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ABSTRACT
Pregnancy induces profound physiological and neurobiological adaptations that support mater-
nal behaviour and the transition to parenthood. Human neuroimaging studies have documented 
consistent pregnancy-associated changes in maternal brain structure and function within neural 
networks subserving social cognition, emotional processing, and behavioural adaptation. Al-
though these adaptations have largely been attributed to maternal ovarian hormones and estab-
lished neuroendocrine pathways, gestation also involves sustained signalling from the placenta, 
a transient endocrine organ that regulates maternal metabolic, vascular, immune, and hormonal 
homeostasis . This critical narrative review evaluates whether placenta-derived endocrine, extra-
cellular vesicle, immune, and metabolic-vascular signals contribute to the physiological milieu in 
which pregnancy-associated maternal neuroplasticity occurs. Literature published between Jan-
uary 1990 and June 2026 was identified through structured searches of PubMed/MEDLINE, Sco-
pus, and Web of Science, supplemented by Google Scholar and citation tracking. The evidence 
supporting each candidate pathway was synthesised as a mechanistic hypothesis and graded 
as direct, indirect, or extrapolated. Across the four hypotheses examined, evidence confirming 
placental origin and maternal systemic action is substantial, whereas evidence demonstrating 
direct action on maternal neural tissue remains predominantly indirect. The strongest mecha-
nistic candidates are placental steroidogenic output—specifically progesterone and its neuroac-
tive metabolite allopregnanolone—alongside placental corticotropin-releasing hormone, human 
chorionic gonadotropin acting at central luteinizing hormone/chorionic gonadotropin receptors, 
and syncytiotrophoblast-derived extracellular vesicles. Active instructive placental signalling is dis-
tinguished from allostatic remodelling of the maternal brain in response to the physiological work-
load of the feto-placental unit, and four anatomically plausible routes of central nervous system 
access are specified. Finally, placenta-specific molecular profiling strategies capable of isolating 
placental signals from the maternal systemic background are outlined as essential methodological 
preconditions for testing this hypothesis in human pregnancy.
Key words: Maternal brain plasticity, Pregnancy neurobiology, Placental signalling, Maternal-
foetal interface, Neuroactive steroids, Extracellular vesicles, Narrative review

MATERNAL BRAIN PLASTICITY
DURING PREGNANCY: AN
UNRESOLVED BIOLOGICAL
QUESTION
Pregnancy is associated with substantial neuro-
biological adaptations that prepare the maternal
organism for the physiological and behavioural
demands of motherhood. Human neuroimaging
studies have demonstrated pronounced pregnancy-
associated changes in maternal brain structure and
function, particularly within regions governing so-
cial cognition, emotional processing, motivation,
and maternal caregiving behaviour. A landmark
prospective study comparing women before concep-

tion and after their first pregnancy reported reduc-
tions in grey matter volume across regions subserv-
ing social cognition; these reductions persisted for
at least two years postpartum and accurately dis-
tinguished parous from nulliparous women1. Sub-
sequent population-based neuroimaging work ex-
tended these observations by demonstrating that
parity markers are associated with distinct struc-
tural brain signatures decades after childbirth, indi-
cating that gestational neural adaptations leave en-
during rather than merely transient traces 2. More
recently, dense-sampling precision neuroimaging
tracking an individual from preconception through
two years postpartum mapped the gestational tra-
jectory of these changes at high temporal resolution,
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revealing progressive reductions in cortical grey
matter volume and thickness alongside concomitant
increases in white mattermicrostructural integrity3.
The morphometric profile of these gestational adap-
tations closely parallels that of adolescence—a sec-
ond developmental window of intensive steroid-
driven cortical reorganisation6—and extends to sub-
cortical reward circuitry, where volumetric reduc-
tions in the ventral striatum predict postpartumma-
ternal neural responsiveness to infant cues7. Longi-
tudinal postpartum investigations further indicate
that several of these structural alterations evolve
non-linearly, with gestational grey matter reduc-
tions in certain regions followed by partial volu-
metric recovery or expansion across cortical and
subcortical networks during the early postpartum
weeks 8,9, though the extent to which specific adap-
tations persist or reverse over subsequent years re-
mains an active question10. Collectively, these find-
ings establish that pregnancy entails dynamic, func-
tionally relevant neural reorganisation linked to the
transition to caregiving rather than passive exposure
to endocrine fluctuations11,12.
Current models of maternal brain plasticity have
centred largely on maternal ovarian hormones and
classical neuroendocrine pathways; while these
models account for major features of maternal
neuroadaptation, they remain incomplete. Gesta-
tional surges in oestradiol, progesterone, prolactin,
oxytocin, and glucocorticoids modulate neural cir-
cuits governing stress reactivity, reward process-
ing, and maternal responsiveness, providing an es-
sential foundation for understanding pregnancy-
associated neuroadaptation 13,14 and shaping fe-
male brain health across the lifespan15. How-
ever, gestation also involves sustained biochemi-
cal communication from the maternal-foetal inter-
face. The placenta functions as a high-output tran-
sient endocrine organ that releases steroid and pep-
tide hormones, growth factors, immune mediators,
and extracellular vesicles into the maternal circu-
lation. These placenta-derived signals orchestrate
maternal metabolic, cardiovascular, immunological,
and endocrine adaptations throughout gestation4,5,
while parallel cross-talk across the same interface
shapes foetal neurodevelopment and metabolic pro-
gramming 16. Despite its established role in gov-
erning maternal systemic physiology, the poten-
tial contribution of placenta-derived signalling to
maternal brain plasticity remains insufficiently in-
tegrated into contemporary models of pregnancy
neurobiology—an omission recently highlighted as

a priority for longitudinal, multi-system investiga-
tion 17.
This article provides a critical narrative review of
the evidence addressing a central biological ques-
tion: whether placenta-derived signals contribute
to the physiological environment supporting ma-
ternal brain adaptation during pregnancy. It is
structured as a critical review rather than a purely
conceptual perspective because direct in vivo ev-
idence in human pregnancy remains too limited
to sustain an uncritical hypothesis-driven model.
Four candidate pathways are examined sequen-
tially: placental endocrine signalling, extracellu-
lar vesicle-mediated communication, immune mod-
ulation, and metabolic-vascular regulation. Each
pathway is formulated as a mechanistic hypoth-
esis and appraised across a standardised eviden-
tiary sequence: biological rationale, confirmation of
placental origin, evidence of maternal systemic ac-
tion, direct evidence within the maternal brain, in-
direct or extrapolated evidence from foetal, animal,
or pathological contexts, and remaining method-
ological uncertainties. Table 1 summarises this evi-
dence appraisal across the four candidate pathways,
and Figure 2 illustrates the anatomical routes by
which placenta-derived signals could access the ma-
ternal central nervous system (CNS). The integra-
tive placenta–maternal brain framework presented
in Figure 1 and discussed in the closing sections
thus emerges as a testable synthesis that comple-
ments, rather than displaces, established maternal
neuroendocrine mechanisms.

REVIEWMETHODOLOGY AND
LITERATURE SELECTION
Literature for this review was identified through
structured searches of PubMed/MEDLINE, Scopus,
and Web of Science, supplemented by Google
Scholar and backward and forward citation track-
ing of seminal articles, covering the period from Jan-
uary 1990 to June 2026 without language restric-
tions at initial screening. Search queries combined
three concept blocks using Boolean operators. The
first block targeted the maternal brain using the
terms ”maternal brain”, ”matrescence”, and ”preg-
nancy” paired with ”neuroplasticity”, ”grey mat-
ter”, ”gray matter”, ”neuroimaging”, or ”maternal
behaviour”. The second block targeted the placenta
and its secretory products using the terms ”pla-
centa”, ”syncytiotrophoblast”, ”placental hormone”,
”placental lactogen”, ”chorionic gonadotropin”, ”pla-
cental corticotropin-releasing hormone”, ”allopreg-
nanolone”, ”extracellular vesicle”, ”exosome”, and
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Table 1: Comparative appraisal of candidate placenta-derived signalling pathways, physiological settings, and levels of evidence for maternal brain adaptation during pregnancy.

Candidate pathway
& primary ligands

Confirmed
placental origin

Direct evidence (maternal
brain in vivo or neural

tissue)

Indirect evidence (maternal
systemic physiology)

Extrapolated evidence (foetal
compartment, non-human models, or

pathology)

Principal methodological
uncertainties

1. Endocrine
signalling:

Progesterone /
allopregnanolone,
oestrogens, pCRH,
hCG, hPL, hPGH

Syncytiotro-
phoblast

steroidogenesis
and peptide
hormone

secretion into
maternal

blood 5,18–20.

Gestational allopregnanolone
remodels maternal brain

GABAA receptor subunits in
rats 21; mid-gestational
plasma allopregnanolone
predicts postpartum

depressive symptoms in
women 22.

Drives maternal insulin
resistance, lipid mobilisation,
cardiovascular expansion 5,23,

and HPA axis
recalibration 19,24;

mid-gestational pCRH
trajectories predict postpartum

depressive symptoms 25.

Central LH/hCG receptor expression and
behavioural effects of hCG in cycling

female rats 26,27; prolactin-induced forebrain
neurogenesis and receptor-independent

brain transport in rodents 28,29; trophoblast
Akr1c14 deletion alters offspring cerebellar

white matter in mice 30.

Shared maternal
ovarian/pituitary and

placental hormone pools
confound source attribution
in human neuroimaging

studies; rodent models lack
pCRH and rely on luteal

progesterone 31–33.

2. Extracellular
vesicle (EV)
signalling:

Syncytiotrophoblast
exosomes and
microvesicles

(PLAP+, C19MC
miRNAs, proteins,

lipids)

Trophoblast-
specific C19MC
miRNA cargo and
surface PLAP
expression

confirm syncy-
tiotrophoblast
origin 34,35.

None reported in healthy
maternal brain tissue or in
vivo during physiological

pregnancy.

Circulating PLAP+ exosomes
increase progressively across

the first trimester 36;
syncytiotrophoblast

microparticles mediate
systemic inflammatory

priming in normal
pregnancy 37,38.

EVs from pre-eclamptic plasma and hypoxic
placentae disrupt BBB integrity in
experimental models (attenuated by

magnesium sulfate) 39; placental EVs cross
barriers to influence foetal brain

development 40.

Pathological EV shedding in
pre-eclampsia differs
quantitatively and

qualitatively from healthy
gestation 41; trans-BBB cargo
delivery in uncomplicated

pregnancy remains unproven.

3. Immune
signalling:

Trophoblast-derived
cytokines,

chemokines, and
immunomodulatory

factors

Active
trophoblast
secretion and

immune
regulation at the
maternal-foetal
interface 42,43.

