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1 Introduction 

1.1 Developmental origins of neurodevelopmental diseases 

Worldwide, mental disorders occur with a prevalence of 10-20% until the end of the adolescent 

period [1]. The most prominent neurodevelopmental disorders of early childhood include at-

tention deficit/hyperactivity disorder (ADHD), mood, and autism spectrum disorder (ASD). 

Even if they seem dissimilar in their behavioral interindividual phenotype, they share the com-

mon denominator of negatively affecting the psychosocial and educational career [2, 3]. A mix-

ture of genetic predispositions and environmental influences determines the onset of such dis-

orders, in the latter case especially the prenatal phase [4-9]. They seem to improve with mat-

uration of the brain and were previously considered to be childhood-limited diseases, but epi-

demiological studies show their persistence [10]. For instance, ADHD was classified as a 

child’s disorder until over the last years it became clear that adults suffer from ADHD with a 

prevalence of approx. 5%, being higher in males compared to females and vary between eth-

nical backgrounds. The persistence rate was estimated for up to 15% [11-13]. ASD classically 

persist with language impairments, and literacy-related problems [14, 15]. Therefore, mental 

health specialists are critically in need of elucidating the origin of such idiopathic diseases, 

especially since genome-wide association studies fail to explain a fundamental proportion of 

variance in disease onset. Unraveling potential mechanisms might contribute to future primal 

or primordial prevention strategies [16, 17]. 

Meanwhile, a substantial body of evidence exists, showing that perturbations during crit-

ical periods of development may be the reason for children’s poor cognitive function postna-

tally. This concept is described as “Developmental Origin of Health and Diseases” (DOHaD) 

or even “Fetal Programming”, by which the unborn physiologically adapts to the environmental 

condition in utero. Rapid structural and functional fetal development is then affected by condi-

tions that do not mirror the postnatal life and induce dysfunctional adaptation [18]. For example, 

offspring born from mothers, who were food restricted during pregnancy are disadvantaged 

facing excessive food access postnatally. Because of dysfunctional programming in utero, they 

suffer from an elevated risk for overweight, high body fat, and diabetes. Further, maternal 

mental perinatal disorders have been linked to emotional (internalizing) difficulties and social 

problems, behavioral (externalizing) difficulties, dysfunctional attachment, cognitive dysfunc-

tion, impaired child growth, and problems in feeding and eating habits, respectively [16, 17]. 

Identifying specific underlying mechanisms mediating those effects is challenging but still es-

sential in order to potentially monitor and potentially prevent future developmental trajectories. 
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1.2 Pregnancy, challenges, vertically transferred markers and its consequences 
In general, the immune system is activated by an exposure to non-self-antigens in order to 

clear those non-self-antigens from the host body and guarantee pathogen-free homeostasis. 

During the unique phenomenon of pregnancy, the maternal immune systems needs to inten-

tionally tolerate such non-self-antigens from fetal-paternal origin to prevent rejection of the 

semi-allogeneic fetus [19, 20]. This adaptational process is not a consequence of general ma-

ternal immunosuppression, but a synergistic interplay of multiple mechanisms occurring due 

to the contact of mother and fetus through the placental barrier [21]. Therefore, both the innate 

and adaptive immune system are responsible for sustaining fetal-maternal immune tolerance 

and a successful pregnancy. 

The innate immune system responses at first after pathogen contact by pathogen-asso-

ciated molecular patterns. Its repertoire consists of phagocytes (neutrophils, macrophages, 

and monocytes) and natural killer cells [20, 22-24]. During pregnancy their activation, meaning 

increase in numbers and functional alterations, occurs in the periphery and at the fetal-mater-

nal interface. Further, cytokines and chemokines such as interleukin (IL)-6 or CXC3 are gen-

erated by cells of the innate immune system in order to activate the adaptive immune system 

[23, 25]. The adaptive immune system consists of humoral and cellular activity, whereas T 

lymphocytes (T cells) are the essential immune cells in pregnancy maintenance. Two sets of 

T cells exist, distinguishable by their response to major histocompatibility complex (MHC) class 

molecules. Most of CD8+ T cells are cytotoxic and thus responsible for eliminating other cell 

types by secretion of pro-inflammatory cytokines or apoptosis [26-31]. However, during preg-

nancy, CD4+ T cells and especially a subcategory called T regulatory cell are key features of 

the adaptational process. It was shown that T regulatory cell abundantly populate in the uterus 

and lymphatic tissues shortly upon non-self-antigen exposure, however undergo apoptosis 

postpartum [29]. Their absence results in reproductive and implantation failure [32, 33]. 

Accordingly, the homeostasis of the maternal immune and endocrine system is crucially 

important for both, mother and unborn offspring. Cytokine balance and physiological levels of 

glucocorticoids (GC) are promoting the healthy development of the fetus. Extreme failure or 

insufficient adaptation to pregnancy may result in fetal rejection, its loss or pregnancy-related 

complications such as pre-eclampsia or pre-term [34-37]. Those complications are then often 

linked to an impaired fetal development. However, milder maternal infections or psychosocial 

distress can also jeopardize this homeostatic balance, hereby elevating the risk for adverse 

health outcome or subclinical psychopathologies in the offspring [38-41]. The most robust find-

ings for vertically transferred markers are summarized subsequently. 
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1.2.1 Glucocorticoids 

Over the course of pregnancy, GC are increasing and thus pregnancy itself is a state of ‘hy-

percortisolism’ [42-45]. From beginning of the second trimester, placental corticotropin-releas-

ing hormone secretion and GC levels are increasing linearly until parturition, reaching 2-3-fold 

increment. In order to protect the unborn offspring from excessive GC exposition during this 

time, the placenta starts to express an enzyme called 11β-hydroxysteroid-dehydrogenase-2, 

which is responsible for converting biologically active cortisol into inactive cortisone [46-50]. 

However even here approx. 10-20% of the maternal GC are able to cross the placenta, reach-

ing the fetus and might interfere with developmental processes, especially under pathological 

conditions [51, 52]. Ascending reports of maternal distress perception, depression, and anxiety 

linked to poor neonatal behavioral assessment mirror the increased vulnerability during fetal 

development [16]. 

Abnormally elevated maternal stress levels result in higher levels of circulating GC that 

may affect the hypothalamic-pituitary-adrenal gland axis (HPAA) in the offspring. Studies have 

showed that the prenatal exposure to GC generates heightened basal and reactivity of GC, 

resulting in a decreased negative feedback loop of the HPAA. The neurocircuitry accounting 

for stress reactions is therefore affected, especially in amygdala and hippocampal areas [53-

55]. This early programming of brain networks is highly interindividual, because of variable 

resilience and susceptibility. For instance, maternal micronutrients and gut microbiome provide 

protecting factors [56-60]. Additionally, reactivity to stress is critically sex-specific, because 

many studies showed that male offspring seem to be more vulnerable than females [61-63]. 

Interestingly, it was reported that males also exhibited a dysmasculinized phenotype after pre-

natal stress exposure, meaning behavioral and genetic fingerprints usually associated with 

female offspring [64, 65]. 

1.2.2 Cytokines 

Maternal stress perception also influences immunological markers of humoral or cellular kind 

that contribute as additional environmental risk factors for neurodevelopmental sequelae [66]. 

Changes in GC levels during pregnancy can induce changes in its receptor density and sub-

class expression on immune cells [67]. For instance, GC binding at its receptor expressed by 

lymphocytes suppresses their proliferation and the generation of proinflammatory cytokines. 

Reaching excessive levels, GC even reduce circulating dendritic cells and natural killer cells, 

essential for early pregnancy [46, 68, 69]. Later in pregnancy GC can induce apoptosis of CD4+ 

progenitor cells as well as cytotoxic CD8+ T cells [70]. 

Cytokines are cell-signaling molecules critically important for the immune system, be-

cause of their immunomodulatory function in health and diseases. Epidemiological studies 

made use of the high prevalence of maternal infections during pregnancy [71-73] and reported 
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significant associations between high levels of maternal proinflammatory markers. IL-1α, IL-6, 

IL-8, IL-17, interferon-gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), granulocyte mac-

rophage colony-stimulating factor (GMCF), and C-reactive protein (CRP) and have all been 

shown to heighten the risk for neurodevelopmental disorders in the offspring [9, 74-77]. In-

creased exposure to those cytokines in utero disturbed the ontogeny of brain networks in limbic 

circuits potentially leading to cognitive deficits in the offspring [78-80]. 

Especially mouse models of provoked immune response via dsRNA mimic poly (I:C) 

helped gaining a better understanding of specific molecular, cellular, electrophysiological [81-

83], and behavioral aspects in response to maternal immunological changes during pregnancy. 

Distributed cytokines may cross the placenta and enter the fetus that is dependent on certain 

cytokines itself in order to promote cellular development such as IL-1 supporting astrocyte 

lineage commitment and neurogenesis [84-86] or IL-2 enhancing differentiation of neural pro-

genitor cells [87]. While crossing the placenta, they may cause an inflammatory response and 

let the placenta itself generate different cytokines that interfere with multiple aspects of brain 

development. Murine offspring exposed to such an immunological environment in utero exhibit 

adverse affective state, reduced sociability, and higher rates of repetitive behavior [88-90], 

mirroring symptomatology of human ASD. 

1.2.3 Maternal microchimeric cells 

The increased incidence of mental disorders over the last decades, especially in infants, chil-

dren and youths increased the effort in investigating early life psychopathogenesis. In the turn-

stile of the DOHaD, maternal health during pregnancy determines the vertical transmission of 

markers subsequently controlling fetal development and health later on. Though, determining 

the origin of markers such as GC and cytokines is highly challenging, because the fetus is 

secreting them as well [91]. Maternal microchimeric cells (MMc) may serve as a cellular medi-

ator that has a clear origin. Pregnancy-induced microchimerism per se describes the bidirec-

tional transfer of nucleated cells between mother and child [16, 92-94]. As fetal cells migrate 

into the maternal system, maternal cells are capable of overcoming the feto-maternal interface 

and invade a variety of different fetal tissues. Moreover, they are also transferred via lactation 

[92, 93]. Given their postnatal persistence, the simultaneous seeding of fetal cells in mothers 

and the fact that they were not erased during evolution, a potential role in health in diseases 

can be assumed. It was proposed that the active transmission of a “microchiome” potentially 

modulate responses to health and diseases according to cellular phenotype and distribution in 

specific lymphatic and non-lymphatic tissues [92, 95-100]. 

Transmission of MMc initiates after establishment of the shared blood circulation be-

tween mother and child via hemochorial placentae. In mice, as early as embryonic day (E) 

12.5 MMc were detectable in fetal thymus, peripheral blood, liver, and bone marrow, assuming 
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a numerical increase of transmission towards parturition [101-103]. Postnatally, they were de-

tected in a wide variety of organs from lymphatic and non-lymphatic origin such as the brain. 

Due to their tissue residency, they then need to be either highly heterogeneously present in 

the maternal blood during pregnancy or somehow are naïve until reaching their predefined 

organ and then differentiate locally. However, since the connection of blood circulations is the 

essential requirement for this phenomenon, MMc are assumed to be from hematopoietic line-

age origin [104]. In humans, a number of studies investigated their presence in cord blood but 

few of them with identification of phenotypes. Due to different settings and processing, results 

are not clear but found MMc to be T cells, B cells, myeloid cells, hematopoietic progenitors, 

and also natural killer cells [98, 105-108]. 

Exhibiting a variety of different phenotypes subsequently is a strong health advantage of 

MMc in the offspring’s organism, because of their great generative potential after acute injuries 

or entire replacement in the face of cell deficiency or underdevelopment [109-112]. For in-

stance, elevated levels of MMc in the offspring were associated with autoimmunity in type 1 

diabetes, neonatal lupus syndrome, scleroderma, juvenile myopathies, dermatomyositis, and 

Hirschsprung’s disease [109-111, 113-116]. Interestingly, it was also reported that they may 

protect against the development of asthma, as less asthma was observed in children having 

elevated levels of MMc [117]. Studies also argue against published evidence, challenging MMc 

relevance for immune-related diseases [99, 118, 119]. As opposed to the latter case, MMc 

could also initiate an inflammatory immune response in the offspring’s target tissue. 

Published evidence reported their presence in the offspring’s brain, being detected via 

DNA-based methods [120-122] entirely neglecting their phenotypical relevance. However, re-

cent data shows that MMc - transferred via lactation - invade neonatal murine brains and were 

widely distributed in and around hippocampus, striatum, thalamus as well as hypothalamus. 

They were able to differentiate into both neuronal and glial cell types [123]. Also they were 

detected in human brain tissue of multiple sclerosis patients [124]. Given the plethora of this 

increasing research linking MMc with offspring’s immune-associated diseases and their infil-

tration of various tissues, changes of MMc might also contribute to the onset of mental disor-

ders [16]. 

1.2.4 Gene regulation 

The previously described vertically transferred maternal markers are assumed to drive long-

term programming by inducing cellular epigenetic modifications [125, 126]. Those modifica-

tions include DNA methylation, histone modification, and non-coding RNA processes. Children 

born from women, who were exposed to natural disaster and traumatic stress during preg-

nancy exhibited hyper- and demethylation of specific promoters involved in stress responses 

[127, 128]. This purely correlative association was also investigated in animal studies then 
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providing data pointing out that excessive maternal prenatal stress perception might be the 

origin of methylation of glucocorticoid receptor (Nuclear Receptor Subfamily 3 Group C Mem-

ber 1 (NR3C1)) [129, 130]. Similarly, maternal infections during pregnancy modulated key 

genes involved in neuronal development, synaptic transmission and offspring’s immune cell 

signaling. In accordance, with sex-specific cognitive dysfunction later in life, it has been shown 

for instance, that DNA methylation in female hypothalami specifically affect the promoter region 

of methyl CpG-binding protein 2 [131]. 

Nevertheless, it is still a matter of debate whether epigenetic changes are inherited, be-

cause of methodological issues to specifically prove that. A key hurdle is to disentangle if epi-

genetic programming of cells is a sequential process occurring during physiological fetal de-

velopment or if it is induced by maternal environmental exposure. Additionally, some research 

points towards paternally induced epigenetic modifications [132], ultimately leading to complex 

mixture of gene-regulatory mechanisms without explicit evidence of genome-wide de-novo 

methylation. Still due to convincing research in plants [133], it is believed that those mecha-

nisms are translatable to the mammalian biology and thus to provide a reasonable explanation 

of increased behavioral deficits. 

1.3 Early life brain development 

1.3.1 Milestones of mammalian brain development 

The mammalian development of the brain (Figure 1) is a process of synergistic and sequential 

periods of structural and functional reorganization. As soon as the neural tube is formed, neu-

rogenesis takes place, generating billions of neurons from neural stem cell progenitors. As 

gestational week 4 progresses the neural tube begins to form superior brain areas, at this time 

point only distinguishable by forebrain, midbrain, and hindbrain, as well as the spinal cord be-

ing the posterior part. Two weeks later, the brain shows detailed regions, as they exist at birth 

[134]. During this process, the cerebrum is the most fast developing brain entity thus consumes 

initially most of the space within the cranium. In order to compensate with the limited space, it 

initiates to fold itself into gyri and sulci and surround brain areas besides the cerebellum and 

medulla oblongata [135]. While this occurs, previously generated neurons migrate through the 

brain to their final destination. 

During the second trimester, brain networks start to establish by incorporating synapses, 

generating astro- and oligodendrocytes as well as starting programmed cell death. Some when 

mid of pregnancy, microglial cells begin to invade the brain [136], being responsible for phag-

ocytosis of unneeded synapses, and refining brain landscape. Due to differences in length of 

pregnancy, murine brain development takes places in a shorter period and therefore continues 

postpartum. For instance, constant production of neurons, their migration, and synapse con-

nectivity occurs almost simultaneously while eye opening in humans takes places by week 26 
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and mice open them around two weeks of age. Also continuing postnatally, the elimination of 

synaptic connections is highly dependent on neuron activity. 

Consequently, the previously mentioned maternal markers that are transferred from early 

on in pregnancy have the ability to interfere with all of physiologically occurring neurodevelop-

mental processes and thus mediate or moderate behavior and cognition later in life. 

 
Figure 1: Murine and human early life brain development in comparison [16] 

1.3.2 Ontogeny of oscillatory activity in prefrontal-hippocampal networks 

Even if the structural brain development in humans and rodents seems to proceed similar, a 

newborn murine brain does not match a newborn human. Newborn murine developmental 

stages correspond to babies of the second trimester mirrored by similar discontinuous activity 

characterized by periods of silence in between periods of oscillations [137, 138]. This early 

activity, called spindle-burst, and its properties have been shown to predict neuronal differen-

tiation, plasticity, migration as well as cognitive processes later in life. The spindle-burst is an 

event mostly investigated for cortical brain areas and lasts between 0.5-3 seconds of theta 

activity, incidentally overlaid with faster beta-gamma activity [139, 140]. Excitatory neurons are 

essentially for their generation, shown by pharmacological blocking of γ-aminobutyric acid 
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(GABAA), α-amino-3-hydroxy-5-methly-4-isoxazolepropionic acid receptor (AMPA), and N-me-

thyl-D-aspartate (NMDA) receptor perturbing and even eliminating them [141-144]. 

Since prefrontal-hippocampal network interaction accounts for a variety of neuropsychi-

atric diseases [145, 146], it seems to be important to disentangle their properties and develop-

mental onset in order to understand underlying processes. It was shown that glutamatergic 

inputs to the different prefrontal cortex (PFC) layers result in oscillatory activity to different 

neuronal subtypes inducing theta, beta, and gamma activity [147]. Theta activity, induced by 

layer V/VI pyramidal neurons, is synchronized within PFC layers, because glutamatergic inputs 

have been shown to come from pyramidal neurons within the cornu ammonis (CA) 1 of the 

hippocampus (HP). The hippocampal entrainment of the PFC relays on the uni-directional, 

monosynaptic connectivity from hippocampal intermediate/ventral region [148, 149]. This con-

nection is already present at birth and initiates discontinuously. On the other hand, layer V/VI 

interneurons induce beta-gamma activity, that originates from glutamatergic projections from 

layer II/III pyramidal neurons [147, 150]. 

Overall, the entrainment of PFC oscillatory maturation is critically dependent on theta 

bursts generated in intermediate/ventral HP, because hippocampal impairments disrupt this 

entrainment. Moreover, the entrainment from the HP does no relay on GABAergic neurons 

however potentially is generated by excitatory neurons. 

1.3.3 Activity-induced network maturation during development 

According to the Hebbian theory “neurons wire together if they fire together” [151] describes 

the basic concept of why neuronal activity determines which connections are abrogated and 

which ones are maintained. Different experimental approaches using electrophysiological, 

pharmacological, and genetic methods clearly showed that asynchronous neuronal activity is 

inducing synaptic elimination [152-155]. This elimination is conducted by brain-resident mac-

rophages called microglial cells and have been associated to several developmental pro-

cesses within the central nervous system. Showing their relevance for neurogenesis and indi-

rect involvement in myelination, they mainly play a critical role in reorganization of synaptic 

and axonal connections in the developing brain [156, 157]. Clearly, by affecting their pruning 

activity also behavior and cognition are affected. Further, dysfunctional microglia actions over 

developmental phases result in neurodevelopmental disorders indirectly. 

Their functional activity is regulated by a recently described set of genes, that control 

whether the process of engulfment and phagocyting synapses takes place or not. For the vis-

ual system and sensorimotor cortex, complement proteins C1q and C3 promote engulfment of 

synaptic material through microglia-specific C3 receptor (CR3). Mice significantly lacking those 

proteins exhibit an impaired developmental maturation of synaptic connectivity in described 
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brain areas [158, 159]. In the hippocampal brain area, triggering receptor expressed on mye-

loid cells 2 (TREM2) has been shown to support synapse elimination. By using a TREM2-/- 

mouse model, microglial cells engulf significantly less neuronal spines, which goes in line with 

electrophysiological dysfunctions in the hippocampus [160]. Similar findings were suggested 

for DNAX-activation protein 12 (DAP12), a signaling adaptor for TREM2. Until now, it is not 

known through which specific ligand TREM2 is activated, though it is proposed to be a signal 

present at the material that is supposed to be phagocyted [161]. 

An additional mediator of microglia synapse elimination is the interaction of chemokine 

fractalkine, expressed by neurons and its microglia receptor pendant, C-X3-C motif chemokine 

receptor 1 (CX3CR1). For the hippocampal area and the barrel cortex, it has been shown that 

CX3CR1-/- mice exhibit higher levels of dendritic densities and synaptic connections on a long-

term basis [162, 163]. Additionally, those mice show similar behavior deficits as TREM2-/- mice, 

assuming that fractalkine is essential in microglia recruitment to hippocampal areas [164]. 

Clear mechanisms by which fractalkine is inducing the synapse refinement are not yet obvious. 

In addition, autophagy related 7 (Atg7), a gene essential in delivery of cytoplasmic content to 

lysosomes for degradation, is required for phagocytic activity. Mice deficient of Atg7 exhibit 

behavioral deficits and higher spine numbers [165, 166]. 

As opposed to before mentioned genes, the immune system is also designed to coun-

terbalance phagocytic process by actively not act on healthy cells. This would suggest an in-

trinsically programmed sequence determining sites of inappropriate and appropriate synapse 

removal resulting in specific strengthening of synaptic connections. Recently [167], CD47 on 

neurons and its receptor, signal-regulatory protein α (SIRPα) on microglial cells, are proposed 

to do so. Mice lacking CD47 and SIRPα exhibit increased microglia engulfment and decreased 

synaptic connectivity in specific brain areas. 

In summary, it remains to be elucidated whether those molecular cues are controlling 

microglia activity for specific brain regions or if they are acting similarly throughout the entire 

brain. With the aid of sequencing techniques, it became apparently clear that microglial cells 

do not only exhibit different transcriptional factors over developmental stages, but also act 

differently in different brain areas [168-170]. Additionally, imaging of microglia phagocytic ac-

tivity recently revealed that e.g. in the hippocampus, microglial cells behave partially conflictive. 

Here, they seem to engulf presynaptic synapses and not as before postulated postsynaptic 

endings [171]. 

1.4 Psychopathological consequences of pregnancy challenges 
Strong evidence supports the role of prenatal environmental conditions determining the sus-

ceptibility for long-term consequences for mental health disorders, including mood disorders, 

ADHD, ASD, and schizophrenia. Specifically, maternal distress and infections during different 
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trimesters predicts behavioral deficits in both sexes, however showing more externalizing prob-

lems in males and more internalizing ones in females. Published data until now support the 

strong evidence between maternal pregnancy challenges and the risk for psychopathologies 

in the offspring originate in disturbed fetal adaptation and developmental plasticity in the pre-

natal phase. In line with the equifinality of multiple pathways using multiple mechanisms to 

lead to a common manifestation [172], the investigated maternal markers are not sufficient to 

explain the variability in results. As the vertical transfer of MMc coincide with the ontogeny of 

brain functions and can be detected within the central nervous system, it is tempting to spec-

ulate an essential role for the offspring’s brain development [16]. Despite the growing insights 

regarding the functional role of MMc present in other lymphoid organs, no insights are currently 

available on their role in brain development. 

1.5 Objectives 
The aim of this thesis is to investigate the role of MMc for perinatal brain development. It in-

tends to test the hypothesis that MMc is a mechanism of how maternal health during pregnancy 

shapes brain development and if pregnancy is challenged, identify possible consequences for 

the child’s perinatal brain maturation. 

In order to study this aim, the following specific aims were addressed: 

1. Identify the amount and phenotype of MMc in the offspring’s brain by flow cytometry 

using an established mouse mating combination. 

2. Investigate the impact of MMc on offspring’s brain immune cell compartments. 

3. Investigate the consequences of MMc modulation contribute to the ontogeny of early 

life oscillatory networks. 

4. Investigate the role of MMc for early life behavioral traits. 

5. Investigate the influence of maternal prenatal auditory stress on MMc. 

6. Assess the association between MMc detected in human cord blood samples and neu-

rocognitive performance at the age of five years. 
  



2 Material and methods 

11 
 

2 Material and methods 

2.1 Material 
Table 1. Material 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Antigen (Clone) Conjugated fluorochrome  

CD45.1 (A20) FITC BioLegend Cat# 110705 

CD45.2 (104) APC-Cy7 BioLegend Cat# 109823 

H-2b/b (KH95) PE BioLegend Cat# 111507 

H-2d/d (34-2-12) AF 670 BioLegend Cat# 114712 

CD11b (M1/70) V500 BD Biosciences Cat# 562128 

CD45R/B220 

(RA3-6B2) 
AF700 Invitrogen Cat# 56-0452-80 

CD3ϵ (145-2C11) PE eFluor 610 BioLegend Cat# 100308 

CD11c (N418) BV785 BioLegend Cat# 117335 

CD11c (HL3) PE-Cy7 BD Pharmingen Cat# 558079 

CD11b (M1/70) BV711 BioLegend Cat# 101241 

MHCII 

(M5/114.15.2) 
BV605 BioLegend Cat# 107639 

CD326/EpCAM 

(G8.8) 
PerCP-eFluor 710 Invitrogen Cat# 46-5791-80 

CD45 (30-F11) PerCP-eFluor 710 BioLegend Cat# 103132 

CD11b (M1/70) PE-Cy7 BD Pharmingen Cat# 552850 

CD115/Csf1r 

(AFS98) 
PE eFluor 610 BioLegend Cat# 135528 

CD117/c-Kit (2B8) BV421 BioLegend Cat# 105827 

CD93 (AA4.1) BV650 BD Biosciences Cat# 563807 

F4/80 (BM8) BV785 BioLegend Cat# 123141 

Zombie YellowTM 

fixable viability kit 
BV570 BioLegend Cat# 423104 

Fixable viability dye 

eFluorTM 
V500 Invitrogen Cat# 65-0866 

TruStain fcX (anti-

mouse CD16/32 

N/A BioLegend Cat# 101320 
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Anti-Iba1 Unconjugated Wako Pure Chemi-

cal 

Cat# 019-19741 

Anti-VGlut 1 Polyclonal Millipore Cat# AB5905 

Goat anti-Guinea 

Pig IgG Secondary 

Antibody 

AF488 Invitrogen Cat# A-11073 

Donkey anti-Rabbit 

IgG Secondary An-

tibody 

AF568 Invitrogen Cat# A-10042 

    

Chemicals, Peptides, and Recombinant Proteins 

Collagenase IV Roche Cat# 11088866001 

DNase I Sigma-Aldrich Cat# D5307 

Normal rat serum (NRS) 
Jackson Immuno 

Research 
Cat# 012-000-120 

Trypan Blue Stain (0.4%) Gibco Cat# 15250-061 

HEPES Buffer Solution (1M) Sigma-Aldrich Cat# 7365-45-9 

10x PBS Buffer Invitrogen Cat# AM9624 

Percoll® GE Healthcare Cat# 17-0891-01 

Red blood cell (RBC) lysis buffer Invitrogen Cat# 00-4333-57 

Hoechst33258 Sigma Cat# 94403 

Isoflurane Abbott 5260: B506 

Urethane Sigma-Aldrich 94300 

Fetal calf serum (FCS) Gibco 10082147 

Normal bovine serum 
Jackson Immu-

noresearch 
001-0000-001 

Dulbecco’s Phosphate Buffered Saline (PBS) Gibco 14190-094 

RPMI Medium 1640 Gibco 21875-034 

Hyaluronidase from bovine testes Sigma-Aldrich H3506-1G 

RNAlaterTM Stabilization Solution Invitrogen AM7021 

Roti®Histofix 4% Carl Roth P087.1 

Fluoromount-G SouthernBiotech 0100-01 

Ketamine aniMedica n/a 

Xylazine WDT n/a 

TritonTM X-100 Sigma-Aldrich T9284 

RNeasy Plus Mini Kit Qiagen 74136 



2 Material and methods 

13 
 

Real-time PCR assays 

Gene name  Taqman Assay ID 

CD47 Life Technologies Mm00495011_m1 

Trem2 Life Technologies Mm04209424_g1 

ActB Life Technologies Mm00607939_s1 

Gapdh Life Technologies Mm99999915_g1 

   

Experimental Models: Organisms/Strains 

Mouse: C57BL/6J 
Charles River La-

boratories 
Cat# 027 

Mouse: C57BL/6 Rag2-/-IL-2rγc-/- UKE N/A 

Mouse: CByJ.SJL(B6)-Ptprca/J Jackson Laboratory Cat# 006584 

Mouse: Balb/c Rag2-/-IL-2rγc-/- UKE N/A 

   

Software and Algorithms 

FACSDiva Becton Dickinson 
https://www.bdbio-

sciences.com/ 

FlowJo Version 9.9.6 TreeStar, Inc. 
https://www.flowjo.

com/ 

Prism Version 8.1.2 
GraphPad Soft-

ware, Inc. 

https://www.graphp

ad.com/ 

ImageJ 2.0.0 ImageJ 
https://im-

agej.nih.gov/ij/  

Matlab MathWorks 

https://fr.math-

works.com/prod-

ucts/Matlab.html 

Adobe Illustrator Adobe https://adobe.com 

R Statistical Software RStudio 
https://www.r-pro-

ject.org 

Cheetah 6 Neuralynx 
https://neu-

ralynx.com/ 

   

Other 

Recording electrode (1 shank, 16 channels) Neuronexus 
A1x16-3mm703-

A16 
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Rodent repellent device 
Conrad Electronics, 

Germany 
P7901 

Ultrasound rodent repellent device Weitech, Belgium WK0220-E 

Multichannel extracellular amplifier Digital Lynx 

SX 
Neuralynx n/a 

2.2 Methods 

2.2.1 Mice and timed pregnancy 

C57BL/6 Rag2-/-IL-2rγc-/- (B6.129-Rag2tm1CgnIl2rgtm1Cgn), and Balb/c Rag2-/-IL-2rγc-/- mice were 

obtained from the animal facility of University Medical Center Hamburg-Eppendorf. Balb/c 

CD45.1 (CByJ.SJL(B6)-Ptprca/J) mice were purchased from The Jackson Laboratory and 

C57BL/6 mice from Charles River Laboratories. Mice were maintained in the institutional ani-

mal facility for at least 7 days with food and water provided ad libitum in a 12-hour light/12-

hour dark cycle until experimental days. 

