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Abstract
Therapeutics must diffuse through the brain extracellular space (ECS) in order to distribute within
the central nervous system (CNS) compartment; this requirement holds both for drugs that are
directly placed within the CNS (i.e. central input) and for drugs that cross the barriers separating
blood and brain following systemic administration. The diffusion of any substance within the CNS
may be affected by a number of properties associated with the brain microenvironment, e.g. the
volume fraction, geometry, width, and local viscosity of the ECS, as well as interactions with cell
surfaces, the extracellular matrix, and components of the interstitial fluid. Here, we discuss ECS
properties important in governing the distribution of macromolecules (e.g. antibodies and other
protein therapeutics), nanoparticles and viral vectors within the CNS. We also provide an
introduction to some of the methods commonly applied to measure diffusion of molecules in the
brain ECS, with a particular emphasis on those used for determining the diffusion properties of
macromolecules. Finally, we discuss how quantitative diffusion measurements can be used to
better understand and potentially even improve upon CNS drug delivery by modeling delivery
within and across species, screening drugs and drug conjugates, evaluating methods for altering
drug distribution, and appreciating important changes in drug distribution that may occur with
CNS disease or injury.
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Introduction
Central nervous system (CNS) disorders affect up to 1 billion people worldwide, accounting
for more hospitalizations than any other disease group.1 In the United States alone,
neurological illnesses and mental disorders affect well over 50 million people annually at a
cost of over $650 billion. Notwithstanding the obvious need for better treatments, new CNS
drugs have historically suffered from considerably lower success rates than those for non-
CNS indications (e.g. only 7% of CNS drugs entering clinical development are eventually
approved versus about 15% for other therapeutic areas)2, a situation that has led some in
industry to paradoxically shift resources away from research on CNS disorders. There are
many reasons for the low success rates of CNS drugs, including our still incomplete
understanding of the brain and its many functions, the organ’s propensity for off target side
effects, and a shortage of validated biomarkers for assessing therapeutic efficacy, but the key
challenge in many cases is related to delivery.3,4 Indeed, the ability to achieve consistent,
targeted delivery to the CNS remains a major, largely unmet challenge in the application of
numerous small molecule and biopharmaceutical drugs. Among the largest obstacles to
effective CNS delivery are the blood-brain and blood-cerebrospinal fluid barriers, formed by
tight junctions between brain endothelial and epithelial cells that limit the transfer of
substances between the plasma and the interstitial or cerebrospinal fluids of the CNS.5,6,7,8

Typically, only small, lipophilic drugs are able to passively diffuse across the blood-brain
barrier (BBB) in normal, healthy adults and children, although limited transport of certain
peptides and peptide analogs has also been reported.9 Transport of the active form of most
peptides, proteins, oligonucleotides, nanoparticles and viral vectors across the normal,
healthy CNS barriers from the systemic circulation has often proven so restricted that
sufficient interest remains in using invasive, direct methods of administration (central
injections and infusions into the parenchyma or the cerebrospinal fluid within the ventricles
or subarachnoid space) to target biopharmaceutical drugs to the CNS. Regardless of the
method used to introduce a drug into the CNS, all drugs must diffuse some distance through
the narrow extracellular spaces of the brain microenvironment to distribute and produce
effects.

