoproterenol acti-
vated LTP in DH but not in VH. The effect was the opposite 
in prenatally stressed rats: isoproterenol activated LTP in VH 
but not in DH (Grigoryan and Segal 2013b).

Another signaling pathway affected by prenatal stress is 
the BDNF pathway. Conversion from pro-BDNF to mature 
BDNF is impaired in prenatally stressed rats (Yeh et al. 2012), 
and BDNF signaling is reduced in these animals (Neeley 
et al. 2011). This can affect the maturation of GABAergic 
neurons. It has been reported that the expression of GABAe-
rgic neurons is reduced in the hippocampus of prenatally 
stressed rats (Vaid et al. 1997). This reduction in inhibition 
was manifested as a reduction in the spike population during 
the paired-pulse depression, which could be distinct from 
a similarly insignificant change in EPSP slope, an indicator 
of excitatory synaptic function. A reduction in inhibition 
may underlie the increased efficacy of isoproterenol in VH 
in prenatally stressed rats reported by Grigoryan and Segal 
(2013b).

Conclusion

The hippocampus is a region of the brain that has recently 
received much attention in research on mood disorders and 
may play a central role in depressive disorders. Animal mod-
els of depression allow us to analyze the underlying organic 
changes in detail. In addition to pathological changes in 
biochemical and electrical signaling underlying behavioral 
changes in animal models of depression, maternal depression 
models allow investigation of altered offspring brain activity 
at multiple systemic levels. The behavioral changes observed 
in the offspring may not only be caused by the depression 
of the mother’s  altered behavior but also by biochemical 
changes in the offspring’s brain that occur during pregnancy 
and are also manifested by altered neuronal excitability in 
the hippocampus. These changes are extremely complex, as 
demonstrated by the altered expression of 6.1% of 9505 valid 
genes, including those encoding for voltage- and ligand-
gated ion channels, in prenatally stressed rats (Bogoch et al. 
2007). A detailed description of modified pathways may offer 
useful hints for the design of improved therapeutic strategies.

Author contributions: AI, LL, and LD-H did the literature search 
and wrote and revised the manuscript. All authors have read and 
agreed to the final version of the manuscript.

Acknowledgments. Supported by the APVV grant 19/0435 and 
VEGA grant 2/0081/22.

References

Accortt EE, Cheadle AC, Dunkel Schetter C (2015): Prenatal de-
pression and adverse birth outcomes: an updated systematic 
review. Matern. Child Health J. 19, 1306-1337

	 https://doi.org/10.1007/s10995-014-1637-2
Ahun MN, Cote SM (2019): Maternal depressive symptoms and 

early childhood cognitive development: a review of putative 
environmental mediators. Arch. Womens Ment. Health 22, 
15-24

	 https://doi.org/10.1007/s00737-018-0870-x
Akbaba N, Annagur BB, Annagur A, Akbulut H, Akyurek F, Celik 

C (2018): Neurotrophins and neuroinflammation in fetuses 
exposed to maternal depression and anxiety disorders during 
pregnancy: a comparative study on cord blood. Arch. Womens 
Ment. Health 21, 105-111

	 https://doi.org/10.1007/s00737-017-0774-1
Ashhad S, Johnston D, Narayanan R (2015): Activation of InsP(3) 

receptors is sufficient for inducing graded intrinsic plasticity 
in rat hippocampal pyramidal neurons. J. Neurophysiol. 113, 
2002-2013

	 https://doi.org/10.1152/jn.00833.2014
Bannerman DM, Rawlins JN, McHugh SB, Deacon RM, Yee BK, 

Bast T, Zhang WN, Pothuizen HH, Feldon J (2004): Regional 
dissociations within the hippocampus--memory and anxiety. 
Neurosci. Biobehav. Rev. 28, 273-283

	 https://doi.org/10.1016/j.neubiorev.2004.03.004
Baud O, Berkane N (2019): Hormonal changes associated with 

intra-uterine growth restriction: impact on the developing brain 
and future neurodevelopment. Front. Endocrinol. (Lausanne) 
10, 179

	 https://doi.org/10.3389/fendo.2019.00179
Bogi E, Belovicova K, Moravcikova L, Csatlosova K, Dremencov E, 

Lacinova L, Dubovicky M (2019): Pre-gestational stress impacts 
excitability of hippocampal cells in vitro and is associated with 
neurobehavioral alterations during adulthood. Behav. Brain 
Res. 375, 112131

	 https://doi.org/10.1016/j.bbr.2019.112131
Bogoch Y, Biala YN, Linial M, Weinstock M (2007): Anxiety in-

duced by prenatal stress is associated with suppression of hip-
pocampal genes involved in synaptic function. J. Neurochem. 
101, 1018-1030

	 https://doi.org/10.1111/j.1471-4159.2006.04402.x
Boldrini M, Santiago AN, Hen R, Dwork AJ, Rosoklija GB, Tamir H, 

Arango V, John Mann J (2013): Hippocampal granule neuron 
number and dentate gyrus volume in antidepressant-treated 
and untreated major depression. Neuropsychopharmacology 
38, 1068-1077

	 https://doi.org/10.1038/npp.2013.5
Boldrini M, Fulmore CA, Tartt AN, Simeon LR, Pavlova I, Poposka 

V, Rosoklija GB, Stankov A, Arango V, Dwork AJ, et al. (2018): 
Human hippocampal neurogenesis persists throughout aging. 
Cell Stem Cell 22, 589-599

	 https://doi.org/10.1016/j.stem.2018.03.015

https://doi.org/10.1007/s10995-014-1637-2
https://doi.org/10.1007/s00737-018-0870-x
https://doi.org/10.1007/s00737-017-0774-1
https://doi.org/10.1152/jn.00833.2014
https://doi.org/10.1016/j.neubiorev.2004.03.004
https://doi.org/10.3389/fendo.2019.00179
https://doi.org/10.1016/j.bbr.2019.112131
https://doi.org/10.1111/j.1471-4159.2006.04402.x
https://doi.org/10.1038/npp.2013.5
https://doi.org/10.1016/j.stem.2018.03.015


116 Idunkova et al.

Boulanger LM (2009): Immune proteins in brain development and 
synaptic plasticity. Neuron 64, 93-109

	 https://doi.org/10.1016/j.neuron.2009.09.001
Braun K, Bock J, Wainstock T, Matas E, Gaisler-Salomon I, Fegert 

J, Ziegenhain U, Segal M (2020): Experience-induced transgen-
erational (re-)programming of neuronal structure and func-
tions: Impact of stress prior and during pregnancy. Neurosci. 
Biobehav. Rev. 117, 281-296

	 https://doi.org/10.1016/j.neubiorev.2017.05.021
Bronson SL, Bale TL (2014): Prenatal stress-induced increases in 

placental inflammation and offspring hyperactivity are male-
specific and ameliorated by maternal antiinflammatory treat-
ment. Endocrinology 155, 2635-2646

	 https://doi.org/10.1210/en.2014-1040
Buss C, Davis EP, Shahbaba B, Pruessner JC, Head K, Sandman 

CA (2012): Maternal cortisol over the course of pregnancy 
and subsequent child amygdala and hippocampus volumes 
and affective problems. Proc. Natl. Acad. Sci. USA 109, 
E1312-1319

	 https://doi.org/10.1073/pnas.1201295109
Chen G, Rajkowska G, Du F, Seraji-Bozorgzad N, Manji HK (2000): 

Enhancement of hippocampal neurogenesis by lithium. J. 
Neurochem. 75, 1729-1734

	 https://doi.org/10.1046/j.1471-4159.2000.0751729.x
Chen Y, Brunson KL, Adelmann G, Bender RA, Frotscher M, Baram 

TZ (2004): Hippocampal corticotropin releasing hormone: 
pre- and postsynaptic location and release by stress. Neurosci-
ence 126, 533-540

	 https://doi.org/10.1016/j.neuroscience.2004.03.036
Christian LM, Mitchell AM, Gillespie SL, Palettas M (2016): Serum 

brain-derived neurotrophic factor (BDNF) across pregnancy 
and postpartum: Associations with race, depressive symptoms, 
and low birth weight. Psychoneuroendocrinology 74, 69-76

	 https://doi.org/10.1016/j.psyneuen.2016.08.025
Clemens AM, Johnston D (2014): Age- and location-dependent dif-

ferences in store depletion-induced h-channel plasticity in hip-
pocampal pyramidal neurons. J. Neurophysiol. 111, 1369-1382

	 https://doi.org/10.1152/jn.00839.2013
Coe CL, Kramer M, Czeh B, Gould E, Reeves AJ, Kirschbaum C, 

