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Abstract

While placental function is fundamental to normetaf development, the blood-brain barrier
provides a second checkpoint critical to protectimg fetal brain and ensuring healthy brain
development. The placenta is considered the keyiebaoetween the mother and fetus,
regulating delivery of essential nutrients, remgwwaste as well as protecting the fetus from
potentially noxious substances. However, disturbanto the maternal environment and
subsequent adaptations to placental function mandere the placenta ineffective for

providing a suitable environment for the developifegus and to providing sufficient

protection from harmful substances. The developingin is particularly vulnerable to

changes in the maternal/fetal environment. Develgnof the blood-brain barrier and

maturation of barrier transporter systems work rtotgrt the fetal brain from exposure to
drugs, excluding them from the fetal CNS. This egwiwill focus on the role of the ‘other’

key barrier during gestation — the blood-brain iear which has been shown to be

functional as early as 8 weeks’ gestation.
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Introduction

There are a number of physiological barriers presethe body throughout life. Arguably
the most important during pregnancy and the dewvedoqt of the fetus is the blood-placental
barrier. The placenta forms the primary barriemiaein the maternal environment and the
fetus regulating a wide variety of functions reqdirfor healthy development including gas
exchange, hormone production and secretion angfeanf nutrients and waste [1, 2]. The
placenta is essential for survival; it is respolesitor stimulating the maternal endocrine
system to release hormones necessary for the oatibn of pregnancy but also functions to
provide protection of the fetus from potentiallyiméul agents. The placenta plays a key role
in adaption during pregnancy, responding and adgishroughout to signals from both the
mother and the fetus to ensure optimal growth aressential to the development of the fetal
brain [3]. Both intrinsic and extrinsic factors mothe maternal environment result in
modulation of intra-uterine development. In additio the placenta however, other barrier
systems exist in the fetus. The blood-brain bar({88B) is vital for protection of the brain

and fundamental for the effective function of tleatral nervous system (CNS).

The BBB is the interface between the systemic ttmn and brain parenchyma. It is

responsible for the regulation of movement betwientwo compartments and is essential
for maintaining homeostasis in the CNS. The bragguires a carefully maintained

microenvironment and protection from toxic endogen@nd exogenous substances for
normal function. While the placenta provides thetfregulatory barrier between the mother
and fetus, the BBB serves as a highly specificqgafed of the developing fetal brain. The
placenta and BBB work to protect the fetus fromeptitilly toxic substances which can have

long term pathological consequences. To date, adenstanding of the development and
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functionality of this barrier has been poor, to gunt that many believed that the fetal BBB
is immature if not altogether absent. Across titne belief has been perpetuated, and it was
believed protection of the growing fetus was preddolely by the placenta [4]. However,
experiments performed nearly a century ago as agefleveral recent studies shows not only
the presence of the BBB in the developing fetusthait it is functionally capable, possessing
many of the barrier properties observed in theyfdéveloped BBB of the adult brain [5]. In
this review we will explore the development of BBB, its function in the growing fetus

and, how such changes in the maternal environmagtimpact the developing brain.

Development of the blood-brain barrier

The BBB is primarily a diffusional barrier betweéme systemic vascular system and the
brain. Like the placenta, the BBB is responsiblerf@intaining an optimal environment for
development. It does this through the complex tallatructure that makes up the BBB as
well via a number of transport mechanisms respém$dy molecule transfer and protection
of the brain from toxic substances. The BBB is magbe of endothelial cells of the
vasculature forming cell-to-cell tight and adhergmections to limit transcellular/paracellular
movement between the two compartments. These exltthells lack fenestrations, have
low turnover and proliferation rates, and have halgctrical resistance [6]. Under normal
conditions these properties limit the free movemehtions, large proteins, and water
allowing tight control of concentration gradienetween the blood and brain. This results in
the protection of the brain from vasogenic edentherotoxic effects, and regulation of
neuronal excitability. However, a fully functionBBB requires the support of a range of cell
types including neurons, pericytes, astrocytes, mmctoglia, all of which contribute to