Before further describing the brain microenvironment, it is necessary to first make some
general observations about brain structure, nomenclature and scale.10, 11,12,13 The CNS is
divided into gray and white matter. Gray matter contains the cell bodies (somas) of neurons
and glia (e.g. astrocytes, microglia and oligodendrocytes) along with their processes. Cell
bodies of neurons vary greatly in size, from 5 – 10 μm (e.g. granule cells of the cerebellum)
up to ~100 μm in diameter (e.g. Betz cells of the primary motor cortex); they are typically
much larger than neuronal processes (axons and dendrites, collectively referred to as
neurites), which can be as small as 0.2 μm. Glial cells vary greatly in size, particularly
across species (e.g. the cell bodies and processes of human cortical protoplasmic astrocytes
are several-fold larger than those in the rodent, with human astrocyte somas ~ 10 μm and
their processes extending out 50 – 100 μm14). While somewhat controversial,15 it is
commonly held that glial cells outnumber neurons by as much as 2–10 times in the
vertebrate forebrain,13 although the glia:neuron ratio may vary markedly with brain size and
among different CNS regions (e.g. there are greater than ten times more glia than neurons in
the human thalamus and white matter but neurons greatly outnumber glia in the human
cerebellum16,17). It is clear that glia take part in a vast number of CNS functions including
blood flow regulation, metabolism, homeostasis and immune defense18; these cells are
highly diversified in both form and function with this complexity increasing through
evolution.13–14, 18 The term neuropil is often used to refer to that portion of gray matter
devoid of cell bodies, best appreciated in thin sections visualized by transmission electron
microscopy (EM), where a dense arrangement of dendrites, axons (myelinated and
unmyelinated) and glial processes can be seen (Figure 1).10 It is apparent from electron
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micrographs that the majority of the parenchyma in the gray matter consists of neuropil.
White matter lacks neuronal cell bodies and consists primarily of axons ensheathed by the
whitish-appearing myelin of oligodendrocytes.

Regardless of whether one examines an electron micrograph of gray or white matter, the
brain microenvironment appears very densely packed with little space between cellular
processes. Indeed, it is easy to overlook the brain extracellular space (ECS) in many
conventionally prepared electron micrographs because the procedures used in preparing
tissue sections from live animals are not ideal for preserving brain ECS fluid (also called
interstitial fluid).19 However, a variety of different methods better suited to the study of the
brain microenvironment in vivo have all shown that the ECS occupies about 20% of the total
tissue volume in most brain areas of normal, adult animals.20,21,22 This important space is
obviously critical to the distribution of neurotransmitters, nutrients, and all drugs within the
CNS. Diffusion is an essential mechanism for the extracellular transport of most substances
through the brain ECS; it is a process that is extremely fast and efficient over short distances
such as the synaptic cleft (approximately 15 nm10) and it works quite well even for distances
spanning a few cell bodies (distances of ~ 10 – 100 μm) but it can be very slow and limiting
over the larger distances (~ mm and greater) often necessary for the effective distribution of
drugs into the brain from its surfaces or from a syringe placed directly within one of its
many regions. Neurons are rarely further than ~10–20 μm from their closest neighboring
brain capillary (microvessel) in both rats23 and primates24 likely because the efficient
diffusion of O2, nutrients (e.g. glucose) and other molecules into the brain across the BBB
has necessitated such organization. Diffusion is critically important in the CNS during its
development, e.g. in the formation of morphogen gradients at the time of embryogenesis,
and for its basic function, e.g. in the transfer of chemical signals from one neuron to another
during neurotransmission. Neurons communicate with each other by the use of synapses. A
presynaptic site (axon terminal) releases neurotransmitter into the synaptic cleft to interact
with receptors on the postsynaptic site (typically, a dendrite) to open ion channels or to
initiate a signaling cascade. In order for this sequence to occur with the correct spatial and
temporal characteristics, neurotransmitter must rapidly diffuse across the synaptic cleft to
reach certain postsynaptic receptors at a sufficiently high concentration and then be removed
or deactivated so the steps may be repeated a short time later. There are major efforts to
more accurately model the diffusion, spillover, binding, uptake, and crosstalk of
neurotransmitters at the synaptic level in order to better understand
neurotransmission.25,26,27,28,29,30 During embryogenesis, morphogens affect CNS
development through the establishment and shaping of their concentration gradients, a
process greatly influenced by their extracellular diffusion. Experimental manipulation and
modeling of these morphogen gradients is a major focus of study that has emphasized the
potential importance of diffusