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Abstract 

Few biological structures guard their territory as jealously as the blood–brain barrier. 

A continuous wall of specialized endothelial cells, welded together by tight junctions 

and backed up by pericytes and astrocytes, it admits the nutrients the brain needs and 

repels nearly everything else — including, inconveniently, the majority of medicines 

we would like to deliver to it. This narrative review examines the blood–brain barrier 

as a living security system: its historical discovery, its cellular and molecular 

architecture, and the tightly regulated transport routes that allow a small, privileged set 

of molecules to cross. We then consider what happens when that security fails — in 

stroke, multiple sclerosis, Alzheimer's disease, brain tumours, and central nervous 

system infection — and the therapeutic consequences of both a barrier that is too tight 

and one that is too leaky. Finally, we survey the creative armamentarium scientists have 

assembled to breach or bypass the barrier on demand: prodrugs, molecular Trojan 

horses, nanoparticles, focused ultrasound, and intranasal delivery. Understanding the 

barrier not as a static wall but as a dynamic, responsive interface is now central to 

treating the brain's most stubborn diseases. 

Keywords: Blood–brain barrier; tight junctions; neurovascular unit; drug delivery; 

transcytosis; neurodegeneration. 

1. Introduction 

The brain is a demanding tenant. Though it accounts for only about two percent 

of body weight, it commands a fifth of the body's circulating blood supply and 

consumes energy at a rate surpassed by no other organ. Yet the bloodstream that feeds 

it is kept at a careful arm's length. Between the capillary lumen and the neural tissue 

lies the blood–brain barrier (BBB) — arguably the most selective border in the human 
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body, and the reason why treating diseases of the brain has frustrated medicine for over 

a century [1]. 

The barrier's reputation is well earned. It is estimated that only about two percent of 

small-molecule drugs and essentially no large biologics cross into brain tissue in any 

meaningful amount, a statistic that has made the BBB the single greatest bottleneck in 

central nervous system (CNS) drug development [4]. For a pharmaceutical company, 

a brilliant molecule that cures a brain tumour in a dish but cannot reach its target is not 

a drug; it is an expensive failure. But the barrier is not a defect of design. It is the price 

of admission for the extraordinary chemical stability the brain requires — an organ 

with almost no regenerative capacity can ill afford exposure to toxins, pathogens, or 

wild fluctuations in the chemistry of the blood [5]. This review traces the story of the 

barrier from its accidental discovery to the frontiers of modern delivery science, 

treating it throughout as what it truly is: the body's ultimate security system, complete 

with walls, guards, checkpoints, and — as every good security system has — ways to 

be defeated. 

2. A Brief History of an Accidental Discovery 

The barrier revealed itself through a series of beautiful accidents. In 1885, the German 

microbiologist Paul Ehrlich injected aniline dyes into the bloodstream of animals and 

noticed, to his puzzlement, that virtually every organ took up the stain except the brain. 

Ehrlich concluded, incorrectly, that the brain simply had no affinity for the dye. It was 

his student, Edwin Goldmann, who performed the decisive experiment in 1913: 

injecting the dye directly into the cerebrospinal fluid, he found that the brain stained 

vividly while the rest of the body remained untouched. The two compartments were 

sealed off from one another — something stood between blood and brain [6]. 

What that something was took another half-century to see. The breakthrough came in 

1967, when Thomas Reese and Morris Karnovsky injected the electron-dense enzyme 

horseradish peroxidase into the circulation of mice and examined brain capillaries 

under the electron microscope. The tracer halted abruptly at the endothelial cell 

junctions, never squeezing between them as it did in capillaries elsewhere. The barrier, 

they showed, was not a membrane but the endothelial wall itself — sealed by structures 

that would come to be called tight junctions [3]. Six decades later, the neurovascular 

unit they glimpsed remains the conceptual foundation of the field. 

3. Anatomy of the Fortress: Cellular and Molecular Architecture 

The BBB is best understood not as a single wall but as a coordinated community of 

cells — the neurovascular unit — each contributing to security (Figures 1 and 2). The 
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first and decisive layer is the endothelium. Brain capillary endothelial cells differ 

profoundly from endothelial cells elsewhere in the body: they are connected by 

continuous belts of tight junction proteins, they display very few pinocytotic vesicles, 

and they rest on a dense basement membrane. The tight junctions — molecular stitches 

formed by claudins, occludin, and the zonula occludens scaffolding proteins — fuse 

adjacent cells into a membrane with electrical resistance many times higher than that 

of ordinary capillaries, effectively sealing the paracellular route [10]. 