barrier integrity; together these are known asiggrovascular unit (NVU).
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Historically it was proposed that the BBB was nattane during early stages of development
and that the vulnerable developing brain was fphgtected by the barrier properties of the
placenta. Early studies using vascularly injectgesdsuch as trypan blue in animal embryos
and fetuses showed permeation into all tissuesidimod the brain, perpetuating the idea that
in the immature animal the BBB was undevelopedkyear lacking altogether (for a
comprehensive review see Saunders et al. 2014HSB)uever, several studies such as those
by Weed (embryonic pig), Cohen and Davies (embrygpiinea pig) and Grazer (rat E10-
birth) did not show any evidence of staining in brain [7-9]. In human, post-mortem tissue
from fetuses and neonates showed that from as asrly?2 weeks gestation trypan blue did
not cross the BBB [10]. Overloading the bindingaafy of plasma albumin, to which many
dyes such as trypan blue bind, results in excesgltit can easily penetrate into the brain; in

many of the early studies such toxic levels of dyee used that many animals died [5, 11].

Structural development of the blood-brain barrier

The precise structure of the BBB is key to its tiowal ability to protect and maintain the
brain microenvironment. Recent studies have dematest that humans, rats, and sheep have
a number of functional barrier mechanisms in plftoen early gestational time-points [12,

13]. These include tight junction proteins and savansporters at the cerebral vasculature.

The development of the BBB is a multistep procésisial vascularisation is followed by
tight junction protein and nutrient transporter gsion. The BBB then matures further with
contact of pericytes and astrocytes of the NVU [1@gvelopment continues with the
increased expression of efflux transporters, deeckdevels of transcytosis, and sealing of
the inter-endothelial cleft. Across BBB developmtdre are changes to the NVU, electrical

resistance of the endothelial cells themselvest fignction proteins, and influx and efflux
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transport which may alter the permeability of theBto different substances such as water,
proteins, or ions. Alterations to barrier structawed function address specific needs of the

brain at various developmental stages.

Vascularisation of the human telencephalon bedirgpproximately week 8 of gestation, by
the 12" week tight junction proteins occludin and clauBlimre expressed in the primary
vessels [15]. The appearance of tight junction ganst at this time appears sufficient to
prevent endogenous albumin from entering the bramviding evidence of early
functionality of the barrier [15]. By the {8veek of gestation, these tight junction proteins
demonstrate similar staining patterns to the tighttions of the adult BBB [15]. Freeze
fracture and thin section electron microscopy ianmsal human tissue demonstrates that tight
junctions are organised in complex, linear, nearticoious tracts between endothelial cells of
the microvasculature [16]. Similar detailed findinbave been reported in rat BBB tight
junction development, where tight junctions are ratantly present in late gestation and
undergo increases in complexity in terms of intiygand length throughout gestation and

after birth [17, 18].

There are several studies demonstraitingtro that astrocytes are essential for tight junction
formation [19-21]. However, it has been demonstrate rodents that tight junctions are
present and functional at birth [18], whereas then@ry period of astrocytic differentiation
and vessel encirclement does not occur until tivd fostnatal week [22]. It is unclear how
astrocytes contribute to the development of theidraphenotype, however there is evidence
to support a role in the progressive tighteningigtit junctions after birth [23]. Another cell
type critical for development and maintenance & BBB is the pericyte [24]. While

pericytes are expressed throughout the systemaulaare, the highest density of pericytes
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is found in the brain [24]. Pericytes have alsorbglgown to be essential for the formation of
tight junctions [24, 25]. Generation of pericytexlaheir effects on tight junction formation

occur as early as P13 in the rodent preceding tbbdbe astrocyte [24]. The process of
pericyte encirclement of cerebral vessels is aasedti with a decrease in BBB solute

permeability — demonstrating their functional imjamice in CNS protection [26].

How the development of the BBB across time affduasrier functionality is not well

understood. It is clear that each of these chaisgescessary for the tight control at the BBB
demonstrable in adults. However, differences immaability to drugs of differing size or

pharmacological properties across development ateawn and likely to be species-
dependant. This presents challenges when targe@atments towards the mother or fetus in
the prediction of efficacy and toxic effects. Thdaetors need to be kept in mind when
studying the effects of the maternal environmentptatental function and impacts on the

CNS.