Eight to ten-week-old virgin female mice were mated for five sequent days, starting from 

1 p.m. The presence of a vaginal plug was checked the following morning and considered as 

E0.5. After additional 10 days, pregnancy was confirmed by a 10-15% body weight increase 

relative to E0.5. In order to normalize litter size, sex distribution, and maternal caring, at day 

of birth (postnatal (P) 0) pups were culled up to six littermates (3 females, 3 males) in total. In 

order to consider wild-type male offspring from control mating combination without a genetic 

identical male offspring to investigate, they were only kept until day of experiment but not in-

cluded in experimental investigations. 

2.2.2 Tissue processing and single cell suspension 

Fetal tissues. On E9.5 and E11.5, yolk sacs were harvested, mechanically disrupted and di-

gested in PBS containing 1mg/ml collagenase IV, 100Uml DNase I and 3% fetal calf serum at 

37°C for 30 min [173]. On E18.5, fetuses were sacrificed by decapitation after opening of the 

uterus. Fetal skin tissue was enzymatically digested using RPMI containing 10 mM HEPES, 

0.01% DNase, 0.27% Collagenase IV and 1000 U of hyaluronidase at 37°C for 2 h. Then fetal 

skin and brain were mechanically disrupted and filtered through a 40µm cell strainer to obtain 

single-cell suspensions. Placentae were stored in 4% formalin until further processing. 

Neonatal tissues. Brains were disrupted and washed through a 40µm cell strainer. Brain cell 

pellets were resuspended in 30% Percoll, containing RPMI, and gently over-layered on 35% 

Percoll and PBS. 

Perfusion and brain sectioning. Using 10% ketamine / 2% xylazine in 0.9% NaCl solution 

(10µg/g body weight), P8 mice were anesthetized intraperitoneally and transcardially perfused 

either with PBS or Histofix containing 4% paraformaldehyde. After decapitating, some isolated 
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brains were placed on a cold surface and divided into prefrontal cortex, hippocampus, remain-

ing cortical and subcortical tissue. In order to obtain sufficient cell counts for brain area-specific 

MMc determination, two brains were pooled according to same sex. Some brain areas were 

stored in RNAlater® until further processing. 

Blood samples. After collecting peripheral blood in an EDTA-coated microvette, samples were 

treated with red blood cell lysis using 500µl. 

2.2.3 Adoptive cell transfer 

To restore the maternal adaptive immune system in adaptive-immune-cell-deficient Rag2-/-IL-

2rγc-/- pregnant females (previously mated to CD45.1 Balb/c), they were anesthetized using 

CO2/O2 on E12.5. 1x107 cells isolated from peripheral blood, uterus-draining inguinal and para-

aortic lymph nodes, and spleen of C57BL/6 females (previously mated to CD45.1 Balb/c) were 

retro-orbitally injected. In order to minimize immunological differences between gestational 

days, pregnant donor C57BL/6 females were sacrificed at E12.5 or E13.5. 

2.2.4 Flow cytometry 

For antibody staining, 1x106 cells were used. In order to block unspecific FcγRII/III binding, 

initially cells were incubated in normal rat serum and TruStain fcX (anti-mouse CD16/32). Af-

terwards, the below mentioned antibodies were added in pre-defined dilutions. Simultaneously, 

either Fixable viability dye eFluor506TM or Zombie YellowTM viability kit was added and incu-

bated for 30 min at 4°C on ice in the dark. 

The following fluorescent dye-conjugated antibodies against surface antigens were used 

to identify MMc cells among the offspring’s cells in fetal brains and skins as well as neonatal 

brains: CD45.1 (1:400), CD45.2 (1:100), H-2b/b (1:20), H-2d/d (1:200). The following fluorescent 

dye-conjugated antibodies against surface antigens were used to identify fetal and neonatal 

cell populations and designate phenotypes: CD11b (1:200), CD45R/B220 (1:100), CD3ϵ 

(1:200), CD11c (1:100), CD11c (1:100), CD11b (1:200), MHCII (1:100), CD326/EpCAM 

(1:100). 

The following fluorescent dye-conjugated antibodies against surface antigens were used 

to identify yolk-sac cell populations: CD45 (1:100), CD45.1 (1:400), CD45.2 (1:100), H-2b/b 

(1:20), H-2d/d (1:200), CD11b (1:200), CD115/Csf1r (1:100), CD117/c-kit (1:100), CD93 

(1:100), F4/80 (1:100). 

Using a LSR Fortessa flow cytometer 0.3x106 leukocyte events were acquired. Data 

analyses were performed using FlowJo software by excluding doublet cells, dead cells and 

then following the individual gating strategies. Fluorescence minus one (FMO) controls (Figure 
2), which contain all antibodies of a staining panel except one, were included as controls to set 

gating thresholds for cell populations positive for the respective missing antibody. 
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Figure 2: Fluorescence minus one controls for maternal microchimeric cells in the brain. Single 
cell suspensions were prepared from P8 brains and stained by all antibodies expect from one. By this 
strategy thresholds for positive signals of individual cell populations can be determined. 

2.2.5 RNA isolation and cDNA synthesis 

Initially in RNAlater® stored brain areas were homogenized using micropackaging vials with 

ceramic beads (1.4 mm) in a Precellys 24 Tissue Homogenizer (Peqlab, Erlangen, Germany). 

By using RNeasyPlus Universal Mini Kit and Q22 DNA-Free Kit, RNA isolation and DNA di-

gestions were performed. cDNA synthesis was conducted with random primers (Invitrogen by 

Life Technologies GmbH) and afterwards concentration and purity were determined using 

NanoQuant (Tecan Group AG, Männedorf, Switzerland). RNA concentration and purity were 

determined equally. 

2.2.6 Immunohistochemistry, imaging and automated quantification 

Immunohistochemistry. Perfused brains were postfixed in 4% paraformaldehyde for 24 h and 

then sectioned coronally at 50µm. Slices were permeabilized and blocked with PBS containing 

0.3% Triton X-100, 3% normal bovine serum and 0,05% sodium azide. Subsequently, slices 

were processed by incubating them overnight with anti-Iba-1 (1:500, cat# 019-19741, Wako 

Pure Chemical) and anti-Vglut1 (1:1000, cat# AB5905, Millipore), followed by 1 h incubation 

with goat-anti-guinea pig (1:500, AF488, cat# A-11073, Invitrogen), donkey-anti-rabbit (1:500, 

AF568, cat# A-10042, Invitrogen) secondary antibodies and Hoechst33258 (1:5000, cat# 

94403, Sigma Aldrich). Then, slices were transferred to glass slides and covered with Fluoro-

mount-G. 

Imaging. After successful staining, slices were imaged with a confocal microscope (Leica 

DMI6000, Leica Microsystems). For Iba-1 and Vglut1 positive cell expression, microscopic 

stacks were acquired as 1024x1024 pixels images with 750nm Z-steps capturing 8 microglial 
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cells within the medial prefrontal cortex and CA1 region of the hippocampus, using a 63X ob-

jective. 

Iba-1 and Vglut1 overlay analysis. The overlay of Iba-1+ and Vglut+ signals was assessed using 

a previous published protocol [174]. Briefly, using the ImageJ program background noise of 

Vglut1 signal was subtracted using the subtract background (rolling ball radius, 2 pixels) and 

despeckle functions. Stacks were passed through several filters and further processed in the 

Matlab. Vglut1+ signals were labeled and their volume was measured. Positive signals <50 or 

>500 pixel were discarded. Microglia stacks were directly processed in Matlab by passing the 

images through a 3D hysteresis filter (hysteresis3d function; lower threshold=0.1, upper 

threshold=0.5, connectivity=26) and a 3D median filter (ordfilt3D function). If Vlgut1+ signals 

were 50% overlapped with Iba-1+ cells in xyz dimensions, then presynaptic vesicles were con-

sidered to be engulfed. 

2.2.7 In-vivo electrophysiology 

Surgery. Multisite extracellular recordings were performed simultaneously in the prelimbic area 

of the prefrontal cortex (PL) and CA1 area of the HP of P8 mice. Mice received an intraperito-

neal injection of urethane (1mg/g body weight, Sigma-Aldrich). Being under isoflurane anes-

thesia (Induction: 5%, maintenance: 1.5%), two plastic bars were attached on the nasal and 

occipital bones with dental cement for fixing the mouse in a stereotaxic apparatus during re-

cording. The bone above the PL (0.5mm anterior to bregma, 0.1mm right to the midline) and 

HP (3mm posterior to bregma, 3mm right to the midline) was carefully removed by drilling a 

hole of <0.5mm in diameter. 

Then one-shank multisite electrodes (NeuroNexus, MI, USA), contained 1x16 recording 

sites (50 or 100µm spacing), were inserted 2.0, 1.3 or 1.0 mm (respectively) deep into PL and 

HP perpendicular to the skull surface. A silver wire was used as a ground and reference elec-

trode and therefore inserted into the cerebellum of anesthetized mice. Then a period of 15 

minutes was granted in order to let the brain tissue recover from electrode insertion. 

Signal acquisition. Extracellular signals were acquired, band-pass filtered (0.1-9000 Hz), and 

digitized (32 kHz) using a multichannel extracellular amplifier (Digital Lynx SX; Neuralynx, Bo-

zeman, MO, USA) with the Cheetah acquisition software (Neuralynx). 

Electrode position. After recording time of 30 min, animals were perfused as described before 

and brains were sectioned coronally at 100µm. Wide field fluorescence images were acquired 

to identify the precise position of the recording electrode defined by DiI (Lipophilic membrane 

stain, cat #D282, ThermoFischer) traces. After correctly determining electrode position in de-

sired brain regions, animals were included into following analytical procedure. 

Analysis. In vivo data were analyzed with custom-written algorithms in the Matlab environment. 

In order to analyze local field potentials (LFP) data were band-pass filtered (4-100 Hz) using a 
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Butterworth filter before downsampling (to 3.2 kHz). For investigating multi-unit activity (MUA) 

a band-pass filter ranging from 500-5000 Hz was used. 

The detection of discontinuous patterns of activity in the neonatal PL and HP was per-

formed according to a previously published version of an algorithm for unsupervised analysis 

of neonatal oscillations [148] with some modification. Activity was considered as network os-

cillations if they pass a certain threshold that is defined by its variance after processing data 

through a band-pass filter (1-100 Hz). Precisely, the threshold is determined by the Gaussian 

fit of the value ranging from 0 to the global maximum of the root-mean-square histogram. Two 

oscillations occurring within 200ms were considered as one and then were supposed to last > 

1 s to be included in further analysis. 

The power spectral density was analyzed by sticking 1 s-long windows of network oscil-

lations on each other and then using Welch’s method with non-overlapping windows. MUA 

was identified as the peak of negative deflections that overshoot a threshold (5*standard devi-

ation). Subsequently, the firing rate was calculated as the total number of spikes divided by 

the length of the analyzed time window. Afterwards the data were transferred to Matlab for 

using custom-written analytical tools. 

2.2.8 Prenatal auditory stress challenge 

Pregnant dams were exposed to an auditory stress on E10.5, 12.5, and 14.5 each time for 24 

h with intermitted undisturbed periods of 24 h. During single-housed stress periods, with food 

and water ad libitum, two rodent repellent devices were placed inside of the stress cages, one 

emitting at 300 Hz in 15 seconds and the other continuously emitting ultrasound waves. Un-

stressed control dams were kept undisturbed in their home cages. After each stress session, 

mice were placed back into their home cages. 

2.2.9 Isolation-induced ultrasonic vocalizations 

Recordings of ultrasonic vocalizations (USVs) were conducted in an acoustically isolated room 

at constant light intensity and temperature according to established protocols. The pup was 

isolated from the littermates and mother by placing it into a Plexiglas box (L: 34cm, W: 17cm, 

H: 19cm) accurately 19 cm below a condenser microphone (CM16/CMPA, Avisoft Bioacous-

tics, Berlin, Germany) being sensitive to frequencies from 10 to 200 kHz. Precisely after 30 s, 

from the moment the pup was placed exactly underneath the microphone, the recording was 

started for 600 s at a sampling rate of 250 kHz (16-bit format) using the ultrasound recording 

interface (Avisoft UltraSoundGate, Avisoft Bioacoustics). USVs were categorized by a blind 

rater in three classes (simple, frequency jumps, and complex) and quantified using a large 

toolbox utilizing supervised deep learning methods in MATLAB. 
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2.2.10 Study approval mice 

Animal care and all experimental procedures were performed according to University Medical 

Center Hamburg-Eppendorf institutional guidelines and conform to requirements of the Ger-

man Animal Welfare Act. Ethical approvals were obtained from the State Authority of Hamburg, 

Germany (Approval numbers G049/17, N18/111, ORG_927). 

2.2.11 Human study design and approval 

For analyzing human associations, data were obtained from the PRINCE (Prenatal Determi-

nants of Children’s Health) study, which is a longitudinal prospective cohort study of pregnant 

women and their children located at the University Medical Center Hamburg-Eppendorf. The 

aim of this cohort is the identification of prenatal factors influencing the maternal and children’s 

future immune development and health. Women were included if they were at least 18 years 

old, were not expecting twins, and were between 12th and 14th±6 week of pregnancy. They 

were excluded if the pregnancy was conceived medically assisted, an autoimmune disorder 

was diagnosed or fetal pathologies observed. Once a trimester, pregnant women were invited 

to a checkup by a specialized gynecologist/ obstetrician. Mothers were recruited from 2011 

until 2019 and afterwards only integrated if they were subsequently pregnant. Since 2017, 

families were invited to participate in a pediatric evaluation integrating a neurocognitive perfor-

mance diagnostic at the age of 5 years. All study subjects signed informed consent forms and 

the ethics committee of the Hamburg Chamber of Physicians (Ärztekammer Hamburg) ap-

proved the study protocol under the registration number PV3694. 

2.2.12 Neurocognitive testing in children 

The custom-designed neurocognitive assessment was established in collaboration with the 

Department of Biological Psychology and Neuropsychology at the University of Hamburg. It 

includes well-established tasks testing neurocognitive domains such as attention [175], learn-

ing and memory [176], and executive functions [177, 178]. 

2.2.13 Statistical analyses 

Statistical analyses were conducted with GraphPad PRISM version 8 (GraphPad Software, La 

Jolla, CA, USA) and R Statistical Software (Foundation for Statistical Computing, Vienna, Aus-

tria). Statistical parameters including sample sizes and dispersion are reported in the figures 

and their legends. Statistical difference between two groups was determined by unpaired, two-

tailed t-Test. One-way analysis of variance (ANOVA) with Bonferroni or Dunn’s multiple com-

parisons post hoc test was used to statistically compare three groups. If data did not meet test 

prerequisites, non-parametric test equivalent were used. Data is evaluated to statistically sig-

nificant when at least p<0.05.  
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3 Results 
3.1 Enhanced mouse mating combination for the modulation of pregnancy-induced ma-
ternal microchimerism by flow cytometry 
To address the aims of this thesis, an established animal model [179] was modified in order to 

modulate the transfer of pregnancy-induced MMc. An allogeneic mating combination of unre-

lated mouse lines – C57BL/6 females and Balb/c males – allowed the maternal immune system 

to establish tolerance towards genetically different fetuses. By using female Rag2-/-IL-2rγc-/- 

C57BL/6 (C45.2+; H-2b/b) allogeneically mated to CByJ.SJL(B6)-Ptprca/J (CD45.1+; H-2d/d), het-

erozygous offspring were generated, expressing Rag2+/-, IL-2rγc+/-, both CD45 markers, and 

the MHC class I haplotypes (CD45.2/1; H-2b/d). Due to the maternal lack of T-, B- and NK cells, 

those offspring, called MMclow, naturally receive a reduced number of maternal immune cells 

during pregnancy. For experimentally comparing them with genetically identical controls, we 

employed the vice versa mating for generating MMcpos mice, receiving physiological numbers 

of MMc during pregnancy. Then, MMc are detectable and distinguishable from offspring’s cells 

by their homozygous expression of CD45.2+ and H-2b/b (Figure 3A, B). 