Wrapped around the endothelium are pericytes, contractile cells embedded in the 

basement membrane that regulate capillary diameter, stabilize the vessel wall, and help 

maintain the junctional seal; loss of pericytes alone is enough to make vessels leaky, in 

both mice and human disease [5]. Covering the outer surface like insulating mesh are 

astrocyte end-feet — bulbous processes of star-shaped glial cells that transfer chemical 

signals from neurons to the vasculature and help induce the barrier phenotype during 

development [1]. Microglia, the brain's resident immune cells, patrol the perivascular 

space as a mobile security detail, and a thin layer of perivascular macrophages 

completes the ensemble [11]. 

Adding another layer of selectivity, the endothelial surface bristles with transport 

machinery: nutrient carriers such as the glucose transporter GLUT1 and the large 

neutral amino acid transporter LAT1 admit essential supplies, while ATP-dependent 

efflux pumps — most famously P-glycoprotein and the breast cancer resistance protein 

— actively expel lipophilic molecules that slip into the endothelial membrane, ejecting 

them back into the blood [13]. The barrier is therefore not merely a wall; it is a wall 

with active bouncers. 

 

Figure 1. Structural overview of the blood–brain barrier: brain capillary endothelium 

joined by tight junctions, ensheathed by the basement membrane and astrocyte end-

feet. (Image source: PMC, open access) 
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4. How Guests Are Admitted: Transport Across the Barrier 

That a barrier so tight still nourishes the brain is a feat of logistics. Small lipophilic 

molecules such as oxygen and carbon dioxide diffuse straight across the endothelial 

membrane, as do some anaesthetics — the reason a surgical patient drifts off within 

seconds of an intravenous injection. Water moves through dedicated water channels 

(aquaporin-1), and charged ions cross via selective channels. Glucose, amino acids, 

nucleosides, and vitamins, however, are too polar to diffuse and too precious to 

exclude; they ride specific carrier proteins in a process of facilitated transport [1]. 

Larger cargo — iron-bearing transferrin, insulin, low-density lipoprotein — enters by 

receptor-mediated transcytosis: the molecule binds its receptor on the blood-facing 

membrane, the complex is internalized into a vesicle, and the vesicle shuttles across 

the cell to be released on the brain side. This Trojan-horse mechanism has become one 

of the most exploited routes in delivery science (Figure 3) [7]. Finally, the efflux 

transporters work in reverse, constituting a fourth, subtractive category of transport that 

keeps the brain clear of lipophilic intruders. Table 1 summarizes the principal routes 

and their therapeutic significance. 

Transport route Mechanism Representative 

cargoes 

Therapeutic 

significance 

Passive (lipid) 

diffusion 

Dissolution 

through the 

endothelial lipid 

bilayer; driven 

by concentration 

gradient 

O2, CO2, ethanol, 

general 

anaesthetics, 

some small 

lipophilic drugs 

Basis of CNS 

penetration for 

many sedatives 

and 

antidepressants; 

efflux pumps can 

expel even these 

Carrier-mediated 

transport 

Facilitated 

diffusion or 

active transport 

via membrane 

proteins 

Glucose 

(GLUT1), neutral 

amino acids 

(LAT1), 

nucleosides, 

monocarboxylates 

LAT1 exploited 

to ferry L-DOPA 

and 

investigational 

drugs; essential 

for brain 

nutrition 
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Receptor-

mediated 

transcytosis 

Ligand–receptor 

binding, 

vesicular 

shuttling across 

the endothelium 

Transferrin, 

insulin, low-

density 

lipoprotein, IgG 

(FcRn) 

Molecular Trojan 

horses: 

antibodies and 

enzymes fused to 

BBB-targeting 

ligands 

Adsorptive 

transcytosis 

Cationic 

molecules bind 

the luminal 

membrane and 

trigger vesicular 

uptake 

Certain peptides 

and cationized 

proteins 

Route for some 

cell-penetrating 

peptides; less 

specific than 

RMT 

Efflux transport ATP-dependent 

pumps expel 

substrates back 

into blood 

P-glycoprotein, 

BCRP, MRPs 

Major cause of 

multidrug 

resistance in 

brain tumours 

and of poor CNS 

penetration 

Table 1. Principal routes of molecular traffic across the blood–brain barrier. 