Region-specific alterations in
microglial density,

ramification, and central
cytokine expression in

pregnant and postpartum
female rats (placental
causality unproven) 44.

Shifts maternal systemic
inflammatory balance and

peripheral leukocyte priming
across gestation 37,42,43; foetal

sex modifies maternal
stimulated cytokine

production 45.

Maternal immune activation models
demonstrate cytokine-mediated disruption
of foetal neurodevelopment 46; classical
immune proteins regulate developmental
synaptic pruning and plasticity 47–49.

No experimental study has
selectively perturbed

placental immune output
while measuring maternal
central neuroimmune or
behavioural outcomes.
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4. Metabolic &
vascular signalling:
Placental nutrient
sensors, metabolic

hormones, angiogenic
factors (PlGF, sFlt-1)

Trophoblast
nutrient-
sensing

pathways and
angiogenic
factor

secretion 50,51.

None demonstrating
direct action of
placenta-specific

metabolic or angiogenic
ligands on maternal

neural circuits.

Orchestrates maternal uterine and systemic
vascular remodelling, plasma volume
expansion, and substrate allocation 5,52;
maternal cerebral circulation adapts

autoregulation and BBB properties during
gestation 53.

Pathological anti-angiogenic
imbalance in pre-eclampsia
compromises maternal

cerebrovascular endothelial
function and BBB
integrity 39,53.

Difficult to separate direct
instructive placental signalling

from secondary allostatic
cerebrovascular accommodation
to systemic haemodynamic

workload.

Note: Evidence levels follow the definitions established in Section 2: Direct evidence denotes empirical observation in maternal neural tissue or in the maternal brain in vivo; Indirect evidence
denotes a demonstrated maternal systemic physiological effect whose downstream neural consequence was not directly measured; Extrapolated evidence denotes inference derived from the foetal
compartment, non-human species with divergent placentation, or pathological pregnancy states (e.g., pre-eclampsia). Abbreviations: BBB, blood-brain barrier; C19MC, chromosome 19 microRNA
cluster; EV, extracellular vesicle; GABAA, gamma-aminobutyric acid type A; hCG, human chorionic gonadotropin; HPA, hypothalamic-pituitary-adrenal; hPGH, human placental growth hormone;
hPL, human placental lactogen; LH, luteinizing hormone; miRNA, microRNA; pCRH, placental corticotropin-releasing hormone; PLAP, placental alkaline phosphatase; PlGF, placental growth factor;
sFlt-1, soluble fms-like tyrosine kinase-1.

”C19MC”. The third block targeted candidate CNS access and communication path-
ways using the terms ”blood-brain barrier”, ”circumventricular organ”, ”transcytosis”,
”neuroimmune”, ”cytokine”, ”nutrient sensing”, and ”cerebral haemodynamics”. Ref-
erence lists of retrieved review articles were manually screened to capture additional
primary studies not indexed by the database queries.
Articles were selected based on their evidentiary contribution to one or more of the
four mechanistic hypotheses rather than for exhaustive coverage of each subdiscipline,
with priority given to primary human studies, mechanistic animal investigations where
human data were unavailable, and authoritative reviews synthesising mature physio-
logical literature. Records were retained if they established a placental origin for a sig-
nalling molecule, demonstrated a maternal systemic effect of that molecule, or char-
acterised an action of that molecule (or its molecular class) on neural tissue; purely
clinical obstetric outcome studies lacking a signalling or neurobiological component
were excluded. Consistent with a critical narrative review design, no formal risk-of-bias
scoring instrument or quantitative meta-analysis was applied; literature screening and

study selection were conducted by the first author, independently verified by the co-
authors, and reconciled through consensus discussion. To maintain strict evidentiary
transparency, every mechanistic claim in the subsequent sections is explicitly graded
according to three predefined levels of evidence:

• Direct evidence: Empirical observation within maternal neural tissue or in the
maternal brain in vivo.

• Indirect evidence: Demonstration of a maternal systemic physiological effect
whose downstream neural consequence was not directly measured.

• Extrapolated evidence: Inference derived from the foetal compartment, non-
human experimental models with divergent placentation, or pathological preg-
nancy states (such as pre-eclampsia).

These same three evidentiary tiers structure the comparative appraisal presented in
Table 1.
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BEYONDMATERNAL
HORMONES: EXPANDING THE
ENDOCRINE FRAMEWORK OF
MATERNAL BRAIN ADAPTATION
Maternal brain plasticity during pregnancy has
traditionally been interpreted through the actions
of hormones synthesised by maternal endocrine
glands—a framework that remains well supported
but physiologically incomplete. Circulating con-
centrations of oestradiol, progesterone, prolactin,
oxytocin, and glucocorticoids undergo marked ges-
tational fluctuations and modulate neural circuits
governing stress responsiveness, social cognition, re-
ward motivation, and maternal caregiving13,14. Ex-
tensive preclinical and clinical evidence confirms
that these endocrine adaptations are central to ges-
tational neurobiology, with circulating hormones
binding to cognate receptors across hypothalamic,
limbic, and cortical networks to remodel neuronal
excitability, synaptic architecture, and behavioural
output 24,54.
Nevertheless, the endocrine milieu of pregnancy ex-
tends beyond maternal glandular secretion to en-
compass a transient, anatomically distinct feto-
placental source. Throughout gestation, the placen-
tal syncytiotrophoblast secretes substantial quanti-
ties of steroid hormones, peptide hormones, growth
factors, and bioactive signalling molecules directly
into the maternal circulation, coordinating the
metabolic, cardiovascular, immunological, and re-
productive adaptations required to sustain preg-
nancy 4,5,18. Crucially, the placenta functions not
merely as a constitutive secretory conduit, but as an
active metabolic sensor that dynamically adjusts its
growth, nutrient transport capacity, and endocrine
output in response to maternal nutrient and oxygen
availability 50,51. Because placental endocrine secre-
tion varies continuously with maternal metabolic
and nutritional status, any downstream placental
influence on maternal neuroplasticity would like-
wise be expected to operate as a context-dependent,
dynamic signal rather than a fixed gestational pro-
gramme.
The most compelling endocrine candidate linking
placental function to maternal neural adaptation is
placental steroidogenesis. During the second and
third trimesters of human pregnancy, the placenta
becomes the dominant source of circulating pro-
gesterone and oestrogens, converting maternal and
foetal steroid precursors in large quantities. Proges-
terone is metabolised both peripherally and within

the CNS into the neuroactive steroid allopreg-
nanolone, a potent positive allosteric modulator of
gamma-aminobutyric acid type A (GABAA) recep-
tors 55. Preclinical rodent studies provide direct neu-
ral evidence that the gestational rise and peripartum
withdrawal of brain allopregnanolone drive struc-
tural and functional reorganisation of GABAA re-
ceptor subunit composition in the maternal brain 21.
In human pregnancy, lower mid-gestational circu-
lating allopregnanolone concentrations have been
prospectively associated with postpartum depres-
sive symptoms, and the abrupt loss of placental pro-
gesterone synthesis at parturition provides a coher-
ent mechanistic explanation for the acute postpar-
tum drop in central neurosteroid tone 22. Because
the human placenta supplies the overwhelming ma-
jority of the progesterone substrate from which al-
lopregnanolone is synthesised during the second
half of gestation, placental steroidogenic output
currently represents the strongest candidate for a
placenta-dependent modulator of maternal neural
function.
Two additional placenta-derived peptide hormones
warrant classification as primary candidates for cen-
tral maternal signalling because both possess veri-
fied receptor targets within the mammalian brain:
placental corticotropin-releasing hormone (pCRH)
and human chorionic gonadotropin (hCG). Anthro-
poid primates, including humans, are unique among
eutherian mammals in that the syncytiotrophoblast
secretes pCRH into thematernal circulation at expo-
nentially rising concentrations across gestation, pro-
gressively recalibrating the maternal hypothalamic-
pituitary-adrenal (HPA) axis and stress respon-
siveness19; moreover, accelerated mid-gestational
pCRH trajectories have been linked prospectively
to postpartum depressive symptomatology 25. Sim-
ilarly, hCG binds to functional luteinizing hor-
mone/chorionic gonadotropin (LH/hCG) receptors
expressed in multiple neural regions, including
the hippocampus and hypothalamus 26. In cy-
cling female rats, peripheral and intracerebroven-
tricular administration of hCG crosses the blood-
brain barrier in small but intact fractions and alters
hippocampus-dependent exploratory and neopho-
bic behaviours 27, while circulating maternal hCG
concentrations in human gestation vary systemat-
ically with foetal sex and maternal physiological
characteristics 20. Both pCRH and hCG therefore
satisfy the criteria of confirmed placental origin, es-
tablished maternal systemic action, and plausible
central receptor targets, setting them apart from
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Figure 1: Conceptual framework integratingplacenta-derived signallingpathwayswithestablishedmater-
nal neuroendocrine mechanisms during pregnancy. The schematic compares the classical hormone-centred
model of maternal brain plasticity (top left)—which attributes gestational neuroadaptation primarily to mater-
nal ovarian steroids (oestradiol and progesterone), pituitary prolactin, oxytocin, and glucocorticoids—with a pro-
posed integrative placenta-inclusive model (top right). In the integrative framework, the placenta acts as a dy-
namic endocrine and signalling organ that releases four major classes of bioactive mediators into the maternal
circulation (middle panels): (1) endocrine signals (placental lactogens, growth factors, and steroid and peptide
hormones); (2) extracellular communication vesicles transporting proteins, lipids, messenger RNAs (mRNAs), and
microRNAs; (3) immune mediators (cytokines and chemokines regulating systemic inflammatory balance and
feto-maternal tolerance); and (4) metabolic and vascular regulators (nutrient-sensing signals, angiogenic factors,
and vascular tone modulators). Solid black arrows denote established physiological pathways; curved orange
and grey arrows denote coordinated multi-system interactions shaping the maternal internal milieu, which in
turn supports structural, functional, and neurochemical adaptations inmaternal brain circuits governing emotion
regulation, stress responsiveness, reward processing, social cognition, and caregiving behaviour (bottom panels).
Candidate anatomical routes across the maternal blood-brain interface are detailed in Figure 2. Abbreviations:
mRNA, messenger ribonucleic acid; RNA, ribonucleic acid.