Fuchs E (2003): Prenatal stress diminishes neurogenesis in 
the dentate gyrus of juvenile rhesus monkeys. Biol. Psychiatry 
54, 1025-1034

	 https://doi.org/10.1016/S0006-3223(03)00698-X
Cohen S, Janicki-Deverts D, Doyle WJ, Miller GE, Frank E, Rabin 

BS, Turner RB (2012): Chronic stress, glucocorticoid receptor 
resistance, inflammation, and disease risk. Proc. Natl. Acad. 
Sci. USA 109, 5995-5999

	 https://doi.org/10.1073/pnas.1118355109
Cole J, Costafreda SG, McGuffin P, Fu CH (2011): Hippocampal 

atrophy in first episode depression: a meta-analysis of magnetic 
resonance imaging studies. J. Affect Disord. 134, 483-487

	 https://doi.org/10.1016/j.jad.2011.05.057
Crum WR, Sawiak SJ, Chege W, Cooper JD, Williams SCR, Ver-

non AC (2017): Evolution of structural abnormalities in the 
rat brain following in utero exposure to maternal immune 
activation: A  longitudinal in vivo MRI study. Brain Behav. 
Immun. 63, 50-59

	 https://doi.org/10.1016/j.bbi.2016.12.008

Curran MM, Sandman CA, Poggi Davis E, Glynn LM, Baram 
TZ (2017): Abnormal dendritic maturation of developing 
cortical neurons exposed to corticotropin releasing hormone 
(CRH): Insights into effects of prenatal adversity? PLoS One 
12, e0180311

	 https://doi.org/10.1371/journal.pone.0180311
da Silveira VT, Medeiros DC, Ropke J, Guidine PA, Rezende GH, 

Moraes MF, Mendes EM, Macedo D, Moreira FA, de Oliveira 
AC (2017): Effects of early or late prenatal immune activation in 
mice on behavioral and neuroanatomical abnormalities relevant 
to schizophrenia in the adulthood. Int. J. Dev. Neurosci. 58, 1-8

	 https://doi.org/10.1016/j.ijdevneu.2017.01.009
David DJ, Samuels BA, Rainer Q, Wang JW, Marsteller D, Mendez 

I, Drew M, Craig DA, Guiard BP, Guilloux JP, et al. (2009): 
Neurogenesis-dependent and -independent effects of fluoxetine 
in an animal model of anxiety/depression. Neuron 62, 479-493

	 https://doi.org/10.1016/j.neuron.2009.04.017
Davis EP, Glynn LM, Dunkel Schetter C, Hobel C, Chicz-Demet 

A, Sandman CA (2005): Corticotropin-releasing hormone 
during pregnancy is associated with infant temperament. Dev. 
Neurosci. 27, 299-305

	 https://doi.org/10.1159/000086709
Davis EP, Glynn LM, Schetter CD, Hobel C, Chicz-Demet A, Sand-

man CA (2007): Prenatal exposure to maternal depression and 
cortisol influences infant temperament. J. Am. Acad. Child 
Adolesc. Psychiatry 46, 737-746

	 https://doi.org/10.1097/chi.0b013e318047b775
Davis EP, Sandman CA (2010): The timing of prenatal exposure 

to maternal cortisol and psychosocial stress is associated with 
human infant cognitive development. Child Dev. 81, 131-148

	 https://doi.org/10.1111/j.1467-8624.2009.01385.x
de Kloet ER, Joels M, Holsboer F (2005): Stress and the brain: from 

adaptation to disease. Nat. Rev. Neurosci. 6, 463-475
	 https://doi.org/10.1038/nrn1683
De Kloet ER, Vreugdenhil E, Oitzl MS, Joels M (1998): Brain 

corticosteroid receptor balance in health and disease. Endocr. 
Rev. 19, 269-301

	 https://doi.org/10.1210/edrv.19.3.0331
Deverman BE, Patterson PH (2009): Cytokines and CNS develop-

ment. Neuron 64, 61-78
	 https://doi.org/10.1016/j.neuron.2009.09.002
Dhiman P, Say A, Rajendiren S, Kattimani S, Sagili H (2014): 

Association of foetal APGAR and maternal brain derived 
neurotropic factor levels in postpartum depression. Asian J. 
Psychiatr. 11, 82-83

	 https://doi.org/10.1016/j.ajp.2014.06.022
DiPietro JA, Novak MF, Costigan K. A., Atella L. D., Reusing S. P. 

(2006): Maternal psychological distress during pregnancy in 
relation to child development at age two. Child Dev. 77, 573-587

	 https://doi.org/10.1111/j.1467-8624.2006.00891.x
Diseases and Injuries Collaborators (2020): Global burden of 369 

diseases and injuries in 204 countries and territories, 1990-
2019: a systematic analysis for the Global Burden of Disease 
Study 2019. Lancet 396, 1204-1222

	 https://doi.org/10.1016/S0140-6736(20)30925-9
Dubovsky SL, Murphy J, Thomas M, Rademacher J (1992): Abnor-

mal intracellular calcium ion concentration in platelets and 
lymphocytes of bipolar patients. Am. J. Psychiatry 149, 118-120

https://doi.org/10.1016/j.neuron.2009.09.001
https://doi.org/10.1016/j.neubiorev.2017.05.021
https://doi.org/10.1210/en.2014-1040
https://doi.org/10.1073/pnas.1201295109
https://doi.org/10.1046/j.1471-4159.2000.0751729.x
https://doi.org/10.1016/j.neuroscience.2004.03.036
https://doi.org/10.1016/j.psyneuen.2016.08.025
https://doi.org/10.1152/jn.00839.2013
https://doi.org/10.1016/S0006-3223(03)00698-X
https://doi.org/10.1073/pnas.1118355109
https://doi.org/10.1016/j.jad.2011.05.057
https://doi.org/10.1016/j.bbi.2016.12.008
https://doi.org/10.1371/journal.pone.0180311
https://doi.org/10.1016/j.ijdevneu.2017.01.009
https://doi.org/10.1016/j.neuron.2009.04.017
https://doi.org/10.1159/000086709
https://doi.org/10.1097/chi.0b013e318047b775
https://doi.org/10.1111/j.1467-8624.2009.01385.x
https://doi.org/10.1038/nrn1683
https://doi.org/10.1210/edrv.19.3.0331
https://doi.org/10.1016/j.neuron.2009.09.002
https://doi.org/10.1016/j.ajp.2014.06.022
https://doi.org/10.1111/j.1467-8624.2006.00891.x
https://doi.org/10.1016/S0140-6736(20)30925-9


117Impact of depression on hippocampus

	 https://doi.org/10.1176/ajp.149.1.118
Egeland M, Zunszain PA, Pariante CM (2015): Molecular mecha-

nisms in the regulation of adult neurogenesis during stress. 
Nat. Rev. Neurosci. 16, 189-200

	 https://doi.org/10.1038/nrn3855
El Falougy H, Kubikova E, Benuska J (2008): The microscopical 

structure of the hippocampus in the rat. Bratisl. Med. J. 109, 
106-110

Emamghoreishi M, Schlichter L, Li PP, Parikh S, Sen J, Kamble A, 
Warsh JJ (1997): High intracellular calcium concentrations in 
transformed lymphoblasts from subjects with bipolar I disorder. 
Am. J. Psychiatry 154, 976-982

	 https://doi.org/10.1176/ajp.154.7.976
Entringer S, Buss C, Wadhwa PD (2015): Prenatal stress, develop-

ment, health and disease risk: A  psychobiological perspec-
tive-2015 Curt Richter Award Paper. Psychoneuroendocrinol-
ogy 62, 366-375

	 https://doi.org/10.1016/j.psyneuen.2015.08.019
Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg 