Using flow cytometry to detect MMc, four extracellular markers – CD45.1, CD45.2, MHC 

class I haplotypes H-2b/b and H-2d/d – together with their fluorescence minus one controls were 

utilized to discriminate cells from maternal and offspring’s origin. 

 
Figure 3: Animal experimental approach for detection of maternal microchimeric cells. (A) An 
allogeneic mating of a Rag2-/-IL-2rγc-/- C57BL/6 female and wild-type Balb/c male generates offspring 
exhibiting physiologically reduced numbers of maternal immune cells. In order to compare them to ge-
netically identical control offspring, the vice versa mating was utilized. (B) The gating strategy in this 
mating combination allows for the detection of maternal microchimeric cells only the major histocompat-
ibility complex class I haplotypes H-2b/b and H-2d/d. 

3.2 Reproductive outcome of the modified animal model 
Since Rag2-/-IL-2rγc-/- C57BL/6 mice lack the adaptive immunity and it is critically involved in 

establishing tolerance to semi-allogeneic fetuses, reproductive outcome was assessed to ex-

clude confounding effects on consecutive experiments. Mice were monitored closely from day 

of vaginal plug E0.5 until one day before birth (E18.5). Neither weight gain, plug to pregnancy 
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ratio, number of implantations nor fetal loss exhibited significant differences between wild-type 

C57BL/6J and Rag2-/-IL-2rγc-/- C57BL/6 pregnant dams (Figure 4A-D). As the placenta repre-

sents the connective interface between maternal and fetal blood circulation, and it is an essen-

tial organ for fetal supplement determining growth and development. In order to evaluate 

whether fetal development is affected by placental malformation, its area and ratio between 

labyrinth, which is important for gas and nutrient exchange, and junctional zone, which is the 

source of pregnancy-related hormones, were investigated. Placental surface area and the ratio 

between labyrinth and junctional zone were not significantly different between fetuses from 

both groups (Figure 4E-G). As a last indicator for fetal development gestational length and 

birth weight were compared exhibiting also no significant differences between MMcpos and 

MMclow pups (Figure 4H-I). 

 
Figure 4: Reproductive outcome between Rag2-/-IL-2rγc-/- C57BL/6 and wild-type C57BL/6 fe-
males. (A) Maternal weight gain of wild-type (n = 16; black) and Rag2-/-IL-2rγc-/- (n = 15; petrol) was 
monitored over the course of pregnancy. (B) Plug/Pregnancy ratio, (C) number of implantations, (D) 
fetal loss, (E) placental surface area in total, and (F) labyrinth/junctional zone ratio were calculated at 
E18.5. (G) Representative placental mid-sagittal tissue sections from wild type (left) and Rag2-/-IL-2rγc-

/- (right) dams at E18.5. (H) Gestational length and (I) birth weight were assessed. Statistical analyses 
were performed by Mann Whitney U-test. Data are mean ± SEM. 

In summary, even though Rag2-/-IL-2rγc-/- C57BL/6 mice exhibit an immune compro-

mised phenotype with lacking pregnancy relevant immune cell compartments, their reproduc-

tion was as successful as in wild-type C57BL/6J mice. Because the IL-2rγc gene is located on 

the X chromosome, MMcpos male offspring have a wild type genotype and thus are genetically 

different from heterozygous MMclow males. Consequently, only female offspring were included 

in experimental investigations even though during upbringing sex ratio 1 female: 1male) within 

litters (maximal six pups/litter) was balanced out. 
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3.3 Maternal microchimeric cells in the brain predominantly express CD11b 
Using the mentioned mouse mating combination, MMcpos and MMclow offspring were investi-

gated for their amount of MMc within the brain at E18.5, as the peak of pregnancy-induced 

microchimerism, and P8, because until then murine brain development is irrespective of sen-

sory inputs. Flow cytometric gating of maternal cells within the offspring’s brain was validated 

by simultaneously quantifying maternal PBMCs (Figure 5A). MMclow offspring exhibit signifi-

cantly reduced numbers of MMc in their brains at both time points, with a total reduction of 

MMc within the first week of postnatal life (Mann-Whitney U-test; P < 0.0001; Figure 5B). 

 
Figure 5: Maternal microchimeric cell presence in the offspring’s brain. (A) Representative contour 
plots of MMc detection via flow cytometry for MMcpos (black, nE18.5 =21 from 5 litters, nP8 = 15 from 5 
litters) and MMclow (petrol, nE18.5 = 21 from 5 litters, nP8 =20 from 7 litters) offspring, as well as maternal 
blood as positive control. (B) Amount of detected MMc standardized to 106 offspring’s living cells. Sta-
tistical analyses were performed by Mann Whitney U-test with ****P<0.0001. Data are mean ± SEM. 

Since cellular phenotypes are important to determine MMc functional involvement in 

brain development, the next goal was their identification. Using cell surface markers such as 

CD3 for T cells, CD45R/B220 for B cells, and CD11b for microglia, their phenotype was as-

sessed by flow cytometry. At E18.5, the majority of MMc remained unidentified but from leu-

kocyte origin, followed by B cells (CD45R/B220+ CD3neg CD11bneg), microglia (CD45R/B220neg 

CD3neg CD11b+) and T cells (CD45R/B220neg CD3+ CD11bneg). For all covered immune cell lin-

eages, MMclow exhibited significantly reduced numbers at this time point (Mann-Whitney U-
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test; P < 0.0001; Figure 6A, B). However, the reduction in MMc T cells was not as strong as 

for rest (Mann-Whitney U-test; P = 0.0036; Figure 6B). One week later at P8, unidentified MMc 

were reduced compared to E18.5 and the significant reduction in MMclow pups exclusively re-

mained for CD11b+ microglial cells (Mann-Whitney U-test; P < 0.0001; Figure 6C). 

Taken together, MMc from hematopoietic origin were present in the offspring’s brain from 

embryonic life onwards and are still detectable at P8.  

 
Figure 6: Phenotypic characterization of maternal microchimeric cells in the offspring’s brain. 
(A) Representative contour plots for MMcpos (black, nE18.5 =21 from 5 litters, nP8 = 15 from 5 litters) and 
MMclow (petrol, nE18.5 = 21 from 5 litters, nP8 =20 from 7 litters) offspring. (B) In the fetal brain at E18.5, 
B220+, CD3+, CD11b+ and H-2b/b cells can be identified. (C) The same as (A) for P8. Statistical analyses 
were performed by Mann Whitney U-test with **P<0.001, ***P<0.0002, ****P<0.0001. Data are mean ± 
SEM. 

3.4 The lack of maternal microchimeric cells controls host brain-resident but not skin-
resident macrophages originated from altered yolk-sac development 
Since MMc in the offspring’s brain showed a microglia phenotype during a developmental pe-

riod of tremendous architectural reorganization of the brain, host immune cell compartments 

were assessed. MMclow offspring exhibited significantly more microglial cells from offspring’s 

origin at E18.5 compared to MMcpos (Mann-Whitney U-test; P = 0.0084; Figure 7A, B). In com-

parison to microglial cells, T cells and B cells were significantly reduced in MMclow fetuses 

(Mann-Whitney U-test; P < 0.0001; Figure 7C, D). This elevation was validated in three inde-

pendent experiments. 
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Figure 7: Offspring’s brain immune cell characterization in absence of maternal microchimeric 
cells. (A) Representative contour plots for microglia (CD11b+), T cells (CD3+), and B cells (B220+). (B) 
Microglia cells at E18.5 from MMcpos (black, n= 21 from 5 litters) and MMclow (petrol, n= 20 from 6 litters) 
were assessed via flow cytometry. (C-D) same as (B) but for T and B cells. Statistical analyses were 
performed by Mann Whitney U-test with *P<0.05, **P<0.001. Data are mean ± SEM. 

According to published evidence [136], host microglial cells derive from yolk-sac progen-

itor cells that invade the fetal brain as early as E7.5. Sharing the same yolk-sac origin, skin-

resident macrophages, the Langerhans cells (LHC), were assessed for same alterations in 

MMclow. After quantifying skin immune cells at E18.5 MMclow fetuses showed less epidermal 

LHC (Mann-Whitney U-test; P = 0.0855; Figure 8A, B) and monocyte-derived LHC (Mann-

Whitney U-test; P = 0.0652; Figure 8C) compared to MMcpos. 

 
Figure 8: Offspring’s skin immune cell characterization in absence of maternal microchimeric 
cells. (A) Representative contour plots for epidermal and monocyte-derived Langerhans cells. (B) Epi-
dermal Langerhans cells were assessed in E18.5 skins of female MMcpos (black, n=21 from 7 litters) and 
MMclow (petrol, n=6 from 4 litters) female offspring. (C) same as (B) but for monocyte-derived Langer-
hans cells. Statistical analyses were performed by Mann Whitney U-test with *P<0.05. Data are mean 
± SEM. 

Microglia and LHC originate from same yolk-sac progenitor cells that infiltrate the fetus 

by three different waves. To determine whether specific yolk-sac progenitor cell developmental 
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waves are influenced by the absence of MMc, single yolk sacs were isolated (kindly executed 

by Ass. Prof. Dr. med. vet. Judith Eckert, PhD; see Figure 9A) and quantified for pre-macro-

phages, or primitive macrophages depending on their embryonic stage. Shortly before MMc 

infiltration at E11.5, MMclow yolk sacs exhibited less pre- and primitive macrophages (Mann-

Whitney U-test; P = 0.029; Figure 9B-D). 

 
Figure 9: Microglia progenitor cell invasion is disrupted by maternal microchimeric cell reduc-
tion. (A) Pictures taken of E9.5 and E11.5 embryos separated from their yolk sacs. White arrows point 
towards yolk sacs. (B) Representative contour plots of progenitor cell waves for MMcpos and MMclow. (C) 
Pre-macrophages were quantified in single yolk sacs from MMcpos (black, n=19 from 5 litters) and MMclow 
(petrol, n=8 from 4 litters) embryos. (D) same as (C) but for primitive macrophages. Statistical analyses 
were performed by Mann Whitney U-test with *P<0.05. Data are mean ± SEM. 

Taken together, the absence of MMc during fetal development decreased yolk-sac pro-

genitor cell development (E11.5) ultimately leading to a potential overcompensation of host 

microglia infiltration later in development (E18.5). Exclusively affecting brain-resident macro-

phages, shortly before birth only more microglial cells were present in the MMclow fetuses. 

3.5 Altered host microglia development results in engulfment dysfunction 
In order to achieve neurodevelopmental milestones, microglial cells play a critical role in shap-

ing neuronal landscape by dismantling synaptic connections. To determine if more microglia 

in MMclow offspring exhibit excessive engulfment in HP and medial prefrontal (mPFC) brain 

areas, a microglial engulfment assay was used to quantify phagocytosis of synapses at P8. 

MMclow HP microglial cells depicted significantly more presynapse engulfment, identified as 

Vglut1-positive signal entirely located within a microglial cell compared to MMcpos (Mann-Whit-

ney U-test; P = 0.0048; Figure 10A). Because of phagocytic activity, the microglia volume is 

also significantly higher (Mann-Whitney U-test; P = 0.0154; Figure 10B). Since presynaptic 
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vesicles are storage compartments for various neurotransmitters, their enlargement might be 

a hint for altered neurotransmitter release changing electrical brain (Mann-Whitney U-test; P = 

0.0271; Figure 10C). Also, the number of intersections between microglial cells and presyn-

aptic vesicles were significantly elevated in MMclow compared to MMcpos offspring (Mann-Whit-

ney U-test; P < 0.0001; Figure 10D). Representative morphometric images of microglial cells 

(green) and presynaptic vesicles (red) illustrate the alterations between pups of different 

groups (Figure 10E). Tendencies with similar findings were observed for mPFC (Figure 10F-
J). 

 
Figure 10: Elevated synapse elimination in hippocampal and prefrontal areas. (A-D) MMclow (pet-
rol, n= 34 from 4 pups) offspring exhibit more presynaptic vesicle engulfment by microglial cells (Inclu-
sion index) compared to MMcpos (black, n= 24 from 3 pups), as well as a tendency towards a higher 
microglia volume. The total number of intersections between microglial cells and presynaptic vesicles is 
higher in MMclow offspring (petrol, n= X from 4 pups) compared to MMcpos offspring (black, n= X from 3 
pups). (E) Representative microglial engulfment reconstructions showing microglia in green and en-
gulfed synapses in red. (F-J) same as (A-E) for medial prefrontal cortex. Statistical analyses were per-
formed by Mann Whitney U-test with *P<0.03, **P<0.001, ****P<0.0001. Data are mean ± SEM. 

To confirm microglia activity molecularly, brains of perfused P8 pups were dissected in 

enriched PFC, HP, remaining cortex (CORT), and subcortical area (SUB). When comparing 

CD47 and TREM2, as two recently identified pathways of microglia engulfment, they did not 

exhibit significant differences in gene expression between MMclow and MMcpos brain areas 

(Figure 11A-H). Comparing efficiency and CT values showed that methodological issue can-

not be accounted for not detecting changes (Data not shown). 

Taken together, these results indicate that a significant reduction of MMc transmission 

into the offspring’s brain is connected to a deteriorated microglia development, persisting post-

natally. However, recently published molecular pathways of synapse elimination such as CD47 

and TREM2 did not show differences between groups and brain areas. 
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Figure 11: Elevated synapse engulfment is not controlled by CD47 nor TREM2. (A-D) Brain area 
specific expression of CD47 between MMcpos (black, n=5 from 5 litters) and MMclow (petrol, n=5 from 5 
litters) was assessed by qPCR from perfused P8 pups. The fold change was calculated using beta-actin 
(Actb) and glyceraldehyde 3-phosphate dehydrogenase (GapdH) as control and utilizing the Δ Δ Ct 
method. (E-H) same as (A-D) but for triggered receptor expressed on myeloid cells 2 (TREM2). Statis-
tical analyses were performed by Mann Whitney U-test with *P<0.03. Data are median ± 1.5xIQR. 

3.6 Localization of maternal microchimeric cells in the offspring’s brain 
The molecular cues of synapse engulfment did not exhibit differences between mentioned 

brain areas leading to the questions of specific areas accumulating MMc during brain devel-

opment. To test if MMc may abundantly populate somewhere, P8 brains were dissected into 

enriched PFC, HP, CORT, and SUB regions. By pooling two pups per litter and standardizing 

the number of MMc to tissue-specific wet weight, an accumulation of MMc in a specific brain 

area could not be identified (Figure 12A). 