placental factors whose neurobiological relevance
relies solely on systemic inference.
Several additional placenta-derived hormones ex-
hibit biological properties pertinent to maternal
neurobiology, although the supporting evidence re-
mains more indirect. Human placental lactogen
(hPL) and placental growth hormone (hPGH) regu-
late maternal insulin sensitivity, lipolysis, and nutri-
ent partitioning—processes increasingly recognised
asmodulators of central energy homeostasis and be-

haviour 5,56. In rodents, lactogenic signalling exerts
direct central actions: activation of central prolactin
receptors stimulates forebrain neurogenesis during
gestation 28, and circulating lactogens enter the ro-
dent brain via a saturable transport mechanism that
operates independently of the prolactin receptor it-
self 29. However, whether placenta-derived hPL, as
distinct from maternal pituitary prolactin, crosses
the human blood-brain barrier to engage maternal
neural circuits remains unverified in vivo, render-
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Figure 2: Candidate anatomical routes and cellular mechanisms mediating placental signal access to the
maternal central nervous system. The diagram illustrates the sequential pathway from syncytiotrophoblast se-
cretion tomaternal neural adaptation across three biological compartments, alongside the current level of empir-
ical evidence supporting each route. (a) Placental source (the syncytiotrophoblast): Bioactive signals released
into maternal blood include neuroactive steroid precursors (progesterone and oestrogens metabolised peripher-
ally and centrally to allopregnanolone), placental corticotropin-releasing hormone (pCRH), human chorionic go-
nadotropin (hCG), human placental lactogen (hPL) and human placental growth hormone (hPGH), placental alka-
line phosphatase (PLAP)-positive extracellular vesicles (EVs) carrying chromosome 19 microRNA cluster (C19MC)
microRNAs, proteins, lipids, and mRNA, and immunomodulatory cytokines and chemokines (e.g., TNF, IL-6, IL-
1, IL-8). (b) Maternal systemic interface: Circulating placental factors modulate maternal endocrine load, leuko-
cyte priming, plasma volume, cardiac output, nutrient and oxygen availability, and gestational cerebral haemo-
dynamics. (c) Candidate sites of access to thematernal central nervous system: Four anatomically plausible access
routes are depicted: (1) direct humoral access via fenestrated capillaries at circumventricular organs (median em-
inence, area postrema, and organum vasculosum of the lamina terminalis), which lack a classical blood-brain bar-
rier (anatomically established, but untested for placental peptides); (2) saturable receptor-mediated endothelial
transcytosis or luminal receptor binding with abluminal second-messenger release across the cerebral microvas-
culature (demonstrated for lactogens in rodents, but untested for placenta-specific ligands in humans); (3) en-
dothelial uptake of PLAP-positive EVs, tight junctionmodulation, or perivascular/glial transfer of C19MCmicroRNA
cargo (demonstrated for pre-eclamptic vesicles and in the foetal compartment, but unproven in healthy human
pregnancy); and (4) ascending neural signalling via vagal and visceral sensory afferents relaying through the nu-
cleus of the solitary tract to hypothalamic and limbic structures (established for systemic immune-to-brain com-
munication, but untested for placental signals). Evidence tiers follow Section 2 definitions (direct, indirect, and
extrapolated). Abbreviations: C19MC, chromosome 19 microRNA cluster; CRH, corticotropin-releasing hormone;
EV, extracellular vesicle; hCG, human chorionic gonadotropin; HPA, hypothalamic-pituitary-adrenal; hPGH, human
placental growth hormone; hPL, human placental lactogen; IL, interleukin; LH, luteinizing hormone; mRNA, mes-
senger ribonucleic acid; pCRH, placental corticotropin-releasing hormone; PLAP, placental alkaline phosphatase;
TNF, tumour necrosis factor.
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ing this extrapolated evidence. Similarly, placental
modulation of maternal immune and vascular path-
ways may shape neural adaptation indirectly by al-
tering the systemic physiological environment in
which gestational neuroplasticity unfolds42,46. On
the foetal side of the interface, conditional genetic
ablation of placental allopregnanolone synthesis in
mice disrupts cerebellar white matter myelination
and induces autism-like social deficits in male off-
spring 30, providing definitive proof-of-principle that
placental endocrine output can sculpt mammalian
brain development while leaving open whether the
adult maternal brain exhibits comparable sensitiv-
ity. Furthermore, because placental hormone se-
cretion varies across gestational age and differs ac-
cording to foetal sex18, thematernal systemicmilieu
supporting neuroadaptation is unlikely to be uni-
form across pregnancies.
Before appraising the four individual pathways in
detail, it is essential to distinguish between two con-
ceptual accounts of how placental activity could re-
late to maternal brain adaptation. These accounts
are not mutually exclusive, but they entail markedly
different evidentiary thresholds:

1. Active instructive signalling: In this model,
placenta-specific molecules engage defined re-
ceptors or cellular targets withinmaternal neu-
ral circuits to direct neurochemical, structural,
or behavioural adaptations (e.g., priming care-
giving motivation or affective regulation). Pla-
cental neurosteroid precursors (via allopreg-
nanolone), pCRH, and hCG represent the pri-
mary candidates for instructive signalling be-
cause each possesses identified molecular tar-
gets in neural tissue.

2. Allostatic or homeostatic remodelling:
In this model, the maternal brain under-
goes structural and metabolic reorganisa-
tion as a secondary adaptation to the sub-
stantial haemodynamic, immunological, and
metabolic workload imposed by the feto-
placental unit. Here, neural plasticity reflects
central homeostatic accommodation to sys-
temic physiological demand rather than pur-
posive molecular instruction from the pla-
centa.

Much of the empirical literature appraised be-
low is fully compatible with allostatic remodelling.
Maintaining a rigorous distinction between instruc-
tive signalling and allostatic adaptation prevents
the misinterpretation of secondary systemic adjust-
ments as directed feto-placental programming of

the maternal brain. Establishing active instructive
signalling requires demonstrating that a placenta-
specific ligand accesses a defined maternal neural
target and that selective perturbation of that ligand
alters maternal neural or behavioural outcomes—an
evidentiary standard not yet met by any placental
signal in human pregnancy.
An expanded neuroendocrine framework of preg-
nancy should therefore integrate both maternal
glandular hormones and placenta-derived signals
without attributing greater explanatory weight to
placental communication than current evidence
warrants. Reviews of female brain ageing have simi-
larly proposed that the profound immunoendocrine
transitions of pregnancy, alongside menopause,
shape long-term trajectories of neurological health
and neurodegenerative risk57. Defining how
placenta-derived signals interact with established
maternal hormonal pathways is the critical step re-
quired to transform this conceptual framework into
a falsifiable neurobiological model.

CANDIDATE MECHANISTIC
PATHWAYS AND THE LEVELS OF
EVIDENCE SUPPORTING THEM
Determining whether placenta-derived signals con-
tribute to maternal brain adaptation requires speci-
fying the biological pathways linking the maternal-
foetal interface to maternal physiological systems
and grading the empirical evidence supporting
each step. Throughout gestation, the syncytiotro-
phoblast releases steroid and peptide hormones, ex-
tracellular vesicles, immunomodulatory cytokines,
and metabolic-vascular regulators into the mater-
nal circulation4,5. Below, four candidate pathways
are formulated as mechanistic hypotheses and eval-
uated across a uniform evidentiary sequence: bio-
logical rationale, placental origin, maternal systemic
effect, direct evidence in the maternal brain, indirect
or extrapolated evidence, and remaining uncertain-
ties. Table 1 synthesises this pathway-by-pathway
appraisal.

Hypothesis 1: Placental endocrine sig-
nalling modifies maternal neural function
The biological rationale for the endocrine hypothe-
sis is that the human placenta functions as a high-
capacity endocrine organ whose secretory prod-
ucts circulate in maternal blood at concentrations
unmatched during any other phase of adult life;
consequently, any maternal neural circuit express-
ing cognate receptors or steroid-metabolising en-
zymes would be exposed to sustained gestational
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stimulation. Placental origin is unequivocally es-
tablished for progesterone and oestrogen synthe-
sis, pCRH, hCG, hPL, and hPGH5,18. Maternal
systemic effects are equally well documented for
each hormone, encompassing gestational insulin re-
sistance, maternal lipid mobilisation, cardiovascu-
lar volume expansion5,23, and progressive recalibra-
tion of the maternal HPA axis19,24. Direct evidence
within the maternal brain is currently restricted
to the neurosteroid arm of this pathway: gesta-
tional allopregnanolone dynamically remodels cor-
tical and hypothalamic GABAA receptor subunit ex-
pression and function in pregnant rats 21, and lower
mid-gestational plasma allopregnanolone concen-
trations prospectively predict postpartum depres-
sive symptoms in women 22. For the peptide hor-
mones (hCG and lactogens), central receptor expres-
sion, blood-brain barrier transport, and behavioural
modulation have been demonstrated in rodent mod-
els 26–29, but direct neural action has not been con-
firmed in human pregnancy. Indirect evidence
is substantial, given that systemic metabolic sub-
strate availability and HPA axis tone profoundly
modulate central synaptic plasticity58, while ex-
trapolated evidence from mice demonstrates that
placenta-specific allopregnanolone synthesis is re-
quired for normal foetal cerebellar white matter de-
velopment30. The principal methodological uncer-
tainty is source attribution: because placental and
maternal ovarian/pituitary sources of steroids and
lactogens overlap in the maternal circulation, no hu-
man neuroimaging study has yet isolated the neural
effect of a specifically placental hormone from the
broader maternal endocrine background17.

Hypothesis 2: Syncytiotrophoblast-
derived extracellular vesicles carry signals
to maternal tissues
The biological rationale for the extracellular vesicle
(EV) hypothesis is that membrane-bound vesicles
(including exosomes and microvesicles) transport
functional proteins, lipids, mRNAs, and microRNAs
between distant organs and represent a conserved
mechanism of intercellular communication, includ-
ing across the neurovascular unit59. Crucially, pla-
cental origin can be established with high molecu-
lar specificity: syncytiotrophoblast-derived EVs ex-
press surface placental alkaline phosphatase (PLAP)
and carry trophoblast-restricted microRNAs tran-
scribed from the primate-specific chromosome 19
microRNA cluster (C19MC), enabling direct analyt-
ical separation of placental vesicles from maternal

systemic vesicles34,35. Maternal systemic effects are
well documented, with circulating PLAP-positive
exosome concentrations rising progressively across
the first trimester of healthy human pregnancy36

and syncytiotrophoblast microparticles contribut-
ing to the controlled systemic inflammatory priming
characteristic of normal gestation37,38. However,
direct evidence of placental EV action within the
healthy maternal brain is currently absent. Avail-
able neurovascular evidence is entirely extrapolated
from pathological pregnancy models and the foetal
compartment: plasma EVs isolated from women
with pre-eclampsia and EVs shed by hypoxic ex
vivo human placentae disrupt blood-brain barrier
tight junction integrity in rodent and endothelial
models—an effect attenuated by magnesium sul-
fate 39—while placenta-derived EVs in the foetal cir-
culation cross developing biological barriers and
modulate neurodevelopmental pathways40. The
primary uncertainty is both qualitative and quan-
titative: pathological EV shedding in pre-eclampsia
differs markedly from physiological release in par-
ticle concentration, surface antigen profile, and
pro-inflammatory/anti-angiogenic cargo41. Conse-
quently, evidence that pre-eclamptic vesicles com-
promise endothelial barrier integrity cannot be ex-
trapolated as evidence that physiological placental
EVs deliver instructive molecular cargo across an in-
tact maternal blood-brain barrier during uncompli-
cated pregnancy.