C, Peterson DA, Gage FH (1998): Neurogenesis in the adult 
human hippocampus. Nature Medicine 4, 1313-1317

	 https://doi.org/10.1038/3305
Eshete A, Alemu A, Zerfu TA (2019): Magnitude and risk of dying 

among low birth weight neonates in rural ethiopia: a commu-
nity-based cross-sectional study. Int. J. Pediatr. 2019, 9034952

	 https://doi.org/10.1155/2019/9034952
Fanselow MS, Dong HW (2010): Are the dorsal and ventral hip-

pocampus functionally distinct structures? Neuron 65, 7-19
	 https://doi.org/10.1016/j.neuron.2009.11.031
Fung J, Gelaye B, Zhong QY, Rondon MB, Sanchez SE, Barrios 

YV, Hevner K, Qiu C, Williams MA (2015): Association of 
decreased serum brain-derived neurotrophic factor (BDNF) 
concentrations in early pregnancy with antepartum depression. 
BMC Psychiatry 15, 43

	 https://doi.org/10.1186/s12888-015-0428-7
Galimberti I, Gogolla N, Alberi S, Santos AF, Muller D, Caroni P 

(2006): Long-term rearrangements of hippocampal mossy fiber 
terminal connectivity in the adult regulated by experience. 
Neuron 50, 749-763

	 https://doi.org/10.1016/j.neuron.2006.04.026
Gao X, Wang J, Yao H, Cai Y, Cheng R (2016): Serum BDNF 

concentration after delivery is associated with development of 
postpartum depression: A 3-month follow up study. J. Affect. 
Disord. 200, 25-30

	 https://doi.org/10.1016/j.jad.2016.04.002
Garbett KA, Hsiao EY, Kalman S, Patterson PH, Mirnics K (2012): 

Effects of maternal immune activation on gene expression pat-
terns in the fetal brain. Transl. Psychiatry 2, e98

	 https://doi.org/10.1038/tp.2012.24
Gayle DA, Beloosesky R, Desai M, Amidi F, Nunez SE, Ross MG 

(2004): Maternal LPS induces cytokines in the amniotic fluid 
and corticotropin releasing hormone in the fetal rat brain. 
Am. J. Physiol. Regul. Integr. Comp. Physiol. 286, R1024-1029

	 https://doi.org/10.1152/ajpregu.00664.2003
Gazal M, Motta LS, Wiener CD, Fernandes JC, Quevedo LA, 

Jansen K, Pinheiro KA, Giovenardi M, Souza DO, Silva RA, et 
al. (2012): Brain-derived neurotrophic factor in postpartum 
depressive mothers. Neurochem. Res. 37, 583-587

	 https://doi.org/10.1007/s11064-011-0647-3
Gelaye B, Rondon MB, Araya R, Williams MA (2016): Epidemiol-

ogy of maternal depression, risk factors, and child outcomes in 
low-income and middle-income countries. Lancet Psychiatry 
3, 973-982

	 https://doi.org/10.1016/S2215-0366(16)30284-X
Ghimire U, Papabathini SS, Kawuki J, Obore N, Musa TH (2021): 

Depression during pregnancy and the risk of low birth weight, 
preterm birth and intrauterine growth restriction- an updated 
meta-analysis. Early Hum. Dev. 152, 105243

	 https://doi.org/10.1016/j.earlhumdev.2020.105243
Glover V (2015): Prenatal stress and its effects on the fetus and 

the child: possible underlying biological mechanisms. Adv. 
Neurobiol. 10, 269-283

	 https://doi.org/10.1007/978-1-4939-1372-5_13
Godsil BP, Kiss JP, Spedding M, Jay TM (2013): The hippocampal-

prefrontal pathway: The weak link in psychiatric disorders? 
Eur. Neuropsychopharmacol. 23, 1165-1181

	 https://doi.org/10.1016/j.euroneuro.2012.10.018
Goldberg D, Fawcett J (2012): The importance of anxiety in both 

major depression and bipolar disorder. Depress Anxiety 29, 
471-478

	 https://doi.org/10.1002/da.21939
Graignic-Philippe R, Dayan J, Chokron S, Jacquet AY, Tordjman 

S (2014): Effects of prenatal stress on fetal and child develop-
ment: A  critical literature review. Neurosci. Biobehav. Rev. 
43, 137-162

	 https://doi.org/10.1016/j.neubiorev.2014.03.022
Grigoryan G, Segal M (2013a): Prenatal stress affects network 

properties of rat hippocampal neurons. Biol. Psychiatry 73, 
1095-1102

	 https://doi.org/10.1016/j.biopsych.2013.02.003
Grigoryan G, Segal M (2013b): Prenatal stress alters noradrenergic 

modulation of LTP in hippocampal slices. J. Neurophysiol. 
110, 279-285

	 https://doi.org/10.1152/jn.00834.2012
Grigoryan G, Segal M (2016): Lasting differential effects on plastic-

ity induced by prenatal stress in dorsal and ventral hippocam-
pus. Neural Plast. 2016, 2540462

	 https://doi.org/10.1155/2016/2540462
Gronli J, Bramham C, Murison R, Kanhema T, Fiske E, Bjorvatn 

B, Ursin R, Portas CM (2006): Chronic mild stress inhibits 
BDNF protein expression and CREB activation in the dentate 
gyrus but not in the hippocampus proper. Pharmacol. Biochem. 
Behav. 85, 842-849

	 https://doi.org/10.1016/j.pbb.2006.11.021
Grote NK, Bridge JA, Gavin AR, Melville JL, Iyengar S, Katon WJ 

(2010): A meta-analysis of depression during pregnancy and the 
risk of preterm birth, low birth weight, and intrauterine growth 
restriction. Arch. Gen. Psychiatry 67, 1012-1024

	 https://doi.org/10.1001/archgenpsychiatry.2010.111
Grundwald NJ, Brunton PJ (2015): Prenatal stress programs neu-

roendocrine stress responses and affective behaviors in second 
generation rats in a sex-dependent manner. Psychoneuroen-
docrinology 62, 204-216

	 https://doi.org/10.1016/j.psyneuen.2015.08.010
Gui WS, Wei X, Mai CL, Murugan M, Wu LJ, Xin WJ, Zhou LJ, 

Liu XG (2016): Interleukin-1beta overproduction is a common 

https://doi.org/10.1176/ajp.149.1.118
https://doi.org/10.1038/nrn3855
https://doi.org/10.1176/ajp.154.7.976
https://doi.org/10.1016/j.psyneuen.2015.08.019
https://doi.org/10.1038/3305
https://doi.org/10.1155/2019/9034952
https://doi.org/10.1016/j.neuron.2009.11.031
https://doi.org/10.1016/j.neuron.2006.04.026
https://doi.org/10.1016/j.jad.2016.04.002
https://doi.org/10.1038/tp.2012.24
https://doi.org/10.1152/ajpregu.00664.2003
https://doi.org/10.1007/s11064-011-0647-3
https://doi.org/10.1016/S2215-0366(16)30284-X
https://doi.org/10.1016/j.earlhumdev.2020.105243
https://doi.org/10.1007/978-1-4939-1372-5_13
https://doi.org/10.1016/j.euroneuro.2012.10.018
https://doi.org/10.1002/da.21939
https://doi.org/10.1016/j.neubiorev.2014.03.022
https://doi.org/10.1016/j.biopsych.2013.02.003
https://doi.org/10.1152/jn.00834.2012
https://doi.org/10.1155/2016/2540462
https://doi.org/10.1016/j.pbb.2006.11.021
https://doi.org/10.1001/archgenpsychiatry.2010.111
https://doi.org/10.1016/j.psyneuen.2015.08.010


118 Idunkova et al.

cause for neuropathic pain, memory deficit, and depression 
following peripheral nerve injury in rodents. Mol. Pain 12, 
1744806916646784

	 https://doi.org/10.1177/1744806916646784
Gururajan A, Clarke G, Dinan TG, Cryan JF (2016): Molecular 

biomarkers of depression. Neurosci. Biobehav. Rev. 64, 101-133
	 https://doi.org/10.1016/j.neubiorev.2016.02.011
Hamilton JP, Etkin A, Furman DJ, Lemus MG, Johnson RF, Gotlib 