Transport across the blood-brain barrier

There are numerous transport mechanisms presethe aBBB to provide the brain with
essential nutrients and to provide protection frmxic substances. Transport at the BBB
occurs via free-diffusion of small lipophilic substes or via catalysed transport processes
such as carrier mediated transport, receptor-nmegtlimansport, and active efflux transport.
Efflux transport is essential for the protectiontleé brain from endogenous substances such
as the excitatory neurotransmitter glutamate (aigho crucial for neuronal signalling,
excessive levels are neurotoxic) and is key inlegog drug entry to the fetal brain [27, 28].
Present at high concentrations in the fetal citeuta glutamate levels in the brain are

regulated at the BBB by the excitatory amino acahsporters (EAATs 1-4) [27].
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There are a number of transporter systems exprébsaaghout the body several of which
are common to both the placenta and the BBB. Aco#ffleix transporters come from two
major classes of transporters which extrude mei@ba@ste, xenobiotics and a large number
of drugs from the brain back into the blood. Thestfisuperfamily that has BBB efflux
transporter members is the solute carrier protihs) superfamily. Transporters from three
SLC subfamilies comprise the majority of known Séfflux transporters. At the BBB these
include SLC22 and SLCO (SLC21). The second, andt masprehensively studied of the
efflux transporters at the BBB is the ATP-bindirassette (ABC) efflux transporter family.
Permeability glycoprotein (P-gp) is an importantnnbber of this super family along with
breast cancer resistance protein (BCRP) and theidmg resistance associated proteins

(MRPs) [29].

Expression and Function of SL C efflux transporters

SLC efflux transporters play an important role imm@ation of organic compounds,

especially organic anions, from the brain. Effluembers of this family are bi-directional

transporters and commonly localise to the bas@hteembrane of cerebral endothelial cells
to remove toxic compounds from the brain extratailispace [30]. Unlike the ABC

transporters much less is known about developmempiession changes to SLC efflux
transporters at the BBB. Evidence from rodent modriggest that expression of Oat3
(Slc22a8), which is present on endothelial cellstted BBB and at the choroid plexus,
remains mostly unchanged across development [31-Bfijthe SLCO family Oatpla4d

(Slcolad4) and Oatpla5 (Slcola5) are present onrddent BBB with expression of

Oatplad/Slcolad demonstrated to increase from PB4opostnatal days, equivalent to that

of human brain development from the preterm toatielt [34]. Oatpla4 is located at both
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apical and basolateral membranes in the rat bndiereas Oatpla5 membrane localisation is
yet to be elucidated [35, 36]. In humans, OATP1é2he only isoform that shows relatively
high homology with rodent Oatpla4 and Oatpla5. OBAZPis predominantly expressed in
the brain at cerebral vasculature endothelial chitsvever the membrane localisation is not

yet clear [37] (Figure 1).

Expression and function of ABC efflux transporters

An important member of the ABC efflux transportammily, the P-gp transporter has a
significant role in regulating drug transfer acrdsgh the placenta and BBB and a crucial
role in neuroprotection [38, 39]. In the CNS, P4igpprimarily expressed on the luminal
surface of endothelial cells of the cerebral vasttue as early as 8 weeks gestation [29, 40,
41]. In contrast with placental P-gp expression alvhis maximal at the beginning of
pregnancy and declines with increasing gestati@B Brotein and mRNA levels of P-gp are
low and dramatically increase with advancing gestaih rodents and humans [42-45]. This
suggests a compensatory mechanism that ensuremuadnprotection of the brain from
xenobiotics that are no longer sufficiently repelley the placenta [46]. The mechanism of
this action is unclear, however it is known thagji?expression at the BBB appears to be
regulated by glucocorticoids and, that BBB P-gpelswise with a simultaneous increase in

maternal and fetal cortisol levels [47, 48].