Hypothesis 3: Placental regulation of ma-
ternal immune physiology shapes the ma-
ternal brain
The biological rationale for the neuroimmune hy-
pothesis is that successful gestation requires precise,
stage-specific immunological tolerance and priming
at the maternal-foetal interface, and that peripheral
immune mediators exert well-characterised regula-
tory effects on central glial activity, synaptic plas-
ticity, and affective behaviour. Placental origin and
regulatory control are firmly established: the tro-
phoblast actively secretes cytokines, chemokines,
and immunomodulatory factors that govern ma-
ternal leukocyte recruitment and systemic immune
balance rather than acting as a passive physical
barrier 42,43. Maternal systemic effects include the
finely tuned shift in peripheral inflammatory tone
and innate immune priming across gestation, to
which circulating syncytiotrophoblast microparti-
cles directly contribute37. Within neuroscience, pe-
ripheral cytokines and immune signalling molecules
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are known to modulate central neural function via
microglial activation, neurotransmitter metabolism,
and neuroendocrine circuits47,48, while classical im-
mune proteins (such as major histocompatibility
complex class I molecules and complement compo-
nents) play essential physiological roles in develop-
mental synaptic pruning and adult synaptic plas-
ticity independent of infection or injury49. Direct
evidence involving the maternal brain itself comes
from preclinical rodent studies demonstrating that
late pregnancy and the early postpartum period are
accompanied by region-specific reductions in mi-
croglial density, altered microglial process ramifica-
tion, and shifts in central cytokine expression within
the maternal prefrontal cortex, hippocampus, and
amygdala 44. While this constitutes direct observa-
tion of neuroimmune remodelling in the rodent ma-
ternal brain, its specific causal attribution to placen-
tal signals—as opposed to maternal sex steroids—
has not been established. Because the vast major-
ity of the pregnancy neuroimmunology literature fo-
cuses on pathological maternal immune activation
and its adverse consequences for foetal neurodevel-
opment 46, direct extrapolation to physiological ma-
ternal brain adaptation is unwarranted without tar-
geted experiments that selectively manipulate pla-
cental immune output while measuring maternal
central neuroimmune outcomes.

Hypothesis 4: Placental regulation of ma-
ternal metabolic and vascular physiology
alters the cerebral environment
The biological rationale for the metabolic and vas-
cular hypothesis is that the mammalian brain is
metabolically demanding and highly dependent on
continuous cerebral blood flow and regulated sub-
strate delivery, both of which undergo profound sys-
temic reorganisation driven by the placenta dur-
ing gestation. Placental origin is well established
for the nutrient-sensing pathways, metabolic hor-
mones, and angiogenic factors (such as placental
growth factor and soluble fms-like tyrosine kinase-
1) that govern maternal resource allocation and
vascular tone 50,51. Maternal systemic effects are
among the most thoroughly characterised phenom-
ena in reproductive physiology, encompassing ex-
tensive uterine spiral artery and systemic vascular
remodelling, plasma volume expansion, increased
cardiac output, and gestational adjustments in glu-
cose and lipid metabolism5,52. Evidence involving
the maternal brain is indirect but physiologically
significant: preclinical and clinical studies demon-
strate that the maternal cerebral circulation adapts

during pregnancy through enhanced pressure au-
toregulation, altered myogenic tone, and remod-
elling of cerebral arterioles and blood-brain bar-
rier transport properties that protect the maternal
brain from hyperperfusion under elevated haemo-
dynamic load 53. However, no study has yet demon-
strated that these cerebrovascular adaptations are
triggered directly by placenta-specific ligands act-
ing on cerebral endothelium rather than represent-
ing an autoregulatory response to the systemic car-
diovascular and endocrine state of gestation. Con-
sequently, this pathway aligns most closely with
the allostatic remodelling framework outlined in
Section 3, with neural and cerebrovascular adjust-
ments inferred from systemic physiological work-
load rather than direct placental instruction.

Routes by which placental signals could
reach the maternal brain
A critical mechanistic question left unaddressed by
most discussions of feto-maternal communication is
how large, hydrophilic, or vesicle-encapsulated pla-
cental molecules could gain physical or functional
access to maternal neural tissue across the blood-
brain barrier. Four anatomically and physiologi-
cally plausible routes of CNS access can be specified
(summarised in Figure 2):

1. Circumventricular organs (CVOs): Sensory
and secretory CVOs—including the median
eminence, area postrema, and organum vas-
culosum of the lamina terminalis (OVLT)—
possess fenestrated capillaries lacking a classi-
cal tight-junction blood-brain barrier, enabling
circulating peptide hormones and cytokines to
interact directly with central neurons and as-
trocytic processes 60. While anatomically es-
tablished for systemic neuroendocrine regula-
tion, this route has not yet been experimen-
tally tested for placenta-specific peptides such
as pCRH or hPL.

2. Endothelial receptor-mediated transcyto-
sis and luminal signalling: Circulating pro-
tein hormones can cross the cerebral microvas-
cular endothelium via saturable, receptor-
mediated vesicular transport, or bind to lu-
minal endothelial receptors to trigger ablumi-
nal release of second messengers (such as ni-
tric oxide or prostaglandins) into the brain
parenchymawithout the intact ligand crossing
the barrier 61. The demonstration that circu-
lating prolactin and lactogens enter the mouse
brain via a choroid plexus and endothelial
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transport mechanism independent of the clas-
sical prolactin receptor provides direct proof-
of-principle for this route 29.

3. Extracellular vesicle trafficking and
barrier modulation: Syncytiotrophoblast-
derived EVs may be internalised by cerebral
endothelial cells via endocytosis, transfer
C19MCmicroRNA cargo into perivascular and
glial compartments, ormodulate tight junction
permeability. At present, empirical support
for this route is restricted to extrapolated
pathological models showing blood-brain
barrier disruption by pre-eclamptic plasma
EVs 39 and trans-barrier EV trafficking within
the foetal compartment 40.

4. Ascending visceral afferent neural path-
ways: Peripheral immune cytokines and
metabolic signals can activate vagal and other
visceral sensory afferents innervating mater-
nal peripheral tissues, relaying neural sig-
nals through the nucleus of the solitary tract
(NTS) to hypothalamic, limbic, and autonomic
centres without requiring humoral transport
across the blood-brain barrier 47. While well
established for general peripheral immune-to-
brain communication, vagal relay of specif-
ically placenta-derived immune or metabolic
signals remains untested.

Taken together, the appraisal across Sections 4.1–
4.5 indicates that any placental contribution to
maternal neuroplasticity is far more likely to op-
erate through coordinated, multi-system interac-
tions across endocrine, vesicular, immune, and cere-
brovascular interfaces than through a single linear
pathway. Moreover, the four candidate hypothe-
ses differ substantially in their current evidentiary
maturity: evidence of placental origin and maternal
systemic action is robust across all four pathways,
whereas evidence of direct maternal neural action
is strongest for placental steroidogenesis (via allo-
pregnanolone), mechanistically plausible via central
receptors for pCRH and hCG, and currently limited
to indirect or extrapolated observations for EV, im-
mune, and metabolic-vascular pathways (Table 1;
Figure 1).

DISTINGUISHING PLACENTAL
SIGNALS FROMMATERNAL
BACKGROUND:
METHODOLOGICAL
REQUIREMENTS
The principal technical obstacle to testing any of the
four hypotheses in human pregnancy is biochemical

overlap: because placenta-derived and maternal en-
dogenous molecules circulate together in maternal
blood, observing a statistical correlation between a
circulating hormone or cytokine and a neuroimag-
ing metric does not establish the tissue of origin.
Three molecular profiling strategies now offer the
analytical specificity required to overcome this lim-
itation in human cohort studies:

1. Placenta-specific microRNA signatures:
Targeting nucleic acids expressed almost ex-
clusively by trophoblast cells—specifically the
primate-specific C19MCmicroRNA cluster ex-
ported within exosomes (and the orthologous
chromosome 14 microRNA cluster [C14MC] in
rodents for comparative preclinical studies)—
provides an unambiguousmolecular tag of pla-
cental origin in maternal plasma35.

2. Immunoaffinity isolation of syncytiotro-
phoblast EVs: Capturing PLAP-positive ex-
tracellular vesicles from maternal peripheral
blood via immunoaffinity chromatography or
fluorescence nanoparticle tracking physically
separates syncytiotrophoblast-derived vesicles
from themuch larger pool ofmaternal platelet-
, endothelial-, and leukocyte-derived EVs prior
to proteomic or transcriptomic cargo analy-
sis 34.

3. Maternal plasma cell-free RNA (cfRNA)
profiling: Quantifying trophoblast-specific
gene transcripts within maternal circulating
cfRNA already enables accurate non-invasive
prediction of gestational age, preterm birth,
and pre-eclampsia 62,63. Pairing longitudinal
cfRNA quantification of placental transcripts
with serial structural and functional neu-
roimaging in the same pregnant participants
would allow investigators to test whether fluc-
tuations in placenta-specific transcriptional
output covary with maternal cortical and sub-
cortical remodelling while statistically control-
ling for maternal systemic background.

Complementing human longitudinal studies, ex-
perimental animal and ex vivo models remain in-
dispensable for establishing causal mechanisms
that cannot be ethically manipulated in pregnant
women. However, pronounced interspecies diver-
gence in placental anatomy and endocrinology dic-
tates that experimental model selection determines
translational validity. Laboratory rodents possess
haemochorial placentation but express expanded
families of prolactin-like proteins lacking human
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orthologues, rely on the maternal corpus luteum
rather than the placenta for progesterone synthe-
sis throughout most of gestation, and do not ex-
press placental CRH 31–33. Furthermore, rodent ma-
ternal caregiving behaviour is heavily dependent on
olfactory processing and the medial preoptic area,
whereas human maternal adaptation engages dis-
tributed higher-order cortical networks subserving
theory of mind and social cognition12,54. Con-
sequently, experimental designs should prioritise
model systems that preserve the relevant human bi-
ology:

• Non-human primates: Anthropoid primates
share both haemochorial villous placentation
and exponentially rising syncytiotrophoblast
pCRH secretion across gestation19,31.

• Trophoblast-specific genetic manipula-
tion in mice: Conditional gene targeting
using trophoblast-restricted Cre recombinase
drivers (such as Cyp19a1-Cre) 64 or blastocyst
trophectoderm-specific lentiviral gene trans-
fer prior to implantation 65 enables selective
deletion or overexpression of a placental gene
while leaving the maternal genome—and
maternal endogenous endocrine/immune
tissues—completely intact.

• Ex vivo dual perfusion of the human pla-
cental cotyledon: The dually perfused hu-
man term placental lobule allows the direc-
tional release of hormones, cytokines, and
PLAP-positive EVs into the maternal-side per-
fusate to be quantified in human tissue in the
complete absence of maternal systemic con-
founding 66.

The power of trophoblast-restricted genetic manip-
ulation is exemplified by the conditional deletion of
the allopregnanolone-synthesising enzyme Akr1c14

specifically within mouse trophoblast (Cyp19a1-
Cre), which definitively demonstrated that placen-
tal neurosteroid output causally regulates offspring
cerebellar myelination and social behaviour30. Exe-
cuting the analogous placenta-specific knockout ex-
periment while evaluating maternal brain structure,
microglial morphology, GABAA receptor plasticity,
and postpartum caregiving behaviour in the genet-
ically wild-type dam represents the single most in-
formative preclinical experiment needed to test the
placenta–maternal brain hypothesis.

DEFINING THE
PLACENTA-MATERNAL BRAIN
HYPOTHESIS: PRIORITIES FOR
FUTURE RESEARCH
Determining whether placenta-derived signals ac-
tively shape maternal neuroplasticity requires re-
search designs that bridge reproductive biology and
maternal systems neuroscience. As our eviden-
tiary appraisal demonstrates, biological plausibil-
ity is strongly supported by the placenta’s estab-
lished governance of maternal systemic physiology,
whereas direct empirical proof linking placenta-
derived molecules to maternal neural circuits re-
mains largely confined to neuroactive steroids and
preclinical rodent models. Future investigations
should therefore move beyond isolated single-
hormone correlations and examine gestation as an
integrated multi-organ communication network en-
compassing the placenta, maternal endocrine axes,
peripheral immunity, cerebrovascular autoregula-
tion, and the CNS 17.
Longitudinal human cohort studies pairing high-
frequency placental molecular profiling with preci-
sion maternal neuroimaging represent the highest-
priority translational step. Recent dense-sampling
neuroimaging work has demonstrated that ma-
ternal cortical volume, thickness, and white mat-
ter quantitative anisotropy can be tracked week-
by-week from preconception through the postpar-
tum period 3. Integrating this precision imag-
ing paradigm with serial maternal blood sampling
for PLAP-positive EV cargo, C19MC microRNAs,
trophoblast-specific cfRNA transcripts, pCRH, and
neurosteroidmetabolomicswould test whether indi-
vidual trajectories of placental signalling predict the
magnitude or regional specificity of maternal brain
remodelling. Crucially, incorporating the placenta-
specific molecular assays detailed in Section 5 is
what will allow investigators to attribute observed
brain–biomarker associations to placental output
rather than maternal glandular activity.
Human cohort designs should also measure pe-
ripheral immune, metabolic, cardiovascular, and
psychological variables concurrently with placen-
tal biomarkers, as the biologically relevant ques-
tion is how placental signals interact with ma-
ternal endogenous pathways rather than whether
they act in isolation. Stratification by foetal sex
is particularly essential in these cohorts: first-
trimester and term human placental transcriptomes
exhibit pronounced sexual dimorphism67, mater-
nal peripheral blood mononuclear cell cytokine re-
sponses across gestation vary systematically with
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foetal sex 45, and maternal circulating hCG trajecto-
ries differ between male- and female-bearing preg-
nancies 20. Testing whether foetal sex modifies ges-
tational maternal brain plasticity—or alters mater-
nal vulnerability to peripartummood disorders—will
require large, demographically diverse longitudinal
cohorts 12.

Finally, investigations of extracellular vesicle and
neuroimmune pathways must rigorously separate
the physiological signalling of uncomplicated ges-
tation from the pathophysiological cascades of ob-
stetric syndromes such as pre-eclampsia. In healthy
pregnancy, circulating PLAP-positive EVs rise grad-
ually and support a controlled, adaptive priming
of maternal innate immunity and vascular com-
pliance 36,37. In pre-eclampsia, by contrast, hy-
poxic and oxidatively stressed syncytiotrophoblast
tissue sheds elevated quantities of EVs enriched
in anti-angiogenic factors, pro-inflammatory cy-
tokines, and oxidized lipids that provoke systemic
endothelial dysfunction, hypertension, and blood-
brain barrier breakdown [45,46,48]. Because much
of the experimental literature on placental EVs and
cerebrovascular barrier function has been gener-
ated in the context of pre-eclampsia, care must be
taken not to conflate pathological barrier injury
with physiological feto-maternal neurocommunica-
tion. Studies aiming to define normative maternal
brain adaptation must establish uncomplicated ges-
tation as their primary mechanistic reference.

An integrative, placenta-inclusive framework does
not replace classical neuroendocrine models of the
maternal brain; rather, it embeds them within
the complete reproductive physiology of pregnancy,
treating the maternal-foetal interface as a candidate
co-regulator of the internal milieu supporting ma-
ternal neuroplasticity while maintaining a strict dis-
tinction between instructive placental signalling and
allostatic maternal remodelling.

CONCLUSION: TOWARDS AN
INTEGRATED MODEL OF
MATERNAL BRAIN ADAPTATION
Maternal brain plasticity during pregnancy is a ro-
bust, reproducible neurobiological phenomenon, yet
the upstream physiological signals that initiate and
coordinate this remodelling remain incompletely
defined. While classical models have rightly empha-
sised maternal ovarian steroids and pituitary neu-
roendocrine pathways, gestation also involves con-
tinuous, high-output biochemical signalling from

the placenta—a transient endocrine organ that re-
shapes maternal physiology through steroidogene-
sis, peptide hormone secretion, nutrient sensing, im-
munomodulation, and extracellular vesicle release.
Our critical appraisal of the literature indicates that
current evidence does not yet prove that placenta-
derived signals directly instruct maternal neural cir-
cuits in human pregnancy, and shows that the four
candidate pathways differ substantially in their ev-
identiary proximity to that standard. Placental
steroidogenic output holds the strongest mechanis-
tic claim via progesterone-derived allopregnanolone,
supported by direct neural remodelling evidence
in rodents and prospective clinical associations in
women, followed by pCRH and hCG, which engage
verified central receptors but lack direct neuroimag-
ing correlates in human pregnancy. Extracellular
vesicle, neuroimmune, andmetabolic-vascular path-
ways currently rest on indirect systemic and extrap-
olated pathological or foetal evidence. Integrating
placental biology into models of maternal neuro-
plasticity provides a rigorous, biologically complete
framework that complements precision human neu-
roimaging3,17 and generates falsifiable predictions
for multidisciplinary research across reproductive
biology, endocrinology, and neuroscience.

DECLARATIONS
Abbreviations
BBB: Blood-brain barrier; C14MC: Chromosome 14
microRNA cluster; C19MC: Chromosome 19 mi-
croRNA cluster; cfRNA: Cell-free ribonucleic acid;
CNS: Central nervous system; CRH: Corticotropin-
releasing hormone; CVO: Circumventricular or-
gan; EV: Extracellular vesicle; GABAA: Gamma-
aminobutyric acid type A; hCG: Human chori-
onic gonadotropin; HPA: Hypothalamic-pituitary-
adrenal; hPGH: Human placental growth hormone;
hPL: Human placental lactogen; LH: Luteinizing
hormone; miRNA: MicroRNA; MRI: Magnetic reso-
nance imaging; mRNA: Messenger ribonucleic acid;
NTS: Nucleus of the solitary tract; OVLT: Organum
vasculosum of the lamina terminalis; pCRH: Placen-
tal corticotropin-releasing hormone; PLAP: Placen-
tal alkaline phosphatase.

Acknowledgements
The authors acknowledge the contributions of re-
searchers whose work in maternal neuroscience,
placental biology, endocrinology, and reproductive
physiology has informed the synthesis presented in
this review, and thank the peer reviewers whose
constructive comments shaped its restructuring.

9249



Biomedical Research and Therapy 2026, 13(10):9237-9252

Author’s contributions
EEE conceptualised the manuscript, designed and
executed the structured literature search, developed
the evidence appraisal framework, and prepared
the initial draft. KFC, BEI, INM, and AAO inde-
pendently verified the literature selection and con-
tributed to the evidence evaluation, scientific syn-
thesis, and critical revision of the manuscript. All
authors read and approved the final manuscript.

Funding
None. The authors received no specific grant from
any funding agency in the public, commercial, or
not-for-profit sectors for the preparation of this
manuscript.

Availability of data and materials
None. Not applicable, as this manuscript is a critical
narrative review based on previously published liter-
ature and does not involve the generation or analysis
of new datasets or materials.

Ethics approval and consent to participate
None. Not applicable, as this manuscript does not
involve human participants, human tissue or data
collection, animal experiments, or biological sample
analysis.

Consent for publication
None. Not applicable, as this manuscript does not
contain individual participant data, identifiable clin-
ical information, or images requiring consent for
publication.

Declaration of generative AI and AI-
assisted technologies in the writing pro-
cess
None. During the preparation and editing of this
work, AI-assisted language editing was used solely
to improve grammar, readability, reference format-
ting, and adherence to biomedical publishing style;
the authors reviewed and edited the content as
needed and take full responsibility for the integrity
and scientific content of the publication.

Competing interests
None. The authors declare that they have no com-
peting financial or non-financial interests.

REFERENCES
1. Hoekzema E, Barba-Müller E, Pozzobon C, Picado M, Lucco

F, García-García D, et al. Pregnancy leads to long-lasting

changes in human brain structure. Nature Neuroscience. 2017
Feb;20(2):287–296. PMID: 27991897. Available from: https:
//doi.org/10.1038/nn.4458.

2. de Lange AMG, Kaufmann T, van der Meer D, Maglanoc LA,
Alnæs D, Moberget T, et al. Population-based neuroimaging
reveals traces of childbirth in the maternal brain. Proceed-
ings of the National Academy of Sciences of the United States
of America. 2019 Oct;116(44):22341–22346. PMC6825266.
PMID: 31615888. Available from: https://doi.org/10.1073/pnas.
1910666116.

3. Pritschet L, Taylor CM, Cossio D, Faskowitz J, Santander T,
Handwerker DA, et al. Neuroanatomical changes observed
over the course of a human pregnancy. Nature Neuroscience.
2024 Nov;27(11):2253–2260. PMC11537970. PMID: 39284962.
Available from: https://doi.org/10.1038/s41593-024-01741-0.