IH (2012): Functional neuroimaging of major depressive dis-
order: a meta-analysis and new integration of base line activa-
tion and neural response data. Am. J. Psychiatry 169, 693-703

	 https://doi.org/10.1176/appi.ajp.2012.11071105
Hanley GE, Oberlander TF (2012): Neurodevelopmental outcomes 

following prenatal exposure to serotonin reuptake inhibitor 
antidepressants: A „social teratogen“ or moderator of devel-
opmental risk? Birth Defects Res. A 94, 651-659

	 https://doi.org/10.1002/bdra.23032
Hassan W, Noreen H, Castro-Gomes V, Mohammadzai I, da Rocha 

JB, Landeira-Fernandez J (2016): Association of oxidative stress 
with psychiatric disorders. Curr. Pharm. Des. 22, 2960-2974

	 https://doi.org/10.2174/1381612822666160307145931
Hermes M, Antonow-Schlorke I, Hollstein D, Kuehnel S, Rakers 

F, Frauendorf V, Dreiling M, Rupprecht S, Schubert H, Witte 
OW, Schwab M (2020): Maternal psychosocial stress during 
early gestation impairs fetal structural brain development in 
sheep. Stress 23, 233-242

	 https://doi.org/10.1080/10253890.2019.1652266
Hill AS, Sahay A, Hen R (2015): Increasing adult hippocampal 

neurogenesis is sufficient to reduce anxiety and depression-like 
behaviors. Neuropsychopharmacology 40, 2368-2378

	 https://doi.org/10.1038/npp.2015.85
Hoeijmakers L, Ruigrok SR, Amelianchik A, Ivan D, van Dam 

AM, Lucassen PJ, Korosi A (2017): Early-life stress lastingly 
alters the neuroinflammatory response to amyloid pathology 
in an Alzheimer‘s disease mouse model. Brain Behav. Immun. 
63, 160-175

	 https://doi.org/10.1016/j.bbi.2016.12.023
Hou L, Guo Y, Lian B, Wang Y, Li C, Wang G, Li Q, Pang J, Sun 

H, Sun L (2018): Synaptic ultrastructure might be involved in 
HCN(1)-related BDNF mRNA in withdrawal-anxiety after 
ethanol dependence. Front. Psychiatry 9, 215

	 https://doi.org/10.3389/fpsyt.2018.00215
Hsueh PT, Wang HH, Liu CL, Ni WF, Chen YL, Liu JK (2017): 

Expression of cerebral serotonin related to anxiety-like behav-
iors in C57BL/6 offspring induced by repeated subcutaneous 
prenatal exposure to low-dose lipopolysaccharide. PLoS One 
12, e0179970

	 https://doi.org/10.1371/journal.pone.0179970
Hu H, Vervaeke K, Storm JF (2002): Two forms of electrical reso-

nance at theta frequencies, generated by M-current, h-current 
and persistent Na+ current in rat hippocampal pyramidal cells. 
J. Physiol. 545, 783-805

	 https://doi.org/10.1113/jphysiol.2002.029249
Instanes JT, Halmoy A, Engeland A, Haavik J, Furu K, Klungsoyr 

K (2017): Attention-deficit/hyperactivity disorder in offspring 
of mothers with Inflammatory and immune system diseases. 
Biol. Psychiatry 81, 452-459

	 https://doi.org/10.1016/j.biopsych.2015.11.024

Izumi Y, Zorumski CF (1999): Norepinephrine promotes long-term 
potentiation in the adult rat hippocampus in vitro. Synapse 
31, 196-202

	 https://doi.org/10.1002/(SICI)1098-2396(19990301)31:3<196::A-
ID-SYN4>3.0.CO;2-K

Karst H, Karten YJ, Reichardt HM, de Kloet ER, Schutz G, Joels 
M (2000): Corticosteroid actions in hippocampus require 
DNA binding of glucocorticoid receptor homodimers. Nat. 
Neurosci. 3, 977-978

	 https://doi.org/10.1038/79910
Kassotaki I, Valsamakis G, Mastorakos G, Grammatopoulos DK 

(2021): Placental CRH as a signal of pregnancy adversity and 
impact on fetal neurodevelopment. Front. Endocrinol. (Laus-
anne) 12, 714214

	 https://doi.org/10.3389/fendo.2021.714214
Katsuki H, Nakai S, Hirai Y, Akaji K, Kiso Y, Satoh M (1990): 

Interleukin-1 beta inhibits long-term potentiation in the 
CA3 region of mouse hippocampal slices. Eur. J. Pharmacol. 
181, 323-326

	 https://doi.org/10.1016/0014-2999(90)90099-R
Kempton MJ, Salvador Z, Munafo MR, Geddes JR, Simmons A, 

Frangou S, Williams SC (2011): Structural neuroimaging stud-
ies in major depressive disorder. Meta-analysis and comparison 
with bipolar disorder. Arch. Gen. Psychiatry 68, 675-690

	 https://doi.org/10.1001/archgenpsychiatry.2011.60
Kim CS, Chang PY, Johnston D (2012): Enhancement of dorsal 

hippocampal activity by knock-down of HCN1 channels leads 
to anxiolytic- and antidepressant-like behaviors. Neuron 75, 
503-516

	 https://doi.org/10.1016/j.neuron.2012.05.027
Kim CS, Brager DH, Johnston D (2018): Perisomatic changes in 

h-channels regulate depressive behaviors following chronic 
unpredictable stress. Mol. Psychiatry 23, 892-903

	 https://doi.org/10.1038/mp.2017.28
Kingston D, Kehler H, Austin MP, Mughal MK, Wajid A, Vermey-

den L, Benzies K, Brown S, Stuart S, Giallo R (2018): Trajecto-
ries of maternal depressive symptoms during pregnancy and 
the first 12 months postpartum and child externalizing and 
internalizing behavior at three years. PLoS One 13, e0195365

	 https://doi.org/10.1371/journal.pone.0195365
Kinsley CH, Trainer R, Stafisso-Sandoz G, Quadros P, Marcus LK, 

Hearon C, Meyer EA, Hester N, Morgan M, Kozub FJ, Lam-
bert KG (2006): Motherhood and the hormones of pregnancy 
modify concentrations of hippocampal neuronal dendritic 
spines. Horm. Behav. 49, 131-142

	 https://doi.org/10.1016/j.yhbeh.2005.05.017
Koutmani Y, Politis PK, Elkouris M, Agrogiannis G, Kemerli M, 

Patsouris E, Remboutsika E, Karalis KP (2013): Corticotropin-
releasing hormone exerts direct effects on neuronal progenitor 
cells: implications for neuroprotection. Mol. Psychiatry 18, 
300-307

	 https://doi.org/10.1038/mp.2012.198
Koutmani Y, Gampierakis IA, Polissidis A, Ximerakis M, Kout-

soudaki PN, Polyzos A, Agrogiannis G, Karaliota S, Thomaidou 
D, Rubin LL, et al. (2019): CRH promotes the neurogenic 
activity of neural stem cells in the adult hippocampus. Cell. 
Rep. 29, 932-945

	 https://doi.org/10.1016/j.celrep.2019.09.037

https://doi.org/10.1177/1744806916646784
https://doi.org/10.1016/j.neubiorev.2016.02.011
https://doi.org/10.1176/appi.ajp.2012.11071105
https://doi.org/10.1002/bdra.23032
https://doi.org/10.2174/1381612822666160307145931
https://doi.org/10.1080/10253890.2019.1652266
https://doi.org/10.1038/npp.2015.85
https://doi.org/10.3389/fpsyt.2018.00215
https://doi.org/10.1113/jphysiol.2002.029249
https://doi.org/10.1016/j.biopsych.2015.11.024
https://doi.org/10.1002/(SICI)1098-2396(19990301)31:3%3C196::AID-SYN4%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1098-2396(19990301)31:3%3C196::AID-SYN4%3E3.0.CO;2-K
https://doi.org/10.1038/79910
https://doi.org/10.3389/fendo.2021.714214
https://doi.org/10.1001/archgenpsychiatry.2011.60
https://doi.org/10.1016/j.neuron.2012.05.027
https://doi.org/10.1038/mp.2017.28
https://doi.org/10.1371/journal.pone.0195365
https://doi.org/10.1016/j.yhbeh.2005.05.017
https://doi.org/10.1016/j.celrep.2019.09.037


119Impact of depression on hippocampus

Kozareva DA, Cryan JF, Nolan YM (2019): Born this way: Hip-
pocampal neurogenesis across the lifespan. Aging Cell 18, 
e13007

	 https://doi.org/10.1111/acel.13007
Kraszpulski M, Dickerson PA, Salm AK (2006): Prenatal stress af-

fects the developmental trajectory of the rat amygdala. Stress 
9, 85-95

	 https://doi.org/10.1080/10253890600798109
Kraus C, Castren E, Kasper S, Lanzenberger R (2017): Serotonin 

and neuroplasticity - links between molecular, functional and 
structural pathophysiology in depression. Neurosci. Biobehav. 
Rev. 77, 317-326

	 https://doi.org/10.1016/j.neubiorev.2017.03.007
Langel SN, Otero CE, Martinez DR, Permar SR (2020): Maternal 

gatekeepers: How maternal antibody Fc characteristics influ-
ence passive transfer and infant protection. PLoS Pathog. 16, 
e1008303

	 https://doi.org/10.1371/journal.ppat.1008303
Leff-Gelman P, Mancilla-Herrera I, Flores-Ramos M, Cruz-Fuentes 

C, Reyes-Grajeda JP, Garcia-Cuetara Mdel P, Bugnot-Perez 
MD, Pulido-Ascencio DE (2016): The immune system and 
the role of inflammation in perinatal depression. Neurosci. 
Bull. 32, 398-420

	 https://doi.org/10.1007/s12264-016-0048-3
Lemaire V, Koehl M, Le Moal M, Abrous DN (2000): Prenatal 

stress produces learning deficits associated with an inhibition 
of neurogenesis in the hippocampus. Proc. Natl. Acad. Sci. 
USA 97, 11032-11037

	 https://doi.org/10.1073/pnas.97.20.11032
Leuner B, Mirescu C, Noiman L, Gould E (2007): Maternal ex-

perience inhibits the production of immature neurons in the 
hippocampus during the postpartum period through elevations 
in adrenal steroids. Hippocampus 17, 434-442

	 https://doi.org/10.1002/hipo.20278
Levone BR, Cryan JF, O‘Leary OF (2021): Specific sub-regions of 

the longitudinal axis of the hippocampus mediate behavioural 
responses to chronic psychosocial stress. Neuropharmacology 
201, 108843

	 https://doi.org/10.1016/j.neuropharm.2021.108843
Lewis AS, Vaidya SP, Blaiss CA, Liu Z, Stoub TR, Brager DH, Chen 

X, Bender RA, Estep CM, Popov AB., et al. (2011): Deletion of 
the hyperpolarization-activated cyclic nucleotide-gated channel 
auxiliary subunit TRIP8b impairs hippocampal Ih localization 
and function and promotes antidepressant behavior in mice. J. 
Neurosci. 31, 7424-7440

	 https://doi.org/10.1523/JNEUROSCI.0936-11.2011
Li H, Wang T, Shi C, Yang Y, Li X, Wu Y, Xu ZD (2018): Inhibi-

tion of GALR1 in PFC alleviates depressive-like behaviors in 
postpartum depression rat model by upregulating CREB-BNDF 
and 5-HT levels. Front. Psychiatry 9, 588

	 https://doi.org/10.3389/fpsyt.2018.00588
Liao XM, Yang XD, Jia J, Li JT, Xie XM, Su YA, Schmidt MV, Si TM, 

Wang XD (2014): Blockade of corticotropin-releasing hormone 
receptor 1 attenuates early-life stress-induced synaptic abnor-
malities in the neonatal hippocampus. Hippocampus 24, 528-540

	 https://doi.org/10.1002/hipo.22254
Liu R, Yang XD, Liao XM, Xie XM, Su YA, Li JT, Wang XD, Si TM 

(2016): Early postnatal stress suppresses the developmental 

trajectory of hippocampal pyramidal neurons: the role of 
CRHR1. Brain Struct. Funct. 221, 4525-4536

	 https://doi.org/10.1007/s00429-016-1182-4
Liu Y, Zhou LJ, Wang J, Li D, Ren WJ, Peng J, Wei X, Xu T, Xin 

WJ, Pang RP, et al. (2017): TNF-alpha differentially regulates 
synaptic plasticity in the hippocampus and spinal cord by 
microglia-dependent mechanisms after peripheral nerve injury. 
J. Neurosci. 37, 871-881

	 https://doi.org/10.1523/JNEUROSCI.2235-16.2016
Lommatzsch M, Hornych K, Zingler C, Schuff-Werner P, Hoppner 

J, Virchow JC (2006): Maternal serum concentrations of BDNF 
and depression in the perinatal period. Psychoneuroendocri-
nology 31, 388-394

	 https://doi.org/10.1016/j.psyneuen.2005.09.003
Lorincz A, Notomi T, Tamas G, Shigemoto R, Nusser Z (2002): 

Polarized and compartment-dependent distribution of HCN1 
in pyramidal cell dendrites. Nat. Neurosci. 5, 1185-1193

	 https://doi.org/10.1038/nn962
Luchicchi A, Lecca S, Melis M, De Felice M, Cadeddu F, Frau R, 

Muntoni AL, Fadda P, Devoto P, Pistis M (2016): Maternal 
immune activation disrupts dopamine system in the offspring. 
Int. J. Neuropsychopharmacol. 19, pyw007

	 https://doi.org/10.1093/ijnp/pyw007
Maccaferri G, Roberts JD, Szucs P, Cottingham CA, Somogyi P 

(2000): Cell surface domain specific postsynaptic currents 
evoked by identified GABAergic neurones in rat hippocampus 
in vitro. J. Physiol. 524, 91-116

	 https://doi.org/10.1111/j.1469-7793.2000.t01-3-00091.x
Maghsoudi N, Ghasemi R, Ghaempanah Z, Ardekani AM, 

Nooshinfar E, Tahzibi A  (2014): Effect of chronic restraint 
stress on HPA axis activity and expression of BDNF and Trkb 
in the hippocampus of pregnant rats: possible contribution in 
depression during pregnancy and postpartum period. Basic 
Clin. Neurosci. 5, 131-137

Malhi GS, Parker GB, Gladstone G, Wilhelm K, Mitchell PB (2002): 
Recognizing the anxious face of depression. J. Nerv. Ment. Dis. 
190, 366-373

	 https://doi.org/10.1097/00005053-200206000-00004
Manjeese W, Mvubu NE, Steyn AJC, Mpofana T (2021): Mycobac-

terium tuberculosis causes a leaky blood-brain barrier and neu-
roinflammation in the prefrontal cortex and cerebellum regions 
of infected mice offspring. Int. J. Dev. Neurosci. 81, 428-437

	 https://doi.org/10.1002/jdn.10116
Martin LA, Ashwood P, Braunschweig D, Cabanlit M, Van de Water 

J, Amaral DG (2008): Stereotypies and hyperactivity in rhesus 
monkeys exposed to IgG from mothers of children with autism. 
Brain Behav. Immun. 22, 806-816

	 https://doi.org/10.1016/j.bbi.2007.12.007
Meltzer-Brody S (2011): New insights into perinatal depression: 

pathogenesis and treatment during pregnancy and postpartum. 
Dialogues Clin. Neurosci. 13, 89-100

	 https://doi.org/10.31887/DCNS.2011.13.1/smbrody
Meyer U, Nyffeler M, Engler A, Urwyler A, Schedlowski M, 

Knuesel I, Yee BK, Feldon J (2006): The time of prenatal im-
mune challenge determines the specificity of inflammation-
mediated brain and behavioral pathology. J. Neurosci. 26, 
4752-4762

	 https://doi.org/10.1523/JNEUROSCI.0099-06.2006

https://doi.org/10.1111/acel.13007
https://doi.org/10.1080/10253890600798109
https://doi.org/10.1016/j.neubiorev.2017.03.007
https://doi.org/10.1371/journal.ppat.1008303
https://doi.org/10.1073/pnas.97.20.11032
https://doi.org/10.1002/hipo.20278
https://doi.org/10.1016/j.neuropharm.2021.108843
https://doi.org/10.1523/JNEUROSCI.0936-11.2011
https://doi.org/10.3389/fpsyt.2018.00588
https://doi.org/10.1007/s00429-016-1182-4
https://doi.org/10.1523/JNEUROSCI.2235-16.2016
https://doi.org/10.1016/j.psyneuen.2005.09.003
https://doi.org/10.1038/nn962
https://doi.org/10.1093/ijnp/pyw007
https://doi.org/10.1111/j.1469-7793.2000.t01-3-00091.x
https://doi.org/10.1097/00005053-200206000-00004
https://doi.org/10.1002/jdn.10116
https://doi.org/10.1016/j.bbi.2007.12.007
https://doi.org/10.31887/DCNS.2011.13.1/smbrody
https://doi.org/10.1523/JNEUROSCI.0099-06.2006