P-gp is involved in the transport of several prgdgiom medications commonly administered
to women during pregnancy to treat various condgioncluding asthma, hypertension,
diabetes and epilepsy [49, 50]. Considering thalliipophilic nature of such drugs the role
of P-gp in excluding them from the fetal circulatis critical to protection of the developing

fetus .However, P-gp may be altered by exposusenee drugs, and maternal factors such as
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undernutrition have also been reported to impagpRexpression both in the placenta and the
brain potentially compromising placental functiomdamay contribute to fetal exposure to

potentially teratogenic drugs [39, 51].

Other efflux transporter membranes of the ABC sigpeity are MRPs, specifically 1, 2, 4,
and 5 which have definitive localisation on cerébessels [44, 52-54]. MRP homologs have
a substantial degree of substrate overlap, andgoah drugs conjugated to glutathione,
sulphate, or glucoronate. Selected members mayti@ssport endogenous substances such
as leukotriene, bilirubin glucuronides and prosaadins [53]. Expression of the MRPs at the
BBB varies with MRP1, 2, and 5 located on the dmoambrane of cerebral endothelial cells
whereas MRP4 is equally distributed on apical aadotateral membranes (Figure 1) [54,
55]. In rat forebrain it has been demonstrated tMabl and 4 mRNA increase from
embryonic day 13 through to postnatal time-poifts &nd P7 respectively) [44]. To date,

changes to the developmental expression of MRPZasdinknown.

BCRP removes a wide range of substances includmgmotherapeutic agents, antiviral
drugs, and carcinogens from the brain into the dIf5]. It is expressed on the apical
membrane of the cerebral endothelial cells frontyedavelopmental ages and in rodents has
been shown to be expressed from embryonic day 2approximately week 22 of human
gestation [42, 44, 57, 58]. BCRP expression remiairggely unchanged across development,
with a moderate increase in mMRNA found betweenrnatat ages and adult in the mouse and

rat [33, 34].

Exploiting the fetal blood-brain barrier

10



245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

P-gp transporters repel many classes of presanigial illicit drugs from the brain. These

drugs include calcium channel blockers, statingpidp, chemotherapies, HIV protease
inhibitors, and anti-epileptic drugs [59]. Many wemrequire prescription drugs that are
substrates of the P-gp transporter throughout @egn either for acute or chronic conditions
such as asthma, epilepsy, or cancer. In the e@09'g, the percentage of pregnant women

who used prescription drugs ranged from 27 to 98042].

Improved understanding of drug transport systemghe@tBBB during development could
allow exploitation of endogenous systems for thetgution of the fetal brain. Exogenous
glucocorticoids such as those given to pregnant oat risk of premature birth can result in
premature maturation of P-gp expression and funaiadhe BBB as demonstratedimvitro
experiments [46, 51]. This effect may be partidylaiseful in babies at risk of brain damage
due to prescription or illicit drug use in the methlt must be noted, however, that P-gp also
regulates entry of substrates such as cortisol athoisterone that are required for normal

brain development [46].

Conversely, a reduction in P-gp function is of ragt clinically to enhance the delivery of
drugs to specifically treat CNS pathologies in tleus. Selective serotonin reuptake
inhibitors (SSRIs) have been identified as a ctdsdrug that inhibit P-gp transporters at the
BBB [63]. However, sertraline (a member of the S$&hily) has the opposite effect on
function of P-gp at the placenta. Mice treated signtraline had increased efflux function of
the P-gp transporter at the placenta, and decrdaggdtransporter function at both the fetal
and maternal BBB [63]. These tissue specific effeemphasise the need to understand

transport functions at both the placenta and BBBiéxdevelopment of novel therapies.

11
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lllicit drug use during pregnancy in the United t8tahas been estimated to be approximately
16% in teenagers, and 7% in women 18-25 yearsef@dt]. There is a population of women
who seek assistance from physicians for opioid teaemce with methadone or
buprenorphine [65]. Exploiting the developing BBBthe fetus has been proposed as a novel
therapy to prevent neonatal abstinence syndromeouttsignificant effects on maternal
maintenance. A selective opioid antagonist has lidemtified that crosses the placenta and
fetal BBB without substantial effects on the maarmBB opioid receptors [66]. Oberdick
and colleagues suggest that is it the immaturithhefBBB in the neonatal mouse (equivalent
to a fetal human) that allows the opioid antagoffshaltrexol to cross into the brain and
exert its effect. While such results are encourggapecies differences in BBB development
is an important consideration. Significant alterasi in the timing of BBB development have
been noted in humans when compared with other mésnihé also worth noting that there
are several other routes into the brain such abltwel CSF barrier which may affect studies

that manipulate developmental differences [67].