4. Burton GJ, Fowden AL. The placenta: a multifaceted, transient
organ. Philosophical Transactions of the Royal Society B: Bi-
ological Sciences. 2015 Mar;370(1663):20140066. PMC4305167.
PMID: 25602070. Available from: https://doi.org/10.1098/rstb.
2014.0066.

5. Napso T, Yong HEJ, Lopez-Tello J, Sferruzzi-Perri AN. The role
of placental hormones in mediating maternal adaptations to
support pregnancy and lactation. Frontiers in Physiology. 2018
Aug;9:1091. PMC6108594. PMID: 30174608. Available from:
https://doi.org/10.3389/fphys.2018.01091.

6. Carmona S, Martínez-García M, Paternina-Die M, Barba-
Müller E, Wierenga LM, Alemán-Gómez Y, et al. Pregnancy
and adolescence entail similar neuroanatomical adaptations: a
comparative analysis of cerebral morphometric changes. Hu-
man Brain Mapping. 2019 May;40(7):2143–2152. PMC6865685.
PMID: 30663172. Available from: https://doi.org/10.1002/hbm.
24513.

7. Hoekzema E, Tamnes CK, Berns P, Barba-Müller E, Pozzobon
C, Picado M, et al. Becoming a mother entails anatomical
changes in the ventral striatum of the human brain that fa-
cilitate its responsiveness to offspring cues. Psychoneuroen-
docrinology. 2020 Feb;112:104507. PMID: 31756573. Available
from: https://doi.org/10.1016/j.psyneuen.2019.104507.

8. Kim P, Leckman JF, Mayes LC, Feldman R, Wang X, Swain JE.
The plasticity of human maternal brain: longitudinal changes
in brain anatomy during the early postpartum period. Be-
havioral Neuroscience. 2010 Oct;124(5):695–700. PMC4318549.
PMID: 20939669. Available from: https://doi.org/10.1037/
a0020884.

9. Luders E, Kurth F, Gingnell M, Engman J, Yong EL, Sundström
Poromaa I. From baby brain to mommy brain: widespread
gray matter gain after giving birth. Cortex. 2020 May;126:334–
342. PMID: 32105976. Available from: https://doi.org/10.1016/
j.cortex.2019.12.029.

10. Martínez-García M, Paternina-Die M, Barba-Müller E, Martín
de Blas D, Beumala L, Cortizo R, et al. Do pregnancy-
induced brain changes reverse? The brain of a mother six
years after parturition. Brain Sciences. 2021 Jan;11(2):168.
PMC7912216. PMID: 33525512. Available from: https://doi.
org/10.3390/brainsci11020168.

11. Barba-Müller E, Craddock S, Carmona S, Hoekzema E. Brain
plasticity in pregnancy and the postpartum period: links to
maternal caregiving and mental health. Archives of Women’s
Mental Health. 2019 Apr;22(2):289–299. PMC6440938. PMID:
30008085. Available from: https://doi.org/10.1007/s00737-018-
0889-z.

12. Orchard ER, Rutherford HJV, Holmes AJ, Jamadar SD. Ma-
trescence: lifetime impact of motherhood on cognition and
the brain. Trends in Cognitive Sciences. 2023 Mar;27(3):302–
316. PMC9957969. PMID: 36609018. Available from: https:
//doi.org/10.1016/j.tics.2022.12.002.

13. Brunton PJ, Russell JA. Endocrine induced changes in
brain function during pregnancy. Brain Research. 2010
Dec;1364:198–215. PMID: 20869351. Available from: https:
//doi.org/10.1016/j.brainres.2010.09.062.

9250

https://www.ncbi.nlm.nih.gov/pubmed/27991897
https://doi.org/10.1038/nn.4458
https://doi.org/10.1038/nn.4458
https://www.ncbi.nlm.nih.gov/pubmed/31615888
https://doi.org/10.1073/pnas.1910666116
https://doi.org/10.1073/pnas.1910666116
https://www.ncbi.nlm.nih.gov/pubmed/39284962
https://doi.org/10.1038/s41593-024-01741-0
https://www.ncbi.nlm.nih.gov/pubmed/25602070
https://doi.org/10.1098/rstb.2014.0066
https://doi.org/10.1098/rstb.2014.0066
https://www.ncbi.nlm.nih.gov/pubmed/30174608
https://doi.org/10.3389/fphys.2018.01091
https://www.ncbi.nlm.nih.gov/pubmed/30663172
https://doi.org/10.1002/hbm.24513
https://doi.org/10.1002/hbm.24513
https://www.ncbi.nlm.nih.gov/pubmed/31756573
https://doi.org/10.1016/j.psyneuen.2019.104507
https://www.ncbi.nlm.nih.gov/pubmed/20939669
https://doi.org/10.1037/a0020884
https://doi.org/10.1037/a0020884
https://www.ncbi.nlm.nih.gov/pubmed/32105976
https://doi.org/10.1016/j.cortex.2019.12.029
https://doi.org/10.1016/j.cortex.2019.12.029
https://www.ncbi.nlm.nih.gov/pubmed/33525512
https://doi.org/10.3390/brainsci11020168
https://doi.org/10.3390/brainsci11020168
https://www.ncbi.nlm.nih.gov/pubmed/30008085
https://doi.org/10.1007/s00737-018-0889-z
https://doi.org/10.1007/s00737-018-0889-z
https://www.ncbi.nlm.nih.gov/pubmed/36609018
https://doi.org/10.1016/j.tics.2022.12.002
https://doi.org/10.1016/j.tics.2022.12.002
https://www.ncbi.nlm.nih.gov/pubmed/20869351
https://doi.org/10.1016/j.brainres.2010.09.062
https://doi.org/10.1016/j.brainres.2010.09.062


Biomedical Research and Therapy 2026, 13(10):9237-9252

14. Grattan DR, Ladyman SR. Neurophysiological and cogni-
tive changes in pregnancy. Handbook of Clinical Neurol-
ogy. 2020;171:25–55. PMID: 32736755. Available from: https:
//doi.org/10.1016/B978-0-444-64239-4.00002-3.

15. Barth C, Crestol A, de Lange AMG, Galea LAM. Sex steroids
and the female brain across the lifespan: insights into risk of
depression and Alzheimer’s disease. Lancet Diabetes & En-
docrinology. 2023 Dec;11(12):926–941. PMID: 37865102. Avail-
able from: https://doi.org/10.1016/S2213-8587(23)00224-3.

16. Kramer AC, Jansson T, Bale TL, Powell TL. Maternal-fetal
cross-talk via the placenta: influence on offspring development
and metabolism. Development. 2023 Oct;150(20):dev202088.
PMC10617615. PMID: 37831056. Available from: https://doi.
org/10.1242/dev.202088.

17. Martínez-García M, Jacobs EG, de Lange AMG, Carmona S.
Advancing the neuroscience of human pregnancy. Nature
Neuroscience. 2024May;27(5):805–807. PMID: 38600168. Avail-
able from: https://doi.org/10.1038/s41593-024-01629-z.

18. Costa MA. The endocrine function of human placenta:
an overview. Reproductive BioMedicine Online. 2016
Jan;32(1):14–43. PMID: 26615903. Available from: https://doi.
org/10.1016/j.rbmo.2015.10.005.

19. Power ML, Schulkin J. Functions of corticotropin-releasing
hormone in anthropoid primates: from brain to placenta.
American Journal of Human Biology. 2006 Jul-Aug;18(4):431–
447. PMID: 16788901. Available from: https://doi.org/10.1002/
ajhb.20521.

20. Adibi JJ, Lee MK, Saha S, Boscardin WJ, Apfel A, Currier RJ.
Fetal sex differences in human chorionic gonadotropin fluc-
tuate by maternal race, age, weight and by gestational age.
Journal of Developmental Origins of Health and Disease. 2015
Dec;6(6):493–500. PMC4625920. PMID: 26242396. Available
from: https://doi.org/10.1017/S2040174415001336.

21. Concas A, Mostallino MC, Porcu P, Follesa P, Barbaccia ML,
Trabucchi M, et al. Role of brain allopregnanolone in the
plasticity of gamma-aminobutyric acid type A receptor in rat
brain during pregnancy and after delivery. Proceedings of the
National Academy of Sciences of the United States of Amer-
ica. 1998 Oct;95(22):13284–13289. PMC23784. PMID: 9789080.
Available from: https://doi.org/10.1073/pnas.95.22.13284.

22. Osborne LM, Gispen F, Sanyal A, Yenokyan G, Meilman S,
Payne JL. Lower allopregnanolone during pregnancy predicts
postpartum depression: an exploratory study. Psychoneu-
roendocrinology. 2017 May;79:116–121. PMC5420429. PMID:
28278440. Available from: https://doi.org/10.1016/j.psyneuen.
2017.02.012.

23. Fowden AL, Sferruzzi-Perri AN, Coan PM, Constância M, Bur-
ton GJ. Placental efficiency and adaptation: endocrine reg-
ulation. Journal of Physiology. 2009 Jul;587(14):3459–3472.
PMC2742275. PMID: 19451204. Available from: https://doi.
org/10.1113/jphysiol.2009.173013.

24. Brunton PJ, Russell JA, Douglas AJ. Adaptive responses
of the maternal hypothalamic-pituitary-adrenal axis during
pregnancy and lactation. Journal of Neuroendocrinology. 2008
Jun;20(6):764–776. PMID: 18601699. Available from: https:
//doi.org/10.1111/j.1365-2826.2008.01735.x.

25. Yim IS, Glynn LM, Dunkel Schetter C, Hobel CJ, Chicz-DeMet
A, Sandman CA. Risk of postpartum depressive symptoms
with elevated corticotropin-releasing hormone in human preg-
nancy. Archives of General Psychiatry. 2009 Feb;66(2):162–
169. PMC2768579. PMID: 19188538. Available from: https:
//doi.org/10.1001/archgenpsychiatry.2008.533.

26. Lei ZM, Rao CV, Kornyei JL, Licht P, Hiatt ES. Novel expression
of human chorionic gonadotropin/luteinizing hormone recep-
tor gene in brain. Endocrinology. 1993 May;132(5):2262–2270.
PMID: 8477671. Available from: https://doi.org/10.1210/endo.
132.5.8477671.

27. Lukacs H, Hiatt ES, Lei ZM, Rao CV. Peripheral and
intracerebroventricular administration of human chorionic
gonadotropin alters several hippocampus-associated behav-
iors in cycling female rats. Hormones and Behavior. 1995
Mar;29(1):42–58. PMID: 7782062. Available from: https://doi.

org/10.1006/hbeh.1995.1004.
28. Shingo T, Gregg C, Enwere E, Fujikawa H, Hassam R,

Geary C, et al. Pregnancy-stimulated neurogenesis in the
adult female forebrain mediated by prolactin. Science. 2003
Jan;299(5603):117–120. PMID: 12511652. Available from: https:
//doi.org/10.1126/science.1076647.