 

Figure 2. Constituents of the neurovascular unit: endothelial cells sealed by tight 

junctions, pericytes in the basement membrane, astrocyte end-feet, microglia, and 

perivascular macrophages. (Image source: Wikimedia Commons) 
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Figure 3. Strategies for nanoparticle crossing of the blood–brain barrier: adsorptive-

mediated (AMT), transporter-mediated (TMT), and receptor-mediated (RMT) 

transcytosis. (Image source: MDPI Int. J. Mol. Sci., open access) 

5. The Barrier at Work: Security, Maintenance, and Loopholes 

Viewed as a security operation, the barrier performs at least three duties. First, 

exclusion: it filters plasma proteins, toxins, and circulating pathogens, maintaining the 

low-protein, tightly controlled ionic environment that neurons require for 

electrochemical signalling. Second, surveillance and response: the barrier is not passive 

but dynamic, relaxing its junctions locally in response to neuronal activity to increase 

blood flow where it is needed — a coupling so precise that imaging it (the BOLD 

signal) underpins all of functional MRI [5]. Third, selective recruitment: immune 

traffic into the healthy brain is deliberately minimal, with patrolling T-cells screened at 

the border rather than admitted wholesale, a policy that limits inflammation but 

complicates defence against CNS pathogens [15]. 

No security system is without service entrances, and the brain has several. The 

circumventricular organs — small midline structures such as the area postrema, the 

subfornical organ, and the neurohypophysis — sit outside the barrier, their leaky 

capillaries allowing the brain to sample the blood for toxins (triggering vomiting) and 

to secrete hormones directly into the circulation [6]. Elsewhere, the blood–

cerebrospinal fluid barrier, formed by the choroid plexus epithelium, and the arachnoid 
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barrier layer provide complementary lines of defence. Together these specialized 

borders partition the CNS into compartments, each with its own customs regime — a 

fact of direct clinical consequence, since antibiotics that treat meningitis must cross 

different barriers than those that treat brain abscesses [14]. 

6. When Security Fails: Barrier Breakdown in Disease 

A wall that never fails is a wall that never gets tested; the barrier is tested constantly. 

In acute ischaemic stroke, energy failure collapses the endothelial ion gradients that 

tight junctions depend on, and vessels leak within minutes — which is why 

gadolinium-enhanced MRI after stroke lights up the damaged territory, and why 

reperfused tissue swells dangerously [2]. In multiple sclerosis, autoimmune T-cells 

breach the barrier with the help of adhesion molecules and matrix proteases, and the 

resulting perivenular inflammation visible on contrast MRI has become a radiological 

signature of the disease [15]. 

In chronic neurodegeneration the story is subtler but no less consequential. Long before 

plaques accumulate, Alzheimer's disease shows evidence of microvascular dysfunction 

and barrier leakage; pericyte loss and impaired amyloid-β clearance across the vessel 

wall are now considered part of the disease's early biology, not merely its aftermath 

[9]. Glioblastoma exploits the barrier differently, co-opting pericytes and vessels to 

build a blood–tumour barrier that is both leaky in places and selectively impermeable 

— excluding chemotherapy while the tumour's tortuous, compressed vessels hypoxia-

drive its aggressive growth [8]. And in meningitis, pathogens such as Neisseria 

meningitidis and Streptococcus pneumoniae actively remodel the junctions to gain 

entry, turning the host's own border crossing against it [14]. Table 2 summarizes these 

pathological patterns. The unifying lesson is that barrier breakdown is rarely a simple 

matter of a wall falling: it is a change in customs policy, and the brain pays the price 

either way. 

Disease Blood–brain barrier 

alteration 

Clinical consequence 

Ischaemic stroke Energy-dependent tight 

junction failure; rapid 

vasogenic oedema 

Haemorrhagic 

transformation risk; 

cytotoxic and 

vasogenic swelling 
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Multiple sclerosis Autoimmune cell 

trafficking; focal 

perivenular leakage 

Demyelinating lesions; 

contrast enhancement 

on MRI tracks activity 

Alzheimer's disease Microvascular 

degeneration, pericyte 

loss, impaired amyloid-

β clearance 

Chronic leakage; 

reduced perfusion; 

possible contribution to 

neurodegeneration 

Glioblastoma Blood–tumour barrier; 

heterogeneous 

leakiness with retained 

efflux pumps 

Chemotherapy 

exclusion; resistance; 

oedema from abnormal 

vessels 

Bacterial meningitis Pathogen-induced 

junction disruption and 

inflammation 

Pathogen entry; altered 

antibiotic penetration; 

vasogenic oedema 

Epilepsy Barrier opening at 

seizure foci; altered 

transporter expression 

May perpetuate seizure 

activity; drug resistance 

via efflux pumps 

Brain metastases Disrupted barrier at 

core, relatively intact at 

invasive rim 

Protection of 

microscopic disease; 

variable contrast 

enhancement 

Table 2. Disease states associated with blood–brain barrier disruption. 