 
Figure 12: Brain area specific maternal microchimeric cell accumulation. (A) Numbers of MMc 
detected in distinct brain areas that were normalized to wet weight between MMcpos (black, n= 6 from 3 
litters) and MMclow (petrol, n= 9 from 4 litters). Statistical analyses were performed by Mann Whitney U-
test. Data are mean ± SEM. 
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This dissection approach was used to determine MMc in specific brain areas. In combi-

nation with published evidence [123] investigating postnatally acquired MMc in the offspring’s 

brain, the limbic circuit was chosen to evaluate whether MMc are affecting higher cognitive 

functions in mice. 

3.7 Offspring devoid of brain maternal microchimeric cells exhibit perturbed patterns of 
oscillatory activity and disturbed prefrontal-hippocampal network activity 
Microglial cells contribute to early life brain reorganization by activity-dependent synaptic re-

finement and thus essentially sculpt the ontogeny of neural circuits. To address whether the 

augmented phagocytic microglia activity at P8 adversely controls neuronal activity, extracellu-

lar recordings of LFP and MUA in PL of the mPFC and CA1 area of HP using 1-shank 16 site-

silicon probes were monitored. Exact position of recording sites was verified by reconstruction 

of electrode tracks post-mortem (Figure 13A). As already shown by previous studies [81, 83, 

147, 149], network activity in the neonatal brain initiates discontinuously (Figure 13B), having 

similar organizational traits in urethane-anesthetized and asleep non-anesthetized pups [180]. 

Local oscillatory activity in PL and HP were detrimentally impaired by the reduction of MMc in 

offspring. The power of oscillatory events in PL of MMclow pups exhibited significant lower θ (4-

12 Hz; Mann-Whitney U-test; P = 0.0188) and β (12-30 Hz; Mann-Whitney U-test; P = 0.03) 

activity compared to MMcpos ones and a clear tendency in faster γ (30-100 Hz; Mann-Whitney 

U-test; P = 0.0759) band (Figure 13C, D). Those major differences were independent of du-

ration and occurrence of single oscillations in the PL, but clearly associated to amplitude 

(Mann-Whitney U-test, P = 0.001). Interestingly, MUA activity was also unchanged (Figure 
13E, F). 

To determine whether the disturbed patterns of oscillatory activity in PL circuits were 

adversely affected by dysfunctional HP activity, same analyses were performed for the HP. 

The same local disruptions were shown for the HP in θ (4-12 Hz; Mann-Whitney U-test; P = 

0.0364) and β (12-30 Hz; Mann-Whitney U-test; P = 0.0178) and amplitude (Mann-Whitney U-

test; P = 0.009) (Figure 13G-J). In summary, the reduced MMc in the offspring’s brain detri-

mentally perturbed the electrical brain activity in PFC an HP locally. Those local changes were 

present in slow wave oscillations mirrored by θ and β activity, while basic properties are unaf-

fected by the reduction in MMc. 
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Figure 13: Offspring devoid of maternal microchimeric cells exhibit perturbed patterns of oscil-
latory activity in limbic circuits. (A) Digital photomontage showing tracking the position of a 1-shank 
DiI-labeled electrode in the medial prefrontal cortex (upper part), CA1 of hippocampus and perirhinal 
cortex (lower part) of Nissl-stained 100-µm-thick coronal section from a P8 mouse. (B) Extracellular LFP 
recordings of discontinuous oscillatory activity in PL of mPFC at P8 of MMcpos (left) and MMclow (right 
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pups illustrated after a bandpass filter (4-100 Hz, top) and corresponding MUA after a bandpass filter 
(500-5000 Hz, bottom). The color-coded wavelet spectra of displayed LFP showed at the identical time 
scale. Lower part shows the same for the hippocampus. (C) Absolute power spectra of discontinuous 
oscillations for MMcpos (black) and MMclow (petrol). (D) Violin plots for θ (n=11, 12), β (n=10, 12), γ (n=11, 
11), and (E) amplitude (n=11, 12), duration of oscillatory events (n= 11, 12), occurrence (n= 11, 12), and 
(F) logarithmic multi-unit activity firing rate (n= 10, 13) in prelimbic cortex (PL). (G-J) same as (C-F) for 
CA1 of hippocampus. Statistical analyses were performed by Mann Whitney U-test with *P<0.05, 
**P<0.001, ***P<0.0001. Data are mean ± SEM. 

3.8 Offspring with reduced maternal microchimeric cells show impaired neurobehavior 
at neonatal age 
Previous findings suggested that in utero environmental disturbances mediated by the mater-

nal well-being interfere with early postnatal affective and cognitive development. To determine 

whether a reduction of MMc in the offspring’s brain has adverse effects on mental health, off-

spring underwent an evaluation of maternal isolation-induced USV as an early marker of neu-

robehavioral development. A machine-learning system [181] for detecting and classifying rec-

orded USV at P8 was used. The classification process was based on published literature [182, 

183] defining three classes (Frequency jumps, complex, and simple; Figure 14A), claiming to 

be essential in neonatal communication. The algorithm was able to perform the classification 

with an accuracy of 93% after initial training sessions. 

The absence of MMc in the offspring led to a more complex vocalization phenotype mir-

rored by more frequency jumps and complex vocalizations compared to simple ones (Figure 
14B). Along with the hypothesis, MMclow offspring emitted during 10 minutes of recording less 

USV along with over all less USV with progressing time. The syllables were also shorter, emit-

ted in a lower frequency however more intense (Figure 14C-G). 

Taken together, the changes in isolation-induced USV indicate an affective dysregulation 

modulating communicational properties and thus neurobehavioral traits. This early behavioral 

phenotype has been shown to a valid prognostic marker for later on psychopathology. 
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Figure 14: Absence of maternal microchimeric cells in the offspring’s brain impairs neurobehav-
ioral performance at neonatal age. (A) Sonograms of three (Simple, Frequency jumps, Complex) 
classes of USV emitted by maternal-separated pups that were classified by machine learning algorithms. 
(B) Percentage of different USV classes emitted by MMcpos (black colors, left, n=11) and MMclow (petrol 
colors, right, n=8). (C) USV plot exhibiting frequency of emitted vocalizations over 10 minutes of record-
ing for MMcpos (top) and MMclow (bottom). (D,E) MMclow offspring call significantly longer throughout all 
classifications compared to MMcpos. (F,G) At the same time, MMclow pups vocalize at a lower frequency 
compared to MMcpos. Statistical analyses were performed by Mann Whitney U-test with *P<0.05, 
**P<0.001, ***P<0.0001. Data are mean ± SEM. 
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3.9 Long-term cognitive impairment in offspring devoid of MMc 
During this thesis, the investigation of long-term cognitive consequences of MMc reduction in 

the offspring including possible confounder variables was provided to Veronika Sternemann 

as a medical doctoral thesis. Establishment of the utilized behavioral test battery for offspring 

and pregnant dam was a corporate process, ending in a joint analysis. However due to essen-

tial belonging to the functional understanding of MMc and their role for brain development and 

behavior, most important results are shortly summarized. Since MMclow offspring were affected 

in their affective development already at P8, long-term impairments were hypothesized. Firstly, 

Veronika was supposed to test if maternal perinatal behavior between wild-type C57BL/6J and 

Rag2-/-IL-2rgc-/- C57BL/6 and offspring’s developmental milestones were different. If not, be-

havioral changes were supposed to be investigated. 

Initially, maternal behavior was quantified, because it was reported that severe combined 

immunodeficiency in mice showed less time spent on the nest linked to impaired dam-pup 

interaction [184]. Thus, at E16.5 maternal nesting material was replaced by three nestlets in 

order to quantify nest-building performance 24 h later. Further, at P2, P4, and P6 maternal 

time spent on and off the nest was recorded and quantified afterwards as a proxy for caring 

behavior. At P6, the time needed to pick up the first pup and retrieve it back to the nest was 

also documented. The scoring was done by three independent observers with no differences 

between wild-type C57BL/6J and Rag2-/-IL-2rgc-/- C57BL/6 in maternal perinatal behavior. 

Consequently, a custom-designed test battery was designed to investigate behavioral 

traits largely dependent on the functional communication between prefrontal and hippocampal 

brain areas. Using innate murine behavioral traits recognition memory, spatial working 

memory, and repetitive behavior were assessed. The reduction of MMc in the offspring was 

linked to impairments in object recognition, tests that exclusively require the innate curiosity 

for novel and less familiar objects. After controlling for exploratory and anxiety-like behavior at 

P19, the interaction time and number of interactions with the novel/less-recent object in com-

parison to the familiar/more recent one was quantified. MMclow offspring exhibited worse object 

recognition memory function compared to MMcpos animals. Testing spatial working memory 

and repetitive-like behavior did not show any differences. 

Taken together, the absence of MMc in the offspring’s brain led to strong cognitive im-

pairments tackling the dysfunctional connectivity between prefrontal and hippocampal areas. 

Along with previous mentioned hypotheses, the perturbation of prefrontal-hippocampal net-

works already early in life showed prolonged and pervasive developmental disruptions. 
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3.10 Adoptively transferred maternal immune cells during pregnancy rescues the ad-
verse effects of their absence in the offspring partially 
To approximate the functional involvement of MMc in those alterations, Rag2-/-IL-2rgc-/- 

C57BL/6 mice received cells from pregnant age-matched C57BL/6 mice transferred intrave-

nously. Those cells were isolated from lymph nodes, spleen, and blood at E12.5. In line with 

the hypothesis, the prenatal transfer restored the MMc transmission generating offspring 

termed MMclow+AT. At E18.5 and P8, MMclow offspring showed significantly lower numbers of 

MMc in the brain compared to MMcpos and restored offspring (Kruskal-Wallis H-test with Bon-

ferroni’s post hoc test; P < 0.0001; Figure 15A-C). The differences were not present between 

MMcpos and MMclow+AT. The adoptive transfer also showed a rescue in MMc phenotypes within 

the offspring’s brain, as at E18.5 all immune cell compartments exhibited significantly higher 

numbers compared to MMclow and at P8 in microglia and T cells (Kruskal-Wallis H-test with 

Bonferroni’s post hoc test; P < 0.0001; Figure 15D, E). Additionally, microglial cells from off-

spring’s origin were reduced to normal amount in MMclow+AT offspring (One-way ANOVA with 

Bonferroni’s post hoc test; P < 0.0001; Figure 15F, G). 

Surprisingly, the normalized levels of MMc rescued the synapse elimination only partially 

in HP and mPFC (One-way ANOVA with Bonferroni’s post hoc test; P = 0.0265; Figure 15H, 
I) as well as neural network communication (Figure 15J-M) in both areas. Against our hypoth-

esis, the USV were not normalized to the expected extend. 
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Figure 15: Prenatal administration of pregnant-age matched immune cells partially re-
stores impairments. (A) Rag2-/-IL-2rγc-/- C57BL/6 females (CD45.2+, H-2b/b) were allogeneically 
mated to congenic Balb/c males (CD45.1+, H-2d/d) and received an intravenous injection of immune cells 
that were isolated from pregnant-age matched dams. (B) Representative contour plots illustrate that 
MMc can be detected after injection in the offspring’s brain. (C-E) MMclow+AT offspring exhibit elevated 
numbers of MMc at E18.5 and P8 as well a rescue of phenotypic distribution at both ages. (F-I) Repre-
sentative contour plots show a rescue of prenatal microglia disruption by decreasing their amount at 
E18.5 to physiological normal levels. (J-M) Altered oscillatory activity in prefrontal and hippocampal 
networks approximates to MMcpos results but did not reach levels of significance. Statistical analyses 
were performed by Kruskal-Wallis test with post-hoc Dunn’s multiple comparisons test with *P<0.05, 
**P<0.001, ***P<0.0001. Data are mean ± SEM. 



3 Results 

35 
 

Taken together, prenatal administration of cells isolated from spleen, lymph nodes and 

blood rescued the amount of pregnancy-induced microchimerism however just partially af-

fected the functional changes observed in the offspring. Specifically, the administration nor-

malized synapse elimination and long-term behavioral impairments (shown in MD thesis of 

Veronika Sternemann). 

3.11 A midgestational maternal auditory stress challenge increases the amount of ma-
ternal microchimeric cells in the offspring’s brain 
To investigate whether MMc might be a pathway of sex-specific programming of fetal neuro-

development in diseases, wild-type C57BL/6J (CD45.2, H-2b/b) females were mated to con-

genic Balb/c (CD45.1, H-2d/d) males and half of pregnant dams were exposed to a midgesta-

tional maternal auditory stress challenge recurring on E10.5, 12.5, and 14.5 for 24h each (Fig-
ure 16A, B). The prenatal stress exposure in utero did not affect the offspring’s birth weight 

and weight increase until P8 even if male offspring were in total a bit heavier (Figure 16C). 

On P8, overall the amount of CD45+ cells did not differ in the offspring’s brain of prena-

tally stressed and control group (Data not shown), but GC exposure led to an increase of MMc 

specifically in female brains but not male (One-way ANOVA with post-hoc Bonferroni’s multiple 

comparisons test; P = 0.0492; Figure 16D, E). This increase was mainly due to CD11b+ mi-

croglial cells that are the predominant phenotype of MMc in the offspring’s brain as already 

shown earlier. Interestingly, CD3+ T cells and B220+ B cells were not affected, but the uniden-

tified population assumed to be still from the leukocyte lineage showed the same increase in 

females (Figure 16F). Considering that the offspring were not perfused beforehand, a contam-

ination of brain surrounding vasculature cannot be excluded and thus changes in T cells and 

B cells might be camouflaged. At this time point, also host microglia exhibited an increase in 

female brain but not males, while T cells remained unchanged. Unexpectedly, host B220+ cells 

were decreased in the exact same female brain (Figure 16G). 

In summary, a midgestational maternal auditory stress challenge increased the trans-

mission of MMc in the offspring’s brain and especially tackles females during this vulnerable 

period of life. Particularly because of MMc interaction with host microglia shown before, also 

in state of fetal stress exposure, MMc might control brain-resident macrophages as a pathway 

of detrimentally manipulate the developing brain. 
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Figure 16: Midgestational maternal auditory stress perception increases the amount of maternal 
microchimeric cells in the offspring’s brain. (A) Allogeneic mating allowing for the detection of ma-
ternal microchimeric cells. (A, B) Schematic illustration of utilized prenatal auditory stress model. 
C57BL/6 females were exposed to an auditory stress for three periods of each 24 h during midgestation. 
(C, D) Offspring were monitored for their weight increase beginning at birth. (E) Representative dot plots 
for prenatally stressed and corresponding undisturbed offspring. (F, G). On P8, MMc were significantly 
higher in female prenatally stressed pups compared to their controls. Males did not show differences. 
Changes in numbers largely depends on increments of microglial phenotypes. (H-J) Host microglial cells 
are significantly higher in prenatally stressed females and not males, whereas prenatally stressed males 
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exhibit significantly lower B cells. Statistical analyses were performed by Kruskal-Wallis test with post-
hoc Dunn’s multiple comparisons test with *P<0.05, **P<0.001, ***P<0.0001. Data are mean ± SEM. 