29. Brown RSE, Wyatt AK, Herbison RE, Knowles PJ, Ladyman SR,
Binart N, et al. Prolactin transport intomouse brain is indepen-
dent of prolactin receptor. FASEB Journal. 2016 Feb;30(2):1002–
1010. PMID: 26567005. Available from: https://doi.org/10.1096/
fj.15-276519.

30. Vacher CM, Lacaille H, O’Reilly JJ, Salzbank J, Bakalar D, Se-
baoui S, et al. Placental endocrine function shapes cerebellar
development and social behavior. Nature Neuroscience. 2021
Oct;24(10):1392–1401. PMC8481124. PMID: 34400844. Avail-
able from: https://doi.org/10.1038/s41593-021-00896-4.

31. Carter AM. Animal models of human placentation: a re-
view. Placenta. 2007 Apr;28(Suppl A):S41–S47. PMID: 17196252.
Available from: https://doi.org/10.1016/j.placenta.2006.11.002.

32. Soares MJ, Varberg KM, Iqbal K. Hemochorial placentation:
development, function, and adaptations. Biology of Reproduc-
tion. 2018 Jul;99(1):196–211. PMC6044390. PMID: 29481584.
Available from: https://doi.org/10.1093/biolre/ioy049.

33. Sferruzzi-Perri AN, Lopez-Tello J, Napso T, Yong HEJ. Explor-
ing the causes and consequences of maternal metabolic mal-
adaptations during pregnancy: lessons from animal models.
Placenta. 2020 Sep;98:43–51. PMC7548399. PMID: 33039031.
Available from: https://doi.org/10.1016/j.placenta.2020.01.015.

34. Dragovic RA, Collett GP, Hole P, Ferguson DJP, Redman CW,
Sargent IL, et al. Isolation of syncytiotrophoblast microvesicles
and exosomes and their characterisation by multicolour flow
cytometry and fluorescence nanoparticle tracking analysis.
Methods. 2015 Oct;87:64–74. PMC4641874. PMID: 25843788.
Available from: https://doi.org/10.1016/j.ymeth.2015.03.028.

35. Donker RB,Mouillet JF, Chu T, Hubel CA, Stolz DB,Morelli AE,
et al. The expression profile of C19MC microRNAs in primary
human trophoblast cells and exosomes. Molecular Human
Reproduction. 2012 Aug;18(8):417–424. PMC3389496. PMID:
22383544. Available from: https://doi.org/10.1093/molehr/
gas013.

36. Sarker S, Scholz-Romero K, Perez A, Illanes SE, Mitchell MD,
Rice GE, et al. Placenta-derived exosomes continuously in-
crease in maternal circulation over the first trimester of preg-
nancy. Journal of Translational Medicine. 2014 Aug;12:204.
PMC4283151. PMID: 25104112. Available from: https://doi.
org/10.1186/1479-5876-12-204.

37. Germain SJ, Sacks GP, Sooranna SR, Sargent IL, Redman
CW. Systemic inflammatory priming in normal pregnancy
and preeclampsia: the role of circulating syncytiotrophoblast
microparticles. Journal of Immunology. 2007 May;178(9):5949–
5956. PMID: 17442979. Available from: https://doi.org/10.4049/
jimmunol.178.9.5949.

38. Tannetta D, Masliukaite I, Vatish M, Redman C, Sargent I. Up-
date of syncytiotrophoblast derived extracellular vesicles in
normal pregnancy and preeclampsia. Journal of Reproductive
Immunology. 2017 Feb;119:98–106. PMID: 27613663. Available
from: https://doi.org/10.1016/j.jri.2016.08.008.

39. León J, Acurio J, Bergman L, López J, Wikström AK, Torres-
Vergara P, et al. Disruption of the blood-brain barrier by
extracellular vesicles from preeclampsia plasma and hypoxic
placentae: attenuation by magnesium sulfate. Hypertension.
2021 Nov;78(5):1423–1433. PMID: 34601964. Available from:
https://doi.org/10.1161/HYPERTENSIONAHA.121.17744.

40. Lewis E, Lee SJ, Park HR. Placenta-derived extracellular vesi-
cles in fetal health: emerging insights into brain development
and environmental interactions. Experimental & Molecular
Medicine. 2025 Dec;57(12):2729–2738. PMC12800091. PMID:
41408406. Available from: https://doi.org/10.1038/s12276-025-
01601-2.

41. Ortega MA, Fraile-Martínez O, García-Montero C, Paradela A,
Sánchez-Gil MA, Rodríguez-Martín S, et al. Unfolding the role

9251

https://www.ncbi.nlm.nih.gov/pubmed/32736755
https://doi.org/10.1016/B978-0-444-64239-4.00002-3
https://doi.org/10.1016/B978-0-444-64239-4.00002-3
https://www.ncbi.nlm.nih.gov/pubmed/37865102
https://doi.org/10.1016/S2213-8587(23)00224-3
https://www.ncbi.nlm.nih.gov/pubmed/37831056
https://doi.org/10.1242/dev.202088
https://doi.org/10.1242/dev.202088
https://www.ncbi.nlm.nih.gov/pubmed/38600168
https://doi.org/10.1038/s41593-024-01629-z
https://www.ncbi.nlm.nih.gov/pubmed/26615903
https://doi.org/10.1016/j.rbmo.2015.10.005
https://doi.org/10.1016/j.rbmo.2015.10.005
https://www.ncbi.nlm.nih.gov/pubmed/16788901
https://doi.org/10.1002/ajhb.20521
https://doi.org/10.1002/ajhb.20521
https://www.ncbi.nlm.nih.gov/pubmed/26242396
https://doi.org/10.1017/S2040174415001336
https://www.ncbi.nlm.nih.gov/pubmed/9789080
https://doi.org/10.1073/pnas.95.22.13284
https://www.ncbi.nlm.nih.gov/pubmed/28278440
https://doi.org/10.1016/j.psyneuen.2017.02.012
https://doi.org/10.1016/j.psyneuen.2017.02.012
https://www.ncbi.nlm.nih.gov/pubmed/19451204
https://doi.org/10.1113/jphysiol.2009.173013
https://doi.org/10.1113/jphysiol.2009.173013
https://www.ncbi.nlm.nih.gov/pubmed/18601699
https://doi.org/10.1111/j.1365-2826.2008.01735.x
https://doi.org/10.1111/j.1365-2826.2008.01735.x
https://www.ncbi.nlm.nih.gov/pubmed/19188538
https://doi.org/10.1001/archgenpsychiatry.2008.533
https://doi.org/10.1001/archgenpsychiatry.2008.533
https://www.ncbi.nlm.nih.gov/pubmed/8477671
https://doi.org/10.1210/endo.132.5.8477671
https://doi.org/10.1210/endo.132.5.8477671
https://www.ncbi.nlm.nih.gov/pubmed/7782062
https://doi.org/10.1006/hbeh.1995.1004
https://doi.org/10.1006/hbeh.1995.1004
https://www.ncbi.nlm.nih.gov/pubmed/12511652
https://doi.org/10.1126/science.1076647
https://doi.org/10.1126/science.1076647
https://www.ncbi.nlm.nih.gov/pubmed/26567005
https://doi.org/10.1096/fj.15-276519
https://doi.org/10.1096/fj.15-276519
https://www.ncbi.nlm.nih.gov/pubmed/34400844
https://doi.org/10.1038/s41593-021-00896-4
https://www.ncbi.nlm.nih.gov/pubmed/17196252
https://doi.org/10.1016/j.placenta.2006.11.002
https://www.ncbi.nlm.nih.gov/pubmed/29481584
https://doi.org/10.1093/biolre/ioy049
https://www.ncbi.nlm.nih.gov/pubmed/33039031
https://doi.org/10.1016/j.placenta.2020.01.015
https://www.ncbi.nlm.nih.gov/pubmed/25843788
https://doi.org/10.1016/j.ymeth.2015.03.028
https://www.ncbi.nlm.nih.gov/pubmed/22383544
https://doi.org/10.1093/molehr/gas013
https://doi.org/10.1093/molehr/gas013
https://www.ncbi.nlm.nih.gov/pubmed/25104112
https://doi.org/10.1186/1479-5876-12-204
https://doi.org/10.1186/1479-5876-12-204
https://www.ncbi.nlm.nih.gov/pubmed/17442979
https://doi.org/10.4049/jimmunol.178.9.5949
https://doi.org/10.4049/jimmunol.178.9.5949
https://www.ncbi.nlm.nih.gov/pubmed/27613663
https://doi.org/10.1016/j.jri.2016.08.008
https://www.ncbi.nlm.nih.gov/pubmed/34601964
https://doi.org/10.1161/HYPERTENSIONAHA.121.17744
https://www.ncbi.nlm.nih.gov/pubmed/41408406
https://doi.org/10.1038/s12276-025-01601-2
https://doi.org/10.1038/s12276-025-01601-2


Biomedical Research and Therapy 2026, 13(10):9237-9252

of placental-derived extracellular vesicles in pregnancy: from
homeostasis to pathophysiology. Frontiers in Cell and Devel-
opmental Biology. 2022 Nov;10:1060850. PMC9720121. PMID:
36478738. Available from: https://doi.org/10.3389/fcell.2022.
1060850.

42. Mor G, Aldo P, Alvero AB. The unique immunological and
microbial aspects of pregnancy. Nature Reviews Immunol-
ogy. 2017 Aug;17(8):469–482. PMID: 28627518. Available from:
https://doi.org/10.1038/nri.2017.64.

43. Mor G, Cardenas I. The immune system in pregnancy: a
unique complexity. American Journal of Reproductive Im-
munology. 2010 Jun;63(6):425–433. PMC3025805. PMID:
20367629. Available from: https://doi.org/10.1111/j.1600-0897.
2010.00836.x.

44. Haim A, Julian D, Albin-Brooks C, Brothers HM, Lenz KM,
Leuner B. A survey of neuroimmune changes in pregnant
and postpartum female rats. Brain, Behavior, and Immu-
nity. 2017 Jan;59:67–78. PMID: 27686844. Available from:
https://doi.org/10.1016/j.bbi.2016.09.026.

45. Mitchell AM, Palettas M, Christian LM. Fetal sex is associated
with maternal stimulated cytokine production, but not serum
cytokine levels, in human pregnancy. Brain, Behavior, and
Immunity. 2017 Feb;60:32–37. PMC5558889. PMID: 27375004.
Available from: https://doi.org/10.1016/j.bbi.2016.06.015.