120 Idunkova et al.

Meyer U (2019): Neurodevelopmental resilience and suscepti-
bility to maternal immune activation. Trends Neurosci. 42, 
793-806

	 https://doi.org/10.1016/j.tins.2019.08.001
Miyata S, Taniguchi M, Koyama Y, Shimizu S, Tanaka T, Yasuno 

F, Yamamoto A, Iida H, Kudo T, Katayama T, Tohyama M 
(2016): Association between chronic stress-induced structural 
abnormalities in Ranvier nodes and reduced oligodendrocyte 
activity in major depression. Sci. Rep. 6, 23084

	 https://doi.org/10.1038/srep23084
Molendijk ML, Spinhoven P, Polak M, Bus BA, Penninx BW, 

Elzinga BM (2014): Serum BDNF concentrations as periph-
eral manifestations of depression: evidence from a systematic 
review and meta-analyses on 179 associations (N=9484). Mol. 
Psychiatry 19, 791-800

	 https://doi.org/10.1038/mp.2013.105
Monteggia LM, Eisch AJ, Tang MD, Kaczmarek LK, Nestler EJ 

(2000): Cloning and localization of the hyperpolarization-
activated cyclic nucleotide-gated channel family in rat brain. 
Brain Res. Mol. Brain Res. 81, 129-139

	 https://doi.org/10.1016/S0169-328X(00)00155-8
Moreno-Jimenez EP, Flor-Garcia M, Terreros-Roncal J, Rabano A, 

Cafini F, Pallas-Bazarra N, Avila J, Llorens-Martin M (2019): 
Adult hippocampal neurogenesis is abundant in neurologically 
healthy subjects and drops sharply in patients with Alzhei-
mer‘s disease. Nat. Med. 25, 554-560

	 https://doi.org/10.1038/s41591-019-0375-9
Moreno C, Hermosilla T, Hardy P, Aballai V, Rojas P, Varela D 

(2020): Ca(v)1.2 activity and downstream signaling pathways 
in the hippocampus of an animal model of depression. Cells 
9, 2609

	 https://doi.org/10.3390/cells9122609
Morley-Fletcher S, Mairesse J, Soumier A, Banasr M, Fagioli F, Ga-

briel C, Mocaer E, Daszuta A, McEwen B, Nicoletti F, Maccari 
S (2011): Chronic agomelatine treatment corrects behavioral, 
cellular, and biochemical abnormalities induced by prenatal 
stress in rats. Psychopharmacology (Berl) 217, 301-313

	 https://doi.org/10.1007/s00213-011-2280-x
Nagerl UV, Eberhorn N, Cambridge SB, Bonhoeffer T (2004): 

Bidirectional activity-dependent morphological plasticity in 
hippocampal neurons. Neuron 44, 759-767

	 https://doi.org/10.1016/j.neuron.2004.11.016
Narayanan R, Dougherty KJ, Johnston D (2010): Calcium store 

depletion induces persistent perisomatic increases in the 
functional density of h channels in hippocampal pyramidal 
neurons. Neuron 68, 921-935

	 https://doi.org/10.1016/j.neuron.2010.11.033
Narayanan R, Johnston D (2007): Long-term potentiation in rat 

hippocampal neurons is accompanied by spatially widespread 
changes in intrinsic oscillatory dynamics and excitability. 
Neuron 56, 1061-1075

	 https://doi.org/10.1016/j.neuron.2007.10.033
Neeley EW, Berger R, Koenig JI, Leonard S (2011): Prenatal stress 

differentially alters brain-derived neurotrophic factor expres-
sion and signaling across rat strains. Neuroscience 187, 24-35

	 https://doi.org/10.1016/j.neuroscience.2011.03.065
Nishitani A, Kunisawa N, Sugimura T, Sato K, Yoshida Y, Suzuki T, 

Sakuma T, Yamamoto T, Asano M, Saito Y, et al. (2019): Loss 

of HCN1 subunits causes absence epilepsy in rats. Brain Res. 
1706, 209-217

	 https://doi.org/10.1016/j.brainres.2018.11.004
Norman GJ, Karelina K, Zhang N, Walton JC, Morris JS, Devries 

AC (2010): Stress and IL-1beta contribute to the development 
of depressive-like behavior following peripheral nerve injury. 
Mol. Psychiatry 15, 404-414

	 https://doi.org/10.1038/mp.2009.91
Notomi T, Shigemoto R (2004): Immunohistochemical localization 

of Ih channel subunits, HCN1-4, in the rat brain. J. Comp. 
Neurol. 471, 241-276

	 https://doi.org/10.1002/cne.11039
O‘Leary OF, Cryan JF (2014): A ventral view on antidepressant 

action: roles for adult hippocampal neurogenesis along the 
dorsoventral axis. Trends Pharmacol. Sci. 35, 675-687

	 https://doi.org/10.1016/j.tips.2014.09.011
Pawluski JL, Galea LA (2007): Reproductive experience alters hip-

pocampal neurogenesis during the postpartum period in the 
dam. Neuroscience 149, 53-67

	 https://doi.org/10.1016/j.neuroscience.2007.07.031
Pawluski JL, Barakauskas VE, Galea LA (2010): Pregnancy de-

creases oestrogen receptor alpha expression and pyknosis, 
but not cell proliferation or survival, in the hippocampus. J. 
Neuroendocrinol. 22, 248-257

	 https://doi.org/10.1111/j.1365-2826.2010.01960.x
Pereira-Figueiredo I, Castellano O, Riolobos AS, Ferreira-Dias 

G, Lopez DE, Sancho C (2017): Long-term sertraline intake 
reverses the behavioral changes induced by prenatal stress in 
rats in a sex-dependent way. Front. Behav. Neurosci. 11, 99

	 https://doi.org/10.3389/fnbeh.2017.00099
Pervanidou P, Chrousos GP (2018): Early-life stress: from neu-

roendocrine mechanisms to stress-related disorders. Horm. 
Res. Paediatr. 89, 372-379

	 https://doi.org/10.1159/000488468
Pickering M, Cumiskey D, O‘Connor JJ (2005): Actions of TNF-

alpha on glutamatergic synaptic transmission in the central 
nervous system. Exp. Physiol. 90, 663-670

	 https://doi.org/10.1113/expphysiol.2005.030734
Pinheiro RT, Pinheiro KA, da Cunha Coelho FM, de Avila Quevedo 

L, Gazal M, da Silva RA, Giovenardi M, Lucion AB, de Souza 
DO, Portela LV, Oses JP (2012): Brain-derived neurotrophic 
factor levels in women with postpartum affective disorder and 
suicidality. Neurochem. Res. 37, 2229-2234

	 https://doi.org/10.1007/s11064-012-0851-9
Piontkewitz Y, Arad M, Weiner I (2012): Tracing the development of 

psychosis and its prevention: what can be learned from animal 
models. Neuropharmacology 62, 1273-1289

	 https://doi.org/10.1016/j.neuropharm.2011.04.019
Pizzagalli DA (2014): Depression, stress, and anhedonia: toward 

a synthesis and integrated model. Annu. Rev. Clin. Psychol. 
10, 393-423

	 https://doi.org/10.1146/annurev-clinpsy-050212-185606
Rahman T, Zavitsanou K, Purves-Tyson T, Harms LR, Meehan C, 