3.12 Maternal microchimeric cells in human cord blood are associated with executive 
functions in children at the age of 5 years 
This mouse model enabled the investigation of the functional relevance of MMc for the off-

spring’s brain development and how they might cellularly and molecularly control the ontogeny 

of cognition. After having disentangled a pathway, the results need to be validated in a human 

setting. Subsequently, data from the PRINCE cohort at the University Medical Center Ham-

burg-Eppendorf were kindly provided for testing associations between MMc in human cord 

blood mononuclear cells (CBMC) and neurocognitive performance at the age of 5 years. Due 

to limited access to human tissue, CBMC were identified to be the most promising source of 

MMc, because it is assumed that over the course of pregnancy until parturition the amount of 

transferred cells increase. Data selection proceeded as shown in the flow chart (Figure 17A) 

resulting in data for 22 girls and 15 boys. Table 2 facilitates children’s individual characteristics, 

including sociodemographic data, birth outcomes and additional variables of interest. Signifi-

cant differences were only observed for attention performance between girls and boys (Mann-

Whitney U-Test; P = 0.036; Table 2). 

Table 2. Subject characteristics 
Variable Girls (n=22) Boys (n=15) P value 

Age, y 5.25 ± 0.03 5.29 ± 0.03 0.34 

Birthweight, g 3487.35 ± 108.39 3421.67 ± 206.36 0.84 

Birth height, cm 52.24 ± 0.46 51.25 ± 0.76 0.42 

Living cells 6.95 ± 0.51 5.89 ± 0.60 0.22 

MMc/106 CBMC 11.0 ± 3.72 6.5 ± 3.14 0.27 

Declarative memory 11.25 ± 0.62 11.57 ± 0.56 0.45 

Working memory 9.86 ± 0.53 9.27 ± 0.88 0.44 

Inhibition 285.05 ± 20.23 210.16 ± 35.24 0.13 

Shifting 887.14 ± 70.1 999.64 ± 73.84 0.23 

Self-regulation 46.75 ± 3.95 53.80 ± 3.09 0.33 

Attention 9.95 ± 0.46 8.04 ± 0.53 0.036 

Speed accuracy -7.25 ± 2.76 -2.22 ± 2.63 0.28 

Values are represented as mean ± SEM. MMc, Maternal microchimeric cells; CBMC, Cord 

blood mononuclear cells. 

A correlation between the amount of MMc per 106 CBMC and all other parameters (Fig-

ure 17B, Table 3) showed a weak relation to executive functions. While MMc exhibited a weak 
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downhill link to shifting abilities, self-regulatory functions illustrated the exact opposite. Inter-

estingly, a negative correlation was present for MMc and living cells. However, none of those 

associations were significant. 

 
Figure 17 Maternal microchimeric cells in human cord blood samples are linked to executive 
functions in children at the age of 5 years. (A) Flow diagram for maternal microchimeric cell deter-
mination in cord blood samples in the PRINCE study cohort. (B) Correlogram for MMc/106 CBMC and 
neurocognitive parameters measured in children at the age of 5 years. Dark red indicates positive cor-
relation of r > 0 and dark blue negative correlation of r < 0. 

Table 3. Neurocognitive parameters at the age of 5 years correlated with maternal mi-
crochimeric cells detected in their cord blood mononuclear cells 
  Correlation coefficient P value 

MMc/106 CBMC Birthweight, g 0.190 0.110 

MMc/106 CBMC Birth height, cm 0.150 0.250 

MMc/106 CBMC Living cells -0.360 0.220 

MMc/106 CBMC Declarative memory 0.032 0.770 

MMc/106 CBMC Working memory -0.180 0.580 

MMc/106 CBMC Inhibition -0.210 0.310 

MMc/106 CBMC Shifting 0.350 0.170 

MMc/106 CBMC Self-regulation -0.430 0.500 

MMc/106 CBMC Attention -0.200 0.630 

MMc/106 CBMC Speed accuracy 0.260 0.300 

MMc, Maternal microchimeric cells; CBMC, Cord blood mononuclear cells. 
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4 Discussion 
The goal of this thesis was to investigate the role of MMc for perinatal brain development and 

subsequent behavior in an animal model, elucidate their molecular and cellular mechanistic 

function within the concept of developmental origin of health and diseases and validate findings 

in a human setting. 

An established mouse model allowing for the detection of MMc in the offspring’s tissue 

was enhanced in order to manipulate the transferred amount by using Rag2-/-IL-2rg-/- C57BL/6 

(CD45.2, H-2b/b) females mated to congenic WT Balb/c (CD45.1, H-2d/d) males and vice versa 

for control offspring. These mating combinations generated an F1 generation that was genet-

ically identical however one group with significantly lower levels of MMc (MMclow) compared to 

their controls (MMcpos). Phenotyping of MMc revealed that the majority of them were microglial 

cells, whilst fewer T- and B cells could be detected. Concomitantly, an increased number of 

fetal microglial cells in the MMclow brains was detected. Via confocal microscopy-based analy-

sis, MMclow offspring exhibited more presynapse engulfment in PFC and HP brain areas, along 

with a decreased power of oscillatory activity in θ (4-12 Hz) and β (12-30 Hz) within prefrontal-

hippocampal networks in-vivo. The MMclow offspring also showed poorer performance in ultra-

sonic vocalizations and spatial memory impairments. Adoptive intravenous transfer of immune 

cells from pregnant WT C57BL/6 mice into the Rag2-/-IL-2rg-/- C57BL/6 dams largely restored 

the observed effects. To test if maternal psychosocial stress influences the MMc, pregnant 

dams were exposed to an auditory stressor multiple times during pregnancy. The exposition 

resulted in elevated numbers of MMc in female brains at P8, mainly due to an elevation of MMc 

CD11b+ cells. Males did not show changes in MMc numbers. Simultaneously, more offspring’s 

microglial cells were present in brains of both sexes. 

Those observations were validated in a small sample of participants from the PRINCE 

cohort, showing that MMc amount in CBMC is associated with cognitive performance of chil-

dren at the age of 5 years. Specifically, executive functions, being largely PFC dependent, 

showed this link. 

In summary, these data support the hypothesis that MMc are essentially important for 

perinatal brain development and resulting cognitive functions later on. They are modulated by 

a prenatal psychosocial stress paradigm. 

4.1 Mouse mating combination 
MMc were first detected in the offspring’s brain using DNA-based approaches [120-122]. Alt-

hough this was the initial hint for their ability to migrate into the offspring’s brain, this technique 

is not sufficient to unravel their functional integration. In order to do so, an established mouse 

mating combination [179] enabled the identification of MMc via flow cytometry. Flow cytometry 

compared to real-time quantitative polymerase chain reactions (qPCRs) has the advantage of 
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integrating a variety of cell surface markers for identifying cellular phenotypes [185]. Flow cy-

tometry however is a method that is dependent on sufficient antibody volume, on compensa-

tions of the used mixture of antibody fluorescence and thus one needs to minimize false posi-

tive and negative signals. To have the optimal experimental outcome, FMOs, daily, and tissue-

specific unstained samples were taken into consideration of signal thresholds. Also post com-

pensation of combined fluorescent signal emission as well as spectral overlap were chosen to 

highest attention. 

Further, one can immediately observe that MHC class I expression of H-2b/b in maternal 

PBMC as positive controls is higher compared to their expression in MMc, assumingly the 

reason for the lack of MMc rejection in the fetus. A similar result was observed in another 

mouse model to detect cellular MMc in the offspring. By mating heterozygous ubiquitously 

enhanced fluorescent protein (EGFP) expressing C57BL/6 to congenic Balb/c males, wild-type 

offspring received EGFP expressing MMc. Brains were searched through for MMc, illustrating 

single cells in the ventral hippocampal area exhibiting a reduced EGFP intensity compared to 

positive controls (Data not shown). However, the combination of both cell marker (CD45.2, H-

2b/b) is necessary to identify securely cells from maternal origin among the huge amount of 

offspring’s cells. 

Clearly, in this mating combination the Rag2-/-IL-2rgc-/- C57BL/6 mouse line was used to 

reduce the amount of maternal immune cells that were transferred. This mouse lacks T, B, and 

NK cells, which are critically involved in implantation and their subsets (regulatory T cells) are 

responsible for maternal immune adaptation to the fetus. Thus, the mouse was expected to 

suffer from impaired pregnancy outcome, which could not be verified. This result might be 

partially mediated by T, B, and NK cells that were not entirely absent in those mice but highly 

reduced [186]. Further, the similar reproductive outcome might also be affected by fetal-pla-

cental, endocrine, or decidual stromal regulation [187], as the fetus is heterozygous for the 

Rag2 and IL-2rgc genes. It was also published [188] that Rag2-/- mice exhibit differences in 

intestine microbiome composition that was shown in another project (Data not shown). Even 

though the offspring were genetically identical and no changes in intestine microbiome com-

position were observed thus could not account as a confounder variable, the maternal vaginal 

microbiome might specifically interfere with onset of brain functions [189]. 

Further, a major disadvantage of this mating combination is that the father of MMcpos 

mice expressed CD45.2, because Rag2-/-IL-2rgc-/- Balb/c mice (CD45.1, H-2d/d) were not com-

mercially purchasable thus they needed to be crossed in the animal facility by the research 

group. Verifying CD45.1 expression is exclusively possible by PBMC samples and flow cy-

tometric genotyping. Due to animal protection laws and mice age, the generation of those mice 

took too long for integrating them in these experiments. Here, the lack of CD45.1 in fathers of 

MMcpos offspring might increase the false positive signal for MMc, however should not affect 
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the observed difference that the amount of MMc were significantly higher in MMcpos compared 

to MMclow. 

Lastly, maternal behavior was assessed in this mating combination, because it was re-

ported for severe combined immunodeficient mice that mothers care significantly less for their 

offspring compared to C57BL/6 mice [184]. Due to the fact that it was recorded during mice 

sleeping phase, the cycle might influence the behavior especially when it comes to mother-

pup interaction. Strikingly, behavioral experiments only report a behavioral inhibition for as-

sessing behavior at light phase [190]. 

Modulating the amount of transferred MMc enabled by this mating combination is the 

first step towards understanding their functional role in health and diseases. However, a de-

pletion mouse model would be more precise. Major concerns here are repeated injections into 

fetuses to deplete MMc. If the mother was injected, the solution would need to transfer through 

the placenta and not impact reproductive outcome as well as fetal development in utero. Re-

cently it was proposed that just EGFP death-inducing (Jedi) T cells were able to specifically 

deplete EGFP cells in an organism [191], which could serve as an initial approach of depleting 

EGFP expressing MMc. However, this would need essential enhancements in regarding ap-

plicability during pregnancy. 

Nevertheless, flow cytometry is the only technique that allows for the cell-associated 

molecules and phenotypes compared to DNA-based methods. The only other method that 

might allow the morphological discrimination of phenotypes, i.e. in the brain microglial cells vs. 

neurons, is the fluorescence in situ hybridization, which in the case of MMc is only possible for 

male offspring, because of sex-discordant cell detection. 

4.2 Effects on glia cells, their development and activity 
A cellular phenotype plays a critical role in answering the question of their relevance for an 

organ or even organism that was missing until now [120-122]. For the offspring’s early brain 

development microglial cells are crucial, because they shape the neuronal landscape dramat-

ically and thus act as early life architectures of the central nervous system [157, 158, 160, 167]. 

Fetal microchimeric cells were previously shown to acquire a neuronal and glial phenotype in 

the maternal brain and hypothesized to influence mother-child interaction, because of their 

persistence postnatally [192, 193]. MMc transferred via lactation show similar features alt-

hough this result was an immunohistochemical phenotyping [123]. The results presented here 

in this work go in line with what was shown in the literature. An adaption of the initial gating 

strategy to CD45.1.2neg H-2b/b cells might exhibit maternal cells not from leukocyte origin. Pub-

lished evidence showing that neurons also express the MHC class I marker points towards the 

possibility of neuronal MMc in the offspring’s brain even if they would need to be precisely 

detected via flow cytometry. For instance, NeuN, a protein that is used as a biomarker for 
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neurons can easily be integrated into flow cytometric measurements in order to guarantee a 

neuronal MMc phenotype. 

Microglia development starts as early as E7.5 in the yolk sac, which is the first site of 

hematopoiesis in mammalian embryos. Erythroid-myeloid progenitors, also called multipotent 

hematopoietic progenitor cells, rarely express CD45 at this stage, though around E9.5 develop 

a higher potency towards becoming T and B cells [194, 195]. More precisely yolk sac progen-

itors can even give rise to αβ and γδ T cell lineages [196, 197] and B cell progenitors that 

become B-1B cells [198]. Data here points towards altered yolk sac progenitor development in 

absence of MMc. Detecting only minor changes might be due to methodological issues in de-

termining fetal sex at investigated embryonic days, because only female offspring exhibit the 

right genotype for investigating MMc. In the described experiments, also male mice were used, 

because they also show reductions in MMc however were subsequently excluded, because of 

missing genetically identical offspring to compare functional readouts (Data not shown). 

As yolk-sac derived microglia progenitor cells invade the offspring’s brain from E7.5, they 

enter fetal brains before primitive blood-brain barrier establishment at E15 [136, 173]. As mi-

croglial cells are not able to enter the central nervous system afterwards, it raises the question 

why MMc can do so. One possible explanation might be the naïve phenotype that was detected 

at E18.5 and also partially explains why they become predominantly microglial cells within the 

first week of life. If this holds the truth, the immune-privilege of the brain after blood-brain barrier 

establishment crumbles [199, 200]. Specifically, because skin-resident macrophages of the 

epidermis, LHC, were not affected by MMc reduction, it might assume a significant interaction 

with brain-resident macrophages. However, because LHC also derive from fetal liver progeni-

tors [201], significant interaction with generally yolk sac progenitors might be camouflaged by 

liver participation in generation LHC. Since yolk sac progenitors also colonize the fetal liver 

around E10-E11, the liver might also be affected [202, 203]. 

B-1 B cells have been shown to functionally impact brain development by utilizing oli-

godendrogenesis [204]. Oligodendrocytes are key players in myelination during brain matura-

tion [205]. If the lack of MMc influence yolk sac derived B-1 B cell progenitors, they ultimately 

might reduce myelination capacities. The data here exhibit a reduction in general MMc B cells 

at E18.5 as well as fetal B cells, not covering the explicitly mentioned subtype [206, 207]. 

Additionally, CD11c microglia populations were reported to take part in the myelination process 

[208], that were not disentangled in this mouse model but potentially also be affected by the 

absence of MMc. In these experiments, MMc interactions neither with B cells nor with oligoden-

drocytes were investigated. An impaired establishment of myelin sheaths however might con-

tribute to subsequent oscillatory network impairments. Due to the myelination process taking 

place until early adulthood (25-30 years of age) [209] changes in their development due to 

MMc deficiency have detrimental effects on cognition later in life. This lack of myelin sheaths 
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might increase ion leakage and slow signal conduction. It has also been reported that they 

supply trophic support to nerve cells by production of e.g. brain-derived neurotrophic factor 

(BNDF) [210]. BNDF imbalance was repeatedly linked with neurodevelopmental and cognitive 

impairments and preliminary confocal microscopy suggests that MMc are also located in the 

subventricular zone, the origin of oligodendrocytes, supporting the assumption of interaction. 