Other avenues to exploit the BBB include developnoériherapies to increase biochemical
barrier function at the BBB and placenta and tlteeeefiecrease fetal exposure and toxicity.
Nanoparticles are a promising area of researchevhigirug can be encapsulated for targeted
delivery to specific tissues. In the case of matke@NS disorders, direct targeting would
increase the proportion of drug reaching the matebnain, reducing the dose available to
cross the placenta and reach the fetus [68]. Lipas@ncapsulation may significantly reduce
placental transfer of drugs such as the anti-efdejpug valproic acid [69]. It was postulated
that this technique may be useful in the treatnoémbaternal CNS disorders such as epilepsy
without exposing the fetus to significant amountddiug. However, it is unclear how this

modification would affect transport through the erail BBB and therefore disease control.

12
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This technique reduces the risk in manipulatiorplaicental transporters and potential off
target effects such as unintended alteration of BBBnsport function. However,
advancement in encapsulation technology needsdor dxefore it can be applied clinically

[68].

Conclusion

Despite the presence of placental efflux transpgrtee placenta is an imperfect drug barrier.
Given sufficient time and dosage most drugs camadirghe placenta and enter the fetal
circulation, posing a teratogenic risk to the fédtedin. Although the placenta and BBB have
several efflux transporters in common, the BBB i$aa more structurally complex and
restrictive system. To cross the BBB and entelGN&, drugs need to be small and lipophilic
or have dedicated transport systems. Drugs witketh@operties would easily cross the
placental barrier even with functional efflux traosters, as quick diffusion surpasses the
ability of efflux transporters to pump substancesf the fetal circulation. Understanding
how the BBB functions during development of theugeis essential to ensuring optimal brain
growth and protection from drugs and toxins onceytltross the placenta. Given the
differences in BBB development across speciesnegafent of animal models is critical

before application to the human.

Minimising drug exposure in the fetus is vital sducing teratogenic effects, and long-term
neurological disease. Recently it has been shoainvtidproate, and other anti-epileptic drugs
such as phenytoin and topiramate during pregnaanyesult in long-term reductions in 1Q
and behavioural consequences [70]. Stolp and Ddmgska (2009) have previously
reviewed the role of disruption to the BBB duridgvelopment in the onset of serious

neurological diseases such as Alzheimer’s diseaderaultiple sclerosis [71]. It is unclear at
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this stage the long-term functional consequencesahges to transporters at the BBB during

development.

It is important to note that there are a numberetévant additional factors to consider that
have not been addressed in this review. Drug mésaiip enzymes at the BBB and placenta
may significantly affect drug transfer through thdmrriers, and biotransformation by these
enzymes may affect movement of substances by baffiex transporters [72, 73]. Drug
metabolising enzymes with actions at the BBB inelptiase | and phase Il enzymes such as
cytochrome P450 and glutathioB8eransferases [74]. In addition, there are otheta® into

the brain other than the BBB, these include theodlGSF barrier between the systemic
blood supply and the choroid plexus, the meninbeatier, and the fetal-specific CSF-brain
barrier [11]. These factors are an additional sewfccomplexity when considering how best

to protect the developing brain.

A significant clinical challenge is the protectiofh the vulnerable fetal brain from drugs in
the maternal environment. The changes in placemt&BB function due to drug exposure
from the maternal environment have significanticahrelevance as the functional outcomes
vary and are often unknown. Greater consideratieeds to be paid to the relationship
between placental adaptation to the maternal emviemt and changes to other barrier
systems in the fetus such as the BBB to fully usi@ed the functional consequences of these
changes. In addition, transporter systems of thegpita and BBB and the effect of substrates
and inhibitors needs to be further elucidated. Aemmmprehensive understanding of these

systems may allow exploitation of transport in ordebetter treat and protect the fetal brain.
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