7. Defeating the Wall: Strategies for CNS Drug Delivery 

For the drug developer, the barrier is a formidable adversary, and the history of CNS 

pharmacology is in large part a history of schemes to outwit it. The crudest approach 

is brute force: raising the systemic dose until enough drug crosses — a strategy that 

buys brain exposure at the cost of systemic toxicity. Osmotic disruption, in which a 

hypertonic mannitol infusion temporarily shrinks endothelial cells and opens the 

junctions, is its surgical cousin, still occasionally used to deliver chemotherapy in brain 

tumours but limited by seizures and non-selective opening [4]. 

Smarter schemes work with the barrier's own machinery. Prodrugs disguise a polar 

molecule in lipid-friendly clothing — the classic example is L-DOPA, which rides the 

LAT1 amino acid transporter and is decarboxylated to dopamine inside the brain, 
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transforming the treatment of Parkinson's disease. Molecular Trojan horses graft a 

therapeutic (an enzyme, an antibody, a nanoparticle) onto a ligand such as transferrin 

or an anti-transferrin receptor antibody, tricking the endothelium into ferrying the cargo 

across by receptor-mediated transcytosis; this approach has carried enzyme 

replacement into the brain in clinical trials for lysosomal storage disorders [7,13]. 

Efflux pump inhibition and transporter-targeted prodrugs extend the same philosophy 

to small molecules. 

7.1 Nanoparticles and physical methods 

Nanotechnology has given the field its most versatile toolkit (Figure 4). Liposomes, 

polymeric nanoparticles, and solid lipid carriers can be coated with polyethylene glycol 

to evade the immune system and decorated with targeting ligands — transferrin, 

insulin, lactoferrin, or low-density lipoprotein receptor binders — to engage 

transcytosis; some cationic particles cross by adsorptive mechanisms. More than a 

decade of optimization has improved brain accumulation, though translating elegant 

rodent data into consistent human benefit remains the field's honest challenge [16]. 

Perhaps the most dramatic method is focused ultrasound. Low-intensity ultrasound 

beams, combined with intravenously injected microbubbles, mechanically perturb the 

vessel wall and open the barrier reversibly at a precise, MRI-guided location — a 

temporary, localised loosening of border controls that has already been tested in 

patients with Alzheimer's disease and brain tumours, with encouraging safety signals 

[12]. Intranasal delivery offers a complementary back door: drugs deposited along the 

nasal mucosa can travel along olfactory and trigeminal pathways into the CNS, 

bypassing the bloodstream entirely — though uptake is variable and best suited to 

small, lipophilic agents. Each strategy trades among three currencies: how much drug 

reaches the brain, how selectively, and at what risk. 
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Figure 4. Nanoparticle-based approaches to blood–brain barrier crossing and their 

promise for central nervous system disorders. (Image source: Premier Science, open 

access) 

8. Treating the Barrier Itself 

An emerging insight of the last decade is that the barrier need not always be the obstacle 

to be overcome — sometimes it is the therapeutic target itself. Because barrier leakage 

and inflammation feed one another in stroke, multiple sclerosis, and 

neurodegeneration, stabilizing the junctions or restoring pericyte function may slow 

disease independently of any drug delivered across them. Modulators of Wnt and Sonic 

hedgehog signalling — pathways that construct the barrier during embryogenesis — 

are being explored to repair it in adulthood [5]. In brain tumours, normalizing the 

chaotic tumour vasculature with anti-angiogenic therapy (bevacizumab) reduces 

oedema and may transiently improve drug delivery by restoring pressure gradients [8]. 