Since neuroepithelial cells are the same progenitor cells for oligodendrocytes and astro-

cytes and immunohistochemical phenotyping showed a glial fibrillary acidic protein (GFAP)+ 

expression in postnatally acquired MMc [123], it is tempting to speculate they may also become 

astrocytes. Astrocytes influence neuronal bloody supply and the formation of the blood-brain 

barrier. Consequently, a lack in MMc would lead towards an impaired ability to establish it and 

induce potentially a leakage [211], thus enable microbes to infiltrate the brain. Previously it 

was assumed that mentally sick brains have their own microbiome [212], going in line with the 

hypothesized mediating effect of MMc on psychopathology [16]. However, microbiome se-

quencing and Gram staining of MMcpos and MMclow brains could not verify that (Data not 

shown). 

MMc absence increased the amount of host microglia shortly before birth, but an in-

crease in microglia number alone is no indicator for their altered functionality. In order to show 

this potentially functional change, gene-profiles have to be encoded. The early life role in elim-

inating synaptic connections [157, 159, 160, 162, 167] was shown histologically. During their 

phagocytic activity microglial cells acquire different morphologies as amoeboid-shape in re-

sponse to acute insults and ramified shape in response to chronic ones. The applied unsuper-

vised method of analyzing the confocal microscopic images is not able to differentiate between 

them therefore the results might camouflage important details in their activity. Molecular evi-

dence is still missing, because CD47 and TREM2 alterations could not be verified in this model. 

Microglial cells should be single-cell sequenced in order to decrypt their underlying genic pro-

file. 

Maternal cells remaining in the offspring’s organism are not rejected by the host and thus 

illustrate a model of prolonged immunological tolerance. During pregnancy, it was shown that 

exposure to non-inherited maternal antigens leads to the activation and increase of 

CD4+CD25+FoxP3+ regulatory T cell [213-215], mediating this immunological tolerance. If non-

inherited maternal antigens expressed on MMc mediate the lack of rejection via this pathway, 

they might also be a key mechanism between elevated MMc and increased tolerogenic state. 

Increased MMc would then increase the immunological tolerance in the offspring and therefore 

increase the vulnerability towards immune-mediated disease by tolerating pathogenic expo-

sure such as psoriasis [216]. In return, decreased MMc might keep the activity of regulatory T 

cells below a certain threshold inducing the rejection of potentially essential MMc in the off-

spring’s organism. 
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Nevertheless, the ability to infiltrate the offspring’s brain early during embryonic develop-

ment and postnatally after definitive blood-brain barrier establishment emphasizes MMc po-

tential modulatory function in brain development. This data suggests the acquisition of tissue-

specific phenotypes after arriving at final destinations and adapting to microenvironmental de-

mands. As it was reported for MMc in other organs, they seem to be extremely flexible [93]; 

however, concrete mechanisms driving their differentiation into specific phenotypes remain 

unknown. 

4.3 Effects on limbic network ontogeny, cognition and behavior 
Discontinuous oscillatory patterns during early brain development are necessary for the estab-

lishment and maturation of functioning neuronal networks [137]. Substantial evidence from 

individuals suffering from neuropsychiatric illnesses support that prefrontal-hippocampal net-

works are perturbed subclinically, years before behavioral conspicuousness occurs [145, 217-

221]. Similarly, a recent published paper disentangled the mPFC microcircuit being disrupted 

in a mouse model of mental illness, claiming microglia to essentially contribute to the early 

miswiring of such networks [81]. The presented data only showed that MMc contribute to that 

process however misses to answer whether HP dysfunctional development affects the mPFC 

or both areas are equally influenced by the lack of MMc. 

In the case of fetal microchimeric cells (FMc), they might be able to migrate into the 

maternal brain, remain postpartum, and exhibit a neuron-like phenotype as well as for lacta-

tional transferred MMc [123, 192]. Because those MMc were not present in the utilized mouse 

model, embryonic development might miss essential neuronal progenitor cells that later on 

become neurons. The absence of those cells then could result in miswiring of prefrontal-hip-

pocampal networks. If MMc become glutamatergic neurons in mPFC and HP, and they are 

lacking to a certain number in MMclow offspring, the overall needed input for the mPFC to in-

duce and maintain its maturation is impaired [222]. Those glutamatergic projections are also 

participating from CA1 pyramidal layer of intermediate and ventral HP. Hippocampal unidirec-

tional entrainment is here mostly due to theta activity [149, 223, 224]. 

The establishment of neuronal networks was also studied in humans by using tissue 

from fetuses, embryos, and neonates postmortem. Experimental evidence from mice is highly 

comparable to the processes that happens in humans. During fetal life, abundant neuronal 

connections are established that are then pruned [225, 226]. From embryonic fertilization on-

wards, synaptic density increases by approx. 4% per week until end of second trimester. Since 

early postnatal mice brains resemble to human last trimester brain maturation, here it is more 

or less a black box in human findings. However early postnatal human brain functional mag-

netic resonance connectome studies show that white matter architecture is fully established at 

birth [227, 228] emphasizing a restricted functional connection in the last trimester, in contrast 

to preterm infants in which connectivity is limited to interhemispheric coupling [229]. Those 
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results mirror the mice experiments perfectly raising the question of whether human babies 

are benefiting from longer mother-child connection during brain maturation. 

Cognitive impairments that are assumed to affect more than one in 20 people worldwide 

are the hallmark of psychiatric and neurological disorders, significantly deteriorate life. Neuro-

developmental disorders are characterized by similar impairments however emotional, behav-

ioral, scholastic, communicational symptoms, motor, and physical health already early in life 

encumber smoothly integration into society with detrimental long-term perspectives over the 

lifespan. Given the potential of MMc to differentiate into neurons and thus also i.e. glutama-

tergic or GABAergic neurons, they would substantially affect neuronal wiring, communication 

and therefore effect cognition and behavior. 

NMDARs are critically involved in synaptic plasticity and memory formation. The compo-

sition of receptor subunits alters throughout maturation of the brain [230, 231]. Though it has 

been reported that the overexpression of NR2B subunit in the developing brain, which usually 

decreased postnatally, results in elevation of CA1 long-term potentiation in the HP ultimately 

improve learning and memory tasks [232-234]. The lack of MMc becoming glutamatergic neu-

rons would decrease the NMDARs substantially and might contribute to the poor memory func-

tion. In line with this, a protein transporting NR2B along microtubules called KIF17 controls 

synaptic plasticity and thus learning and memory. It has been shown that the lack of KIF17 in 

cultured neurons reduces NR2B subunits significantly [235]. Transcription factor cyclic-AMP 

response-element-binding protein (CREB) is activated downstream of NMDAR stimulation and 

inevitable for stabile long-term potentiation and memory consolidation [236-238]. Certainly, the 

presented data here lack classification of neurons originated from MMc, but could be a rea-

sonable explanation of changes in oscillatory patterns observed here. 

A moderate amount of data suggests that maternal vertically transferred markers, such 

as GC [129] have the ability to modulate gene-regulatory mechanisms. Recent data also sug-

gests that not only cytokines but also cellular features are able to induce those alterations 

[239]. The lack of MMc in MMclow therefore might induce histone modification and/or chromatin 

remodeling, as those epigenetic mechanisms were already investigated to regulate neuronal 

gene expression in the context of synaptic plasticity as well as learning and memory [240-245]. 

The gut microbiome has gained increasingly importance in modulating cognition and be-

havior. Depressive, anxious, stressed, and also autistic patients exhibited a variety of different 

microbes that are assumed to shape cognitive processing and its ontogeny via the enteric 

system [246]. In the course of pregnancy, it becomes even more striking, because it is a matter 

of debate about whether the newborn receives the microbiome via the vaginal tract, amniotic 

fluid or has in the end a maternal skin-like microbiome. Reports on that emphasize that the 

delivery mode might be the key determinant [247, 248]. However, no direct evidence neither 

emerging from human or animal studies suggests a long-term behavioral change or onset of 
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psychiatric disorders in response to microbiome colonization [249]. Here neither MMcpos nor 

MMclow offspring exhibit different microbiota composition (Data not shown). However, this does 

not mean that MMc might not have the ability to use the intestine microbes to shape brain 

development. A potential candidate might be a genetic variation of fatty acid desaturase 2, 

which seems to be a moderator between breastfed children and their IQ [250]. Unfortunately, 

the here utilized mouse model does not enable the investigation of programming risk factors 

via lactation, because modulation of MMc transmission needs to be exclusively during lacta-

tional periods [251, 252]. Lactation, stress perception and glucose homeostasis might all be 

associated to MMc and those were found in the gastrointestinal tract [118, 253]. 

Nevertheless, published evidence suggests a differentiation of MMc into neuronal and 

glia cell types, therefore a long-term impact on cognition and thus behavior is inevitable. Fur-

ther characterization of MMc neurons is essential in drawing conclusions concerning possible 

behavioral alterations due to MMc transmission changes in the turnstile of maternal patholo-

gies. 

4.5 Stress effect on maternal microchimeric cells 
Maternal distress perception during pregnancy is not only challenging pregnancy itself but is 

suggested to influence fetal brain development. The aim of exposing a pregnant dam to audi-

tory stress during pregnancy was to investigate whether MMc are affected by the excessive 

GC. Substantial evidence showed that fetal exposure to GC induce a cascade of developmen-

tal dysfunctions including HPAA reactivity, neuronal network miswiring, and increased vulner-

ability to neurodevelopmental, infectious, and metabolic diseases [38-42, 53, 54, 65, 130]. 

While vertically transferred stress hormones might explain a small proportion of variance, MMc 

could account for an additional proportion. 

The presented data report an increased transmission of MMc in the offspring’s brain, 

occurring in a sex-specific manner. Female offspring received significantly more MMc after 

stress exposure while male do not. Prevalence of psychopathologies mirror this sex-bias [1, 

10-13]. Additionally, it was reported that prenatal stress induces a pro-inflammatory milieu in 

the offspring’s brain. MMc might either contribute here as promoting pro-inflammatory signa-

tures or counterbalance it by anti-inflammatory responses. Because literature shows that pre-

natal stress increases psychopathologies in general and specifically females here exhibit more 

MMc in their brains, one would hypothesize a protective effect against stress. Epidemiological 

and animal studies might support this assumption by drawing a red line in claiming male off-

spring are more vulnerable to GC exposure [50, 55]. The predominantly MMc microglia phe-

notype that was increased in response to stress exposure goes in line with published literature 

showing that microglia amount in total is elevated in PFC and HP after the exposure [254-263]. 

The GC induce a pro-inflammatory response in microglial cells and if MMc migrate like that in 

the offspring, they might induce an opposite effect [264-266]. 
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Even though there are direct genetic determinants responsible for sex-specific brain de-

velopment, the exact period of exposure is also relevant [267, 268]. In humans, from the be-

ginning of the second trimester testosterone is secreted by the testes and has a direct effect 

on masculinizing the offspring’s brain. Together with estradiol they have major influences on 

essential aspects of brain development such as neuronal growth, development, neurogenesis, 

and apoptosis [269]. Consequently, the impact of the stressor together with sex-hormonal and 

maturational differences in fetal brain development may account for not only sexually dimor-

phic brain regions but also differences in the onset of psychopathologies. 

Nevertheless, the conducted experiment was just a pilot for further approaches in order 

to disentangle specifically whether there are sex-specific effects mediated via MMc, because 

behavioral or neural network analysis were not performed. 

4.6 Translational maternal microchimerism 
Vertically transferred markers such as GC or cytokines have already been reported to interfere 

with fetal brain development in humans and thus shift the prevalence of neurodevelopmental 

disorders in the offspring sex-specifically. Some research also focused on the relation between 

MMc and diseases like autoimmunity in type 1 diabetes, neonatal lupus syndrome, multiple 

sclerosis, juvenile myopathies, dermatomyositis, and asthma [110, 111, 116, 117, 119, 124, 

270]. There is no research relating neurodevelopmental disorders to the amount of transferred 

MMc. This data also cannot provide this information however provides a first step towards the 

connection of MMc and cognitive development. Clearly, the sample size needs to be increased 

in order to adequately judge statistical correlations even if there are exclusion due to undeter-

mined maternal DNA in the cord blood samples. However, the lack of maternal DNA detection 

might also be associated to the DNA concentration that was analyzed. Further experimental 

approaches showed that higher DNA concentrations isolated from PBMC of older children re-

sulted in higher levels of MMc. A standardization to a common concentration is statistically 

crucial and needs to be considered for larger sample sizes. 

Further, investigating the cognitive development five years after parturition is creating a 

period potentially characterized by confounders that were not controlled. Extremely strong ev-

idence reports that also early postnatal adverse life events are responsible for shaping not only 

neuronal wiring but also cognitive processes such as memory, executive functions and emo-

tional balance. Since translating, the conducted experiments into humans would not only in-

clude testing the cognition, but also the ontogeny of neural networks a neonatal fMRI [78] 

would provide direct comparisons. 

4.7 Scientific significance and outlook 
The data presented in this project provides the first evidence for a functional involvement of 

MMc in offspring’s brain development as well as postnatal cognitive and behavioral ontogeny. 
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While potentially seeding in brain areas significantly influencing higher cognition such as 

memory and executive functions, they interact with immune cell compartments essential in 

early neuronal brain wiring. While mouse models enable the investigation of cellular pathways, 

pregnancy cohorts are inevitable in identifying their relevance for human beings. These obser-

vations enhance our knowledge of mediators between maternal well-being and consequences 

for offspring’s susceptibility towards psychopathologies, as a mechanism in the concept of de-

velopmental origin of health and diseases (Figure 18). 

As animal experiments ended with the increment of MMc microglia after prenatal stress 

exposure specifically in female offspring and an increase in host microglia of both sexes, it is 

tempting to speculate about possible further investigations. Indeed, increase in microglia pop-

ulation have been associated with neurodevelopmental disorders, neuropsychiatric, as well as 

neurodegenerative disorders. Especially for externalizing pathologies that clearly exhibit a 

higher incidence in male offspring such as ASD and ADHD, MMc might be a relevant mediator 

between maternal proinflammatory milieus bringing primed MMc and affecting unbiased host 

cell during vulnerable brain maturation. Due to maternal stress perception and infections linked 

to the same diseases in the offspring, in this scenario it is increasingly important to encrypt 

MMc single-cell RNA and epigenetic profiles. However, the low number of cells in the brain is 

a methodological limitation that is extremely challenging for their epigenome. Meanwhile well-

established single-cell methods also for the epigenome might answer the needed questions. 

With differentiating human leukocyte antigen (HLA) complex of mothers within single-cell re-

sults, one could even decode cells from maternal and offspring’s origin simultaneously [271]. 

The provided data only covers MMc interactions with host microglial cells and even this 

only scratches the surface of microglia functionality. Microglial cells change over the entire 

lifespan depending on acute and chronic insults as well as on brain areas. There is great po-

tential in investigating them more in detail if one can answer the question of MMc accumulation. 

Recent publications are discussing microglia’s potential in therapeutic interventions [272]. Sin-

gle-cell analyses have revealed microglia specific features that restore their original state in 

order to prevent excessive activity. For instance, CD22 blockage normalizes microglia home-

ostasis and then improves cognitive function in aged mice [273]. MMc may also act as such 

an intervention, if they enter the brain and then contribute to normalizing brain microenviron-

mental inflammation, because bone-marrow- or stem-cell-derived cells are already investi-

gated as potential treatment of neurological diseases in mice. Additionally, other glial and non-

glial cell interactions are entirely neglected, which might account for mediating the observed 

effects. 