46. Estes ML, McAllister AK. Maternal immune activation:
implications for neuropsychiatric disorders. Science. 2016
Aug;353(6301):772–777. PMC5650490. PMID: 27540164. Avail-
able from: https://doi.org/10.1126/science.aag3194.

47. Dantzer R, O’Connor JC, Freund GG, Johnson RW, Kelley KW.
From inflammation to sickness and depression: when the im-
mune system subjugates the brain. Nature Reviews Neuro-
science. 2008 Jan;9(1):46–56. PMC2919277. PMID: 18073775.
Available from: https://doi.org/10.1038/nrn2297.

48. Bilbo SD, Schwarz JM. The immune system and developmen-
tal programming of brain and behavior. Frontiers in Neuroen-
docrinology. 2012 Aug;33(3):267–286. PMC3484177. PMID:
22982535. Available from: https://doi.org/10.1016/j.yfrne.2012.
08.006.

49. Boulanger LM. Immune proteins in brain development and
synaptic plasticity. Neuron. 2009 Oct;64(1):93–109. PMID:
19840552. Available from: https://doi.org/10.1016/j.neuron.
2009.09.001.

50. Díaz P, Powell TL, Jansson T. The role of placental nutrient
sensing in maternal-fetal resource allocation. Biology of Re-
production. 2014 Oct;91(4):82. PMC4435028. PMID: 25122064.
Available from: https://doi.org/10.1095/biolreprod.114.121798.

51. Jansson T, Powell TL. Role of placental nutrient sens-
ing in developmental programming. Clinical Obstetrics
and Gynecology. 2013 Sep;56(3):591–601. PMC3732521.
PMID: 23703224. Available from: https://doi.org/10.1097/GRF.
0b013e3182993a2e.

52. Osol G, Mandala M. Maternal uterine vascular remod-
eling during pregnancy. Physiology. 2009 Feb;24(1):58–71.
PMC2760472. PMID: 19196652. Available from: https://doi.
org/10.1152/physiol.00033.2008.

53. Johnson AC, Cipolla MJ. The cerebral circulation during preg-
nancy: adapting to preserve normalcy. Physiology. 2015
Mar;30(2):139–147. PMC5504451. PMID: 25729059. Available
from: https://doi.org/10.1152/physiol.00048.2014.

54. Servin-Barthet C, Martínez-García M, Pretus C, Paternina-Die
M, Soler A, Khymenets O, et al. The transition to motherhood:
linking hormones, brain and behaviour. Nature Reviews Neu-
roscience. 2023 Oct;24(10):605–619. PMID: 37612425. Available

from: https://doi.org/10.1038/s41583-023-00733-6.
55. Brunton PJ, Russell JA, Hirst JJ. Allopregnanolone in the brain:

protecting pregnancy and birth outcomes. Progress in Neu-
robiology. 2014 Feb;113:106–136. PMID: 24012715. Available
from: https://doi.org/10.1016/j.pneurobio.2013.08.005.

56. Newbern D, Freemark M. Placental hormones and the control
of maternal metabolism and fetal growth. Current Opinion in
Endocrinology, Diabetes and Obesity. 2011 Dec;18(6):409–416.
PMID: 21986512. Available from: https://doi.org/10.1097/MED.
0b013e32834c800d.

57. Barth C, de Lange AMG. Towards an understanding
of women’s brain aging: the immunology of pregnancy
and menopause. Frontiers in Neuroendocrinology. 2020
Jul;58:100850. PMID: 32504632. Available from: https://doi.
org/10.1016/j.yfrne.2020.100850.

58. McEwen BS, Akil H. Revisiting the stress concept: implica-
tions for affective disorders. Journal of Neuroscience. 2020
Jan;40(1):12–21. PMC6939488. PMID: 31896560. Available from:
https://doi.org/10.1523/JNEUROSCI.0733-19.2019.

59. Kalluri R, LeBleu VS. The biology, function, and biomedical ap-
plications of exosomes. Science. 2020 Feb;367(6478):eaau6977.
PMC7717626. PMID: 32029601. Available from: https://doi.org/
10.1126/science.aau6977.

60. Ganong WF. Circumventricular organs: definition and role in
the regulation of endocrine and autonomic function. Clinical
and Experimental Pharmacology and Physiology. 2000 May-
Jun;27(5-6):422–427. PMID: 10831247. Available from: https:
//doi.org/10.1046/j.1440-1681.2000.03259.x.

61. Banks WA. From blood-brain barrier to blood-brain interface:
new opportunities for CNS drug delivery. Nature ReviewsDrug
Discovery. 2016 Apr;15(4):275–292. PMID: 26794270. Available
from: https://doi.org/10.1038/nrd.2015.21.

62. Ngo TTM, Moufarrej MN, Rasmussen MH, Camunas-Soler J,
Pan W, Okamoto J, et al. Noninvasive blood tests for fe-
tal development predict gestational age and preterm delivery.
Science. 2018 Jun;360(6393):1133–1136. PMC7734383. PMID:
29880692. Available from: https://doi.org/10.1126/science.
aar3819.

63. Moufarrej MN, Vorperian SK, Wong RJ, Campos AA, Quain-
tance CC, Sit RV, et al. Early prediction of preeclampsia in
pregnancy with cell-free RNA. Nature. 2022 Feb;602(7898):689–
694. PMC8971130. PMID: 35140405. Available from: https:
//doi.org/10.1038/s41586-022-04410-z.

64. Wenzel PL, Leone G. Expression of Cre recombinase in early
diploid trophoblast cells of the mouse placenta. Genesis. 2007
Mar;45(3):129–134. PMID: 17299749. Available from: https:
//doi.org/10.1002/dvg.20276.

65. Okada Y, Ueshin Y, Isotani A, Saito-Fujita T, Nakashima H,
Kimura K, et al. Complementation of placental defects and em-
bryonic lethality by trophoblast-specific lentiviral gene trans-
fer. Nature Biotechnology. 2007 Feb;25(2):233–237. PMID:
17220877. Available from: https://doi.org/10.1038/nbt1280.

66. Schneider H, Panigel M, Dancis J. Transfer across the perfused
human placenta of antipyrine, sodium, and leucine. American
Journal of Obstetrics and Gynecology. 1972 Nov;114(6):822–
828. PMID: 4676572. Available from: https://doi.org/10.1016/
0002-9378(72)90909-X.

67. Gonzalez TL, Sun T, Koeppel AF, Lee B, Wang ET, Farber CR,
et al. Sex differences in the late first trimester human placenta
transcriptome. Biology of Sex Differences. 2018 Jan;9(1):4.
PMC5769539. PMID: 29335024. Available from: https://doi.
org/10.1186/s13293-018-0165-y.

9252

https://www.ncbi.nlm.nih.gov/pubmed/36478738
https://doi.org/10.3389/fcell.2022.1060850
https://doi.org/10.3389/fcell.2022.1060850
https://www.ncbi.nlm.nih.gov/pubmed/28627518
https://doi.org/10.1038/nri.2017.64
https://www.ncbi.nlm.nih.gov/pubmed/20367629
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://www.ncbi.nlm.nih.gov/pubmed/27686844
https://doi.org/10.1016/j.bbi.2016.09.026
https://www.ncbi.nlm.nih.gov/pubmed/27375004
https://doi.org/10.1016/j.bbi.2016.06.015
https://www.ncbi.nlm.nih.gov/pubmed/27540164
https://doi.org/10.1126/science.aag3194
https://www.ncbi.nlm.nih.gov/pubmed/18073775
https://doi.org/10.1038/nrn2297
https://www.ncbi.nlm.nih.gov/pubmed/22982535
https://doi.org/10.1016/j.yfrne.2012.08.006
https://doi.org/10.1016/j.yfrne.2012.08.006
https://www.ncbi.nlm.nih.gov/pubmed/19840552
https://doi.org/10.1016/j.neuron.2009.09.001
https://doi.org/10.1016/j.neuron.2009.09.001
https://www.ncbi.nlm.nih.gov/pubmed/25122064
https://doi.org/10.1095/biolreprod.114.121798
https://www.ncbi.nlm.nih.gov/pubmed/23703224
https://doi.org/10.1097/GRF.0b013e3182993a2e
https://doi.org/10.1097/GRF.0b013e3182993a2e
https://www.ncbi.nlm.nih.gov/pubmed/19196652
https://doi.org/10.1152/physiol.00033.2008
https://doi.org/10.1152/physiol.00033.2008
https://www.ncbi.nlm.nih.gov/pubmed/25729059
https://doi.org/10.1152/physiol.00048.2014
https://www.ncbi.nlm.nih.gov/pubmed/37612425
https://doi.org/10.1038/s41583-023-00733-6
https://www.ncbi.nlm.nih.gov/pubmed/24012715
https://doi.org/10.1016/j.pneurobio.2013.08.005
https://www.ncbi.nlm.nih.gov/pubmed/21986512
https://doi.org/10.1097/MED.0b013e32834c800d
https://doi.org/10.1097/MED.0b013e32834c800d
https://www.ncbi.nlm.nih.gov/pubmed/32504632
https://doi.org/10.1016/j.yfrne.2020.100850
https://doi.org/10.1016/j.yfrne.2020.100850
https://www.ncbi.nlm.nih.gov/pubmed/31896560
https://doi.org/10.1523/JNEUROSCI.0733-19.2019
https://www.ncbi.nlm.nih.gov/pubmed/32029601
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1126/science.aau6977
https://www.ncbi.nlm.nih.gov/pubmed/10831247
https://doi.org/10.1046/j.1440-1681.2000.03259.x
https://doi.org/10.1046/j.1440-1681.2000.03259.x
https://www.ncbi.nlm.nih.gov/pubmed/26794270
https://doi.org/10.1038/nrd.2015.21
https://www.ncbi.nlm.nih.gov/pubmed/29880692
https://doi.org/10.1126/science.aar3819
https://doi.org/10.1126/science.aar3819
https://www.ncbi.nlm.nih.gov/pubmed/35140405
https://doi.org/10.1038/s41586-022-04410-z
https://doi.org/10.1038/s41586-022-04410-z
https://www.ncbi.nlm.nih.gov/pubmed/17299749
https://doi.org/10.1002/dvg.20276
https://doi.org/10.1002/dvg.20276
https://www.ncbi.nlm.nih.gov/pubmed/17220877
https://doi.org/10.1038/nbt1280
https://www.ncbi.nlm.nih.gov/pubmed/4676572
https://doi.org/10.1016/0002-9378(72)90909-X
https://doi.org/10.1016/0002-9378(72)90909-X
https://www.ncbi.nlm.nih.gov/pubmed/29335024
https://doi.org/10.1186/s13293-018-0165-y
https://doi.org/10.1186/s13293-018-0165-y