Schall U, Todd J, Hodgson DM, Michie PT, Weickert CS (2017): 
Effects of immune activation during early or late gestation on 
N-methyl-d-aspartate receptor measures in adult rat offspring. 
Front. Psychiatry 8, 77

	 https://doi.org/10.3389/fpsyt.2017.00077

https://doi.org/10.1016/j.tins.2019.08.001
https://doi.org/10.1038/srep23084
https://doi.org/10.1016/S0169-328X(00)00155-8
https://doi.org/10.1038/s41591-019-0375-9
https://doi.org/10.3390/cells9122609
https://doi.org/10.1007/s00213-011-2280-x
https://doi.org/10.1016/j.neuron.2004.11.016
https://doi.org/10.1016/j.neuron.2010.11.033
https://doi.org/10.1016/j.neuron.2007.10.033
https://doi.org/10.1016/j.neuroscience.2011.03.065
https://doi.org/10.1016/j.brainres.2018.11.004
https://doi.org/10.1038/mp.2009.91
https://doi.org/10.1002/cne.11039
https://doi.org/10.1016/j.tips.2014.09.011
https://doi.org/10.1016/j.neuroscience.2007.07.031
https://doi.org/10.1111/j.1365-2826.2010.01960.x
https://doi.org/10.3389/fnbeh.2017.00099
https://doi.org/10.1159/000488468
https://doi.org/10.1113/expphysiol.2005.030734
https://doi.org/10.1007/s11064-012-0851-9
https://doi.org/10.1016/j.neuropharm.2011.04.019
https://doi.org/10.1146/annurev-clinpsy-050212-185606
https://doi.org/10.3389/fpsyt.2017.00077


121Impact of depression on hippocampus

Reus GZ, Fries GR, Stertz L, Badawy M, Passos IC, Barichello T, 
Kapczinski F, Quevedo J (2015): The role of inflammation and 
microglial activation in the pathophysiology of psychiatric 
disorders. Neuroscience 300, 141-154

	 https://doi.org/10.1016/j.neuroscience.2015.05.018
Roddy DW, Farrell C, Doolin K, Roman E, Tozzi L, Frodl T, 

O‘Keane V, O‘Hanlon E (2019): The hippocampus in depres-
sion: more than the sum of its parts? Advanced hippocampal 
substructure segmentation in depression. Biol. Psychiatry 
85, 487-497

	 https://doi.org/10.1016/j.biopsych.2018.08.021
Rogers A, Obst S, Teague SJ, Rossen L, Spry EA, Macdonald JA, 

Sunderland M, Olsson CA, Youssef G, Hutchinson D (2020): 
Association between maternal perinatal depression and anxiety 
and child and adolescent development: A meta-analysis. JAMA 
Pediatr. 174, 1082-1092

	 https://doi.org/10.1001/jamapediatrics.2020.2910
Sandman CA, Curran MM, Davis EP, Glynn LM, Head K, Baram 

TZ (2018): Cortical thinning and neuropsychiatric outcomes 
in children exposed to prenatal adversity: a role for placental 
CRH? Am. J. Psychiatry 175, 471-479

	 https://doi.org/10.1176/appi.ajp.2017.16121433
Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, 

Weisstaub N, Lee J, Duman R, Arancio O, et al. (2003): Require-
ment of hippocampal neurogenesis for the behavioral effects 
of antidepressants. Science 301, 805-809

	 https://doi.org/10.1126/science.1083328
Sasaki A, de Vega WC, St-Cyr S, Pan P, McGowan PO (2013): Peri-

natal high fat diet alters glucocorticoid signaling and anxiety 
behavior in adulthood. Neuroscience 240, 1-12

	 https://doi.org/10.1016/j.neuroscience.2013.02.044
Scharfman HE, Myers CE (2012): Hilar mossy cells of the dentate 

gyrus: a historical perspective. Front. Neural Circuits 6, 106
	 https://doi.org/10.3389/fncir.2012.00106
Schmaal L, Hibar DP, Samann PG, Hall GB, Baune BT, Jahanshad 

N, Cheung JW, van Erp TGM, Bos D, Ikram MA, et al. (2017): 
Cortical abnormalities in adults and adolescents with major 
depression based on brain scans from 20 cohorts worldwide 
in the ENIGMA Major Depressive Disorder Working Group. 
Mol. Psychiatry 22, 900-909

	 https://doi.org/10.1038/mp.2016.60
Seth S, Lewis AJ, Galbally M (2016): Perinatal maternal depression 

and cortisol function in pregnancy and the postpartum period: 
a systematic literature review. BMC Pregnancy Childbirth 16, 
124

	 https://doi.org/10.1186/s12884-016-0915-y
Shah MM, Anderson AE, Leung V, Lin X, Johnston D (2004): 

Seizure-induced plasticity of h channels in entorhinal cortical 
layer III pyramidal neurons. Neuron 44, 495-508

	 https://doi.org/10.1016/j.neuron.2004.10.011
Shang Y, Chen R, Li F, Zhang H, Wang H, Zhang T (2021): Prena-

tal stress impairs memory function in the early development 
of male-offspring associated with the gaba function. Physiol. 
Behav. 228, 113184

	 https://doi.org/10.1016/j.physbeh.2020.113184
Silveira MF, Victora CG, Horta BL, da Silva BGC, Matijasevich 

A, Barros FC, Pelotas Cohorts Study Group (2019): Low 
birthweight and preterm birth: trends and inequalities in four 

population-based birth cohorts in Pelotas, Brazil, 1982-2015. 
Int. J. Epidemiol. 48, i46-i53

	 https://doi.org/10.1093/ije/dyy106
Singh G, Segura BJ, Georgieff MK, Gisslen T (2021): Fetal inflam-

mation induces acute immune tolerance in the neonatal rat 
hippocampus. J. Neuroinflammation 18, 69

	 https://doi.org/10.1186/s12974-021-02119-w
Singh S, Fereshetyan K, Shorter S, Paliokha R, Dremencov E, 

Yenkoyan K, Ovsepian SV (2022): Brain-derived neurotrophic 
factor (BDNF) in perinatal depression: Side show or pivotal 
factor? Drug Discov. Today 28, 103467

	 https://doi.org/10.1016/j.drudis.2022.103467
Smith SEP, Li J, Garbett K, Mirnics K, Patterson PH (2007): Mater-

nal immune activation alters fetal brain development through 
interleukin-6. J. Neurosci. 27, 10695-10702

	 https://doi.org/10.1523/JNEUROSCI.2178-07.2007
Smith SM, Vale WW (2006): The role of the hypothalamic-pituitary-

adrenal axis in neuroendocrine responses to stress. Dialogues 
Clin. Neurosci. 8, 383-395

	 https://doi.org/10.31887/DCNS.2006.8.4/ssmith
Son GH, Geum D, Chung S, Kim EJ, Jo JH, Kim CM, Lee KH, Kim 

H, Choi S, Kim HT, et al. (2006): Maternal stress produces 
learning deficits associated with impairment of NMDA re-
ceptor-mediated synaptic plasticity. J. Neurosci. 26, 3309-3318

	 https://doi.org/10.1523/JNEUROSCI.3850-05.2006
Spruston N, McBain C (2007): Structural and functional proper-

ties of hippocampal neurons. In: The Hippocampus Book, pp. 
133-203

	 https://doi.org/10.1093/acprof:oso/9780195100273.003.0005
Sullivan EL, Smith MS, Grove KL (2011): Perinatal exposure to 

high-fat diet programs energy balance, metabolism and be-
havior in adulthood. Neuroendocrinology 93, 1-8

	 https://doi.org/10.1159/000322038
Suri R, Lin AS, Cohen LS, Altshuler LL (2014): Acute and long-term 

behavioral outcome of infants and children exposed in utero to 
either maternal depression or antidepressants: a review of the 
literature. J. Clin. Psychiatry 75, E1142-E1152

	 https://doi.org/10.4088/JCP.13r08926
Taliaz D, Stall N, Dar DE, Zangen A (2010): Knock-down of brain-

derived neurotrophic factor in specific brain sites precipitates 
behaviors associated with depression and reduces neurogenesis. 
Mol. Psychiatry 15, 80-92

	 https://doi.org/10.1038/mp.2009.67
Terranova JI, Ogawa SK, Kitamura T (2019): Adult hippocampal 

neurogenesis for systems consolidation of memory. Behav. 
Brain Res. 372, 112035

	 https://doi.org/10.1016/j.bbr.2019.112035
Tsigos C, Chrousos GP (2002): Hypothalamic-pituitary-adrenal 

axis, neuroendocrine factors and stress. J. Psychosom. Res. 
53, 865-871

	 https://doi.org/10.1016/S0022-3999(02)00429-4
Vaid RR, Yee BK, Shalev U, Rawlins JN, Weiner I, Feldon J, Totterdell 