This project elucidates a functional involvement of MMc in mice and validated this asso-

ciations in a human cohort. Having now epidemiological associations between MMc in CBMCs 

and their impact on postnatal neurocognitive development, disentangling potential pathways 
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in humans would be the next logical step. Nowadays two powerful methods would enable tack-

ling this aim. On one hand, there are induced pluripotent stem cell (iPSC) that can be obtained 

from somatic cells from every individual [274]. Due to the reprogramming of a mature cell, one 

can bring them back to their origin and start to induce their developmental destiny towards any 

kind of other cell lineage. When it comes to brain-resident macrophages, it is particularity chal-

lenging, because microglial cells derive from the yolk sac [136, 275, 276]. Abud [277] et al. 

developed a protocol to generate iPSC-derived human microglia-like cells. On the other hand, 

a more sophisticated but time-consuming method is the development of human whole-brain 

organoids. Brain organoids can also be developed by using pluripotent stem cells and have 

been reported to generate a tremendous diversity of cells including dendritic spines with neu-

ronal connections enabling optogenetical manipulations of those networks [278]. Still for both 

methodological approaches, there is a high interindividual thus in the next years progress in 

this field is needed to standardize protocols and potentially reduce the amount of animal, es-

pecially mouse experiments [279, 280]. 

Using this protocol, one could obtain children’s samples and generate those microglial 

cells for investigating their interaction with maternal PBMCs as they are assumed to be trans-

ferred as MMc via shared blood circulation during pregnancy. Further, those cellular interac-

tions could be statistically linked to not only maternal but also children’s health perturbations 

and neurocognitive development. 

Nevertheless, the provided date elucidated the role of MMc in the offspring’s brain de-

velopment pointing towards being a mechanism in the concept of the developmental origin of 

health and diseases. Further research is needed to investigate the role of the brain’s microchi-

ome in the context of specific psychopathological animal models, tackling a clearer integration 

in pathogenesis of central nervous system illnesses. 
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Figure 18. Maternal microchimeric cells modulate perinatal brain maturation. Maternal 
immune cells, called maternal microchimeric cells, migrate from the mother into fetal brain via 
the placenta during pregnancy and persist there postnatally. While the offspring’s brain ma-
tures, maternal immune cells are able to shape the ontogeny of hippocampal-prefrontal net-
work communication ultimately leading to a modulation of cognitive processes such as emo-
tional perception and memories. Those results were drawn out of an experimental approach 
investigating the effects of a pathophysiological number of maternal microchimeric cells in the 
offspring’s brain. A reduction of maternal cells in the offspring’s brain skewed fetal microglia 
development by altering erythroid-myeloid progenitor cells, pre-macrophages, and primitive 
yolk sac-derived macrophages as they are microglia progenitor cells. The enforced elevation 
of fetal microglia invasion at E18.5, led to more presynapse elimination. Potentially, due to the 
increase in synapse engulfment, the disrupted local brain area oscillatory activity and impaired 
prefrontal-hippocampal network communication are responsible for deteriorated entrainment 
of the prefrontal cortex. This, in turn could partially explain poor behavioral performance in the 
mentioned cognitive processes largely hippocampal dependent. Since intravenous injection of 
maternal immune cells into an immune-compromised pregnant dam largely restored the ad-
verse effects, maternal microchimeric cells can be causally integrated into the concept of de-
velopmental origins of health and diseases. A pilot study in humans could support this notion 
via epidemiological associations between numbers of maternal microchimeric cells in the cord 
blood and cognitive functions at the age of five years in the offspring. Overall, maternal micro-
chimeric cells utilize microglial cells for gardening the brain’s neuronal landscape thereby af-
fecting their early life function and ultimately influence cognition.  
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5 Abstract 
Epidemiological studies show that early childhood pre- and postnatal life events are predictive 

of certain disorders. Maternal vertically transferred markers, such as stress hormones and cy-

tokines, play a fundamental role in affecting the development of the immune and nervous sys-

tem. Those changes then increase the likelihood of emotional and cognitive impairments. Until 

know, maternal microchimeric cells (MMc) are a potential mechanism in the development of 

psychiatric and neurological diseases. Hereby, maternal microchimerism describes the pres-

ence of a small number of maternal cells in the fetal tissue, a phenomenon that takes place 

during pregnancy and persists into human and murine adulthood. The present thesis examines 

the link between MMc and fetal brain development as well as related ontogeny of neuronal 

networks and cognitive-behavioral changes in later life. The aim was to identify cellular and 

molecular mediators between a transfer of MMc to the fetal brain and postnatal cognitive 

changes as well as a possible influence of maternal stress. 

With this aim, an existing mouse model for the identification of pregnancy-induced MMc 

was enhanced, so that the number of cells to be transferred can be modulated. Rag2-/-IL-2rg-/- 

C57BL/6 (CD45.2, H-2b/b) female mice were mated with Balb/c (CD45.1, H-2d/d) males. The 

offspring’s cells can then be quantified by flow cytometry through their heterozygous expres-

sion of parental markers (CD45.2.1, H-2b/d). Accordingly, maternal cells can be identified by 

CD45.2/CD45.1neg and H-2b/b/H-2d/dneg. In order to generate genetically identical offspring as 

control animals, the vice versa mating was used. The lack of T-, B-, and NK-cells in Rag2-/-IL-

2rg-/- C57BL/6 dams prevents the transmission of the missing immune cells. In a second mouse 

model, regular C57BL/6 females were mated to Balb/c males, and the pregnant mouse was 

exposed to auditory stress on pregnancy days 10.5, 12.5 and 14.5. 

The first mating combination generates MMclow offspring, which have significantly less 

MMc in the brain at E18.5 and at P8 than the control animals MMcpos. The majority of the MMc 

in the brain acquire a distinct microglia phenotype in the course of the first postnatal week, with 

T and B cells also being present. At the same time, however, the MMclow animals show a 

significantly higher number of microglial cells in the E18.5 brain. Immunohistological studies 

on P8 show that the functional activity of the microglial cells is higher because they increasingly 

engulf synaptic vesicles in MMclow HP and PFC compared to MMcpos. These changes in syn-

aptic connections led to a deterioration in oscillatory activity (4-100 Hz) in two brain areas (PFC 

and HP), which are associated with cognitive processes. MMclow offspring also showed poorer 

performance in ultrasonic vocalization. Restoring the immunocompetence of immunocompro-

mised mothers during pregnancy largely restored the deterioration in the so-called MMclow+AT 

offspring. Furthermore, the prenatal stress exposure of the mice increases the transfer of MMc 

to the fetal brain, since significantly more MMc was shown at P8 compared to undisturbed 
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control animals. This increase is due to more cells in female and non-male offspring and shows 

an increase in the microglia phenotype. Furthermore, the microglia cells of the offspring are 

increased in both males and females. 

This work shows that the transfer of the MMc into the fetal brain takes place during preg-

nancy. After birth, these cells differentiate into mainly macrophages of the central nervous 

system and play a central role in the design of the neuronal connection. Adverse influences 

during pregnancy, e.g. stress has the potential to change the phenotypes of these cells and, 

at the same time, the vulnerability to diseases. 
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6 Zusammenfassung 
Epidemiologische Untersuchungen zeigen, dass frühkindliche prä- und postnatale Lebenser-

eignisse prädiktiv für bestimmte Krankheitsbilder sind. Mütterliche Einflussfaktoren, die wäh-

rend der Schwangerschaft auf die Nachkommen übertragen werden, wie Stresshormone und 

Zytokine spielen dabei eine fundamentale Rolle, die eine gravierende Beeinträchtigung auf die 

Entwicklung des Immun- und Nervensystems haben und somit die Wahrscheinlichkeit einer 

emotionalen sowie kognitiven Leistungseinbuße erhöhen. Der mütterliche Mikrochimärismus 

(MMc) stellt dabei einen bisher nicht untersuchten Ansatz dar, der die Entwicklung psychiatri-

scher und neurologischer Erkrankungen beeinflussen könnte. MMc beschreibt die Anwesen-

heit einer geringen Anzahl mütterlichen Zellen im fötalen Gewebe, ein Phänomen, das sich 

während der Schwangerschaft etabliert und bis ins menschliche und murine Erwachsenenalter 

erhalten bleibt. Die vorliegende Arbeit untersucht den Zusammenhang von MMc und fötaler 

Gehirnentwicklung sowie damit in Verbindung stehenden neuronalen Vernetzungen und kog-

nitiv-behavioralen Veränderungen im späteren Leben. Es gelten dabei zelluläre und moleku-

lare Mediatoren zwischen einer Übertragung von MMc ins fötale Gehirn und dem veränderten 

postnatalen Zustand zu finden sowie ein möglicher Einfluss von mütterlichem Stress und dem 

MMc. 

Mit diesem Ziel wurde ein bereits bestehendes Mausmodell zur Identifikation von 

schwangerschaftsassoziiertem Mikrochimärismus weiterentwickelt, sodass die Anzahl der zu 

übertragenden Zellen modulierbar ist. Rag2-/-IL-2rg-/- C57BL/6 (CD45.2, H-2b/b) weibliche 

Mäuse wurden mit Balb/c (CD45.1, H-2d/d) Männchen verpaart. Mittels Durchflusszytometrie 

können dann die Zellen der Nachkommen durch ihre heterozygote Expression elterlicher Mar-

ker (CD45.2.1, H-2b/d) quantifiziert werden. Mütterliche Zellen dann dementsprechend durch 

CD45.2+/CD45.1neg und H-2b/b/H-2d/dneg. Um genetisch identische Nachkommen als Kontroll-

tiere zu haben, wird die umgekehrte Verpaarung durchgeführt. Die Immunkompression der 

Rag2-/-IL-2rg-/- C57BL/6 Muttertiere verhindert die Übertragung der fehlenden Immunzellen. In 

einem zweiten Mausmodell, in dem reguläre C57BL/6 Weibchen mit Balb/c Männchen ver-

paart werden, wird die schwangere Maus an Schwangerschaftstagen 10.5, 12.5 und 14.5 dem 

auditorischen Stress ausgesetzt. 

Die Verpaarungskombination generiert MMclow Nachkommen, die sowohl an E18.5 als 

auch an P8, signifikant weniger MMc im Gehirn besitzen als die Kontrolltiere MMcpos. Der 

Großteil der sich im Gehirn befindlichen MMc akquiriert im Verlauf der ersten postnatalen Wo-

che einen deutlichen Mikroglia Phänotypen, wobei auch T und B Zellen vorhanden sind. 

Gleichzeitig zeigen die MMclow Tiere jedoch eine signifikante höhere Anzahl von Mikrogliazel-

len im E18.5 Gehirn. Immunohistologische Untersuchungen an P8 zeigen, dass weiterhin die 
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Funktionalität der Mikrogliazellen erhöht ist, weil sie in MMclow Nachkommen vermehrt synap-

tische Vesikel abbauen im Vergleich zu MMcpos Tieren. Diese Veränderungen der synapti-

schen Verbindungen führten zu einer Verschlechterung der oszillatorischen Aktivität (4-100 

Hz) in zwei Gehirnbereichen (PFC und HP), die in ihrer Interaktion mit kognitiven Prozessen 

assoziiert sind. MMclow Nachkommen zeigten ebenfalls schlechtere Ergebnisse in der Fähig-

keit der Ultraschall Kommunikation. Eine Wiederstellung der Immunkompetenz der immun-

komprimierten Mütter in der Schwangerschaft stellte zum Großteil die Verschlechterungen in 

den sog. MMclow+AT Nachkommen wieder her. Weiterhin erhöht die pränatale Stressexposition 

der Mäuse die Übertragung von MMc ins fetale Gehirn, da an P8 signifikant mehr MMc, im 

Vergleich zu ungestörten Kontrolltieren, gezeigt wurde. Diese Erhöhung kommt durch mehr 

Zellen in weiblichen und nicht männlichen Nachkommen zustande und zeigt eine Vermehrung 

des Mikroglia Phänotypen. Weiterhin sind zeitgleich die Mikroglia Zellen der Nachkommen 

sowohl in Männchen als auch in Weibchen erhöht. 

Diese Arbeit zeigt, dass die Übertragung der MMc ins fetale Gehirn während der 

Schwangerschaft stattfindet. Diese Zellen differenzieren sich nach der Geburt in hauptsächlich 

Makrophagen des Zentralen Nervensystems und spielen eine zentrale Rolle in der Gestaltung 

der neuronalen Verbindung. Ungünstige Einflüsse während der Schwangerschaft, z.B. Stress, 

hat das Potential die Phänotypen dieser Zellen und gleichzeitig die Vulnerabilität Krankheiten 

gegenüber zu verändern. 
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7 Abbreviations 
ADHD Attention deficit/hyperactivity disorder 

AMPA α-amino-3-hydroxy-5-methly-4-isoxazolepropionic acid receptor 

ANOVA One-way analysis of variances 

ASD Autism spectrum disorder 

Atg7 Autophagy related 7 

BNDF Brain-derived neurotrophic factor 

C Complement protein 

CA1 Cornu ammonis region 1 

CBMC Cord blood mononuclear cells 

CORT Remaining cortex 

CREB Cyclic-AMP response-element-binding protein 

CRP C-reactive protein 

CX3CR1 C-X3-C motif chemokine receptor 1 

DAP12 DNAX-activation protein 12 

DNA Deoxyribonucleotide 

DOHaD Developmental Origin of Health and Diseases 

E Embryonic day 

EDTA Ethylenediaminetetraacetic acid 

EGFP Enhanced fluorescent protein 

FMc Fetal microchimeric cells 

FMO Fluorescence minus one 

GABA γ-aminobutyric acid 

GC Glucocorticoids 

GFAP Glial fibrillary acidic protein 

GMCF Granulocyte macrophage colony-stimulating factor 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HLA Human leukocyte antigen 

HP Hippocampus 

HPAA Hypothalamic-pituitary-adrenal gland axis 

IFN Interferon 

IL Interleukin 

iPSC Induced pluripotent stem cell 

LFP Local field potentials 

LHC Langerhans cells 

MHC Major histocompatibility complex 
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MMc Maternal microchimeric cells 

mPFC Medial prefrontal cortex 

MUA Multi-unit activity 

NaCl Sodium chloride 

NMDA N-methyl-D-aspartate 

NR3C1 Nuclear Receptor Subfamily 3 Group C Member 1 

P Postnatal day 

PBMC Peripheral blood mononuclear cells 

PBS Phosphate buffered saline 

PFC Prefrontal cortex 

PL Prelimbic area of medial the prefrontal cortex 

qPCR real-time quantitative polymerase chain reaction 

PRH Perirhinal cortex 

PRINCE Prenatal Determinants of Children’s Health 

RNA Ribonucleic acid 

RPMI Roswell park memorial institute 

SIRPα Signal-regulatory protein α 

SUB Subcortical area 

TNF Tumor necrosis factor 

TREM2 Triggering receptor expressed on myeloid cells 2 

USV Ultrasonic vocalizations 
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