And in epilepsy, where barrier opening at seizure foci may itself be pro-ictogenic, 

sealing the leak is a genuine therapeutic hypothesis rather than a metaphor [2]. 
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9. Conclusion 

The blood–brain barrier is neither the impenetrable wall of pharmacology textbooks 

nor the simple leaky sieve of pathology atlases. It is a dynamic, intelligent border — 

built by endothelium, pericytes, and astrocytes; policed by tight junctions and efflux 

pumps; opened on demand for nutrients and, when disease strikes, breached at our 

peril. Its very existence explains the slow progress of CNS therapeutics, and its 

molecular anatomy now points the way forward: prodrugs that ride its transporters, 

antibodies that hijack its receptors, nanoparticles that negotiate its transcytosis, and 

ultrasound that opens its gates under image guidance, locally and reversibly. The next 

generation of brain medicines will likely succeed not by smashing the barrier down but 

by learning its rules well enough to slip past its guards — respecting the security system 

even as they outsmart it. Important questions remain: how heterogeneous the barrier is 

between brain regions and individuals, how it changes with age, and how best to 

measure its function in living patients [17]. Answering them will determine whether 

the body's ultimate security system becomes, at last, a cooperative partner in medicine. 

References 

1. Abbott NJ, Patabendige AAK, Dolman DEM, Yusof SR, Begley DJ. Structure and 

function of the blood–brain barrier. Neurobiol Dis. 2010;37(1):13–25. 

2. Zlokovic BV. The blood–brain barrier in health and chronic neurodegenerative 

disorders. Neuron. 2008;57(2):178–201. 

3. Reese TS, Karnovsky MJ. Fine structural localization of a blood–brain barrier to 

exogenous peroxidase. J Cell Biol. 1967;34(1):207–217. 

4. Pardridge WM. The blood–brain barrier: bottleneck in brain drug development. 

NeuroRx. 2005;2(1):3–14. 

5. Daneman R, Prat A. The blood–brain barrier. Cold Spring Harb Perspect Biol. 

2015;7(1):a020412. 

6. Banks WA. From blood–brain barrier to blood–brain interface: new opportunities 

for CNS drug delivery. Nat Rev Drug Discov. 2016;15(4):275–292. 

7. Pulgar VM. Transcytosis to cross the blood brain barrier, new advancements and 

challenges. Front Neurosci. 2019;12:1019. 

8. Arvanitis CD, Ferraro GB, Jain RK. The blood–brain barrier and blood–tumour 

barrier in brain tumours and metastases. Nat Rev Cancer. 2020;20(1):26–41. 



    SYNAPSES: INSIGHTS ACROSS THE DISCIPLINES  
 

ISSN: 3060-4737 Volume 3, Issue 10 IF(Impact Factor) 10.98 / 2026 

SYNAPSES: INSIGHTS ACROSS THE DISCIPLINES                                                        38 

 

9. Sweeney MD, Sagare AP, Zlokovic BV. Blood–brain barrier breakdown in 

Alzheimer disease and other neurodegenerative disorders. Nat Rev Neurol. 

2018;14(3):133–150. 

10. Greene C, Campbell M. Tight junction modulation of the blood brain barrier: CNS 

delivery of small molecules. Tissue Barriers. 2016;4(1):e1138017. 

11. Ballabh P, Braun A, Nedergaard M. The blood–brain barrier: an overview. 

Structure, regulation, and clinical implications. Neurobiol Dis. 2004;16(1):1–13. 

12. Lipsman N, Meng Y, Bethune AJ, et al. Blood–brain barrier opening in Alzheimer's 

disease using MR-guided focused ultrasound. Nat Commun. 2018;9:2336. 

13. Pardridge WM. Drug transport across the blood–brain barrier. J Cereb Blood Flow 

Metab. 2012;32(11):1959–1972. 

14. Nau R, Sörgel F, Eiffert H. Penetration of drugs through the blood–cerebrospinal 

fluid/blood–brain barrier for treatment of central nervous system infections. Clin 

Microbiol Rev. 2010;23(4):858–883. 

15. Engelhardt B, Ransohoff RM. The ins and outs of T-lymphocyte trafficking to the 

CNS: anatomical sites and molecular mechanisms. Trends Immunol. 

2005;26(9):485–495. 

16. Xie J, Shen Z, Anraku Y, Kataoka K, Chen X. Nanomaterial-based blood–brain-

barrier (BBB) crossing strategies. Biomaterials. 2019;224:119491. 

17. Profaci CP, Munji RN, Pulido RS, Daneman R. The blood–brain barrier in health 

and disease: Important unanswered questions. J Exp Med. 2020;217(4):e20190062. 

 

 