S (1997): Neonatal nonhandling and in utero prenatal stress reduce 
the density of NADPH-diaphorase-reactive neurons in the fascia 
dentata and Ammon‘s horn of rats. J. Neurosci. 17, 5599-5609

	 https://doi.org/10.1523/JNEUROSCI.17-14-05599.1997
Van den Bergh BRH, van den Heuvel MI, Lahti M, Braeken M, de 

Rooij SR, Entringer S, Hoyer D, Roseboom T, Raikkonen K, 

https://doi.org/10.1016/j.neuroscience.2015.05.018
https://doi.org/10.1016/j.biopsych.2018.08.021
https://doi.org/10.1001/jamapediatrics.2020.2910
https://doi.org/10.1176/appi.ajp.2017.16121433
https://doi.org/10.1126/science.1083328
https://doi.org/10.1016/j.neuroscience.2013.02.044
https://doi.org/10.3389/fncir.2012.00106
https://doi.org/10.1038/mp.2016.60
https://doi.org/10.1186/s12884-016-0915-y
https://doi.org/10.1016/j.neuron.2004.10.011
https://doi.org/10.1016/j.physbeh.2020.113184
https://doi.org/10.1093/ije/dyy106
https://doi.org/10.1186/s12974-021-02119-w
https://doi.org/10.1016/j.drudis.2022.103467
https://doi.org/10.1523/JNEUROSCI.2178-07.2007
https://doi.org/10.31887/DCNS.2006.8.4/ssmith
https://doi.org/10.1523/JNEUROSCI.3850-05.2006
https://doi.org/10.1093/acprof:oso/9780195100273.003.0005
https://doi.org/10.1159/000322038
https://doi.org/10.4088/JCP.13r08926
https://doi.org/10.1038/mp.2009.67
https://doi.org/10.1016/j.bbr.2019.112035
https://doi.org/10.1016/S0022-3999(02)00429-4
https://doi.org/10.1523/JNEUROSCI.17-14-05599.1997


122 Idunkova et al.

King S, Schwab M (2020): Prenatal developmental origins of 
behavior and mental health: The influence of maternal stress 
in pregnancy. Neurosci. Biobehav. Rev. 117, 26-64

	 https://doi.org/10.1016/j.neubiorev.2017.07.003
Van den Hove DL, Blanco CE, Aendekerk B, Desbonnet L, Brus-

chettini M, Steinbusch HP, Prickaerts J, Steinbusch HW (2005): 
Prenatal restraint stress and long-term affective consequences. 
Dev. Neurosci. 27, 313-320

	 https://doi.org/10.1159/000086711
van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage 

FH (2002): Functional neurogenesis in the adult hippocampus. 
Nature 415, 1030-1034

	 https://doi.org/10.1038/4151030a
Vanmierlo T, De Vry J, Nelissen E, Sierksma A, Roumans N, 

Steinbusch HWM, Wennogle LP, van den Hove D, Prickaerts 
J (2018): Gestational stress in mouse dams negatively affects 
gestation and postpartum hippocampal BDNF and P11 protein 
levels. Mol. Cell. Neurosci. 88, 292-299

	 https://doi.org/10.1016/j.mcn.2018.02.009
Vida I  (2010): Morphology of hippocampal neurons. Spr. Ser. 

Comput. Neuro. 5, 27-67
	 https://doi.org/10.1007/978-1-4419-0996-1_2
Wang XD, Chen Y, Wolf M, Wagner KV, Liebl C, Scharf SH, Har-

bich D, Mayer B, Wurst W, Holsboer F, et al. (2011): Forebrain 
CRHR1 deficiency attenuates chronic stress-induced cognitive 
deficits and dendritic remodeling. Neurobiol. Dis. 42, 300-310

	 https://doi.org/10.1016/j.nbd.2011.01.020
Witter MP (2010): Connectivity of the hippocampus. Spr. Ser. 

Comput. Neuro. 5, 5-26
	 https://doi.org/10.1007/978-1-4419-0996-1_1
Wu WL, Hsiao EY, Yan Z, Mazmanian SK, Patterson PH (2017): The 

placental interleukin-6 signaling controls fetal brain develop-
ment and behavior. Brain Behav. Immun. 62, 11-23

	 https://doi.org/10.1016/j.bbi.2016.11.007
Xiong F, Zhang L (2013): Role of the hypothalamic-pituitary-

adrenal axis in developmental programming of health and 
disease. Front. Neuroendocrinol. 34, 27-46

	 https://doi.org/10.1016/j.yfrne.2012.11.002
Yaka R, Salomon S, Matzner H, Weinstock M (2007): Effect of 

varied gestational stress on acquisition of spatial memory, 

hippocampal LTP and synaptic proteins in juvenile male rats. 
Behav. Brain Res. 179, 126-132

	 https://doi.org/10.1016/j.bbr.2007.01.018
Yang J, Han H, Cao J, Li L, Xu L (2006): Prenatal stress modifies 

hippocampal synaptic plasticity and spatial learning in young 
rat offspring. Hippocampus 16, 431-436

	 https://doi.org/10.1002/hipo.20181
Yang J, Hou C, Ma N, Liu J, Zhang Y, Zhou J, Xu L, Li L (2007): En-

riched environment treatment restores impaired hippocampal 
synaptic plasticity and cognitive deficits induced by prenatal 
chronic stress. Neurobiol. Learn. Mem. 87, 257-263

	 https://doi.org/10.1016/j.nlm.2006.09.001
Yeh CM, Huang CC, Hsu KS (2012): Prenatal stress alters hip-

pocampal synaptic plasticity in young rat offspring through 
preventing the proteolytic conversion of pro-brain-derived 
neurotrophic factor (BDNF) to mature BDNF. J. Physiol. 590, 
991-1010

	 https://doi.org/10.1113/jphysiol.2011.222042
Zaidel DW, Esiri MM, Harrison PJ (1997): The hippocampus in 

schizophrenia: lateralized increase in neuronal density and 
altered cytoarchitectural asymmetry. Psychol. Med. 27, 703-713

	 https://doi.org/10.1017/S0033291796004618
Zhao Y, Xu J, Gong J, Qian L (2009): L-type calcium channel cur-

rent up-regulation by chronic stress is associated with increased 
alpha(1c) subunit expression in rat ventricular myocytes. Cell. 
Stress Chaperones 14, 33-41

	 https://doi.org/10.1007/s12192-008-0052-2
Zhou C, Zhong J, Zou B, Fang L, Chen J, Deng X, Zhang L, Zhao X, 

Qu Z, Lei Y, Lei T (2017): Meta-analyses of comparative efficacy 
of antidepressant medications on peripheral BDNF concentra-
tion in patients with depression. PLoS One 12, e0172270

	 https://doi.org/10.1371/journal.pone.0172270
Zierhut KC, Grassmann R, Kaufmann J, Steiner J, Bogerts B, 

Schiltz K  (2013): Hippocampal CA1 deformity is related to 
symptom severity and antipsychotic dosage in schizophrenia. 
Brain 136, 804-814

	 https://doi.org/10.1093/brain/aws335	

Received: December 22, 2022
Final version accepted: January 11, 2023

https://doi.org/10.1016/j.neubiorev.2017.07.003
https://doi.org/10.1159/000086711
https://doi.org/10.1038/4151030a
https://doi.org/10.1016/j.mcn.2018.02.009
https://doi.org/10.1007/978-1-4419-0996-1_2
https://doi.org/10.1016/j.nbd.2011.01.020
https://doi.org/10.1007/978-1-4419-0996-1_1
https://doi.org/10.1016/j.bbi.2016.11.007
https://doi.org/10.1016/j.yfrne.2012.11.002
https://doi.org/10.1016/j.bbr.2007.01.018
https://doi.org/10.1002/hipo.20181
https://doi.org/10.1016/j.nlm.2006.09.001
https://doi.org/10.1113/jphysiol.2011.222042
https://doi.org/10.1017/S0033291796004618
https://doi.org/10.1007/s12192-008-0052-2
https://doi.org/10.1371/journal.pone.0172270
https://doi.org/10.1093/brain/aws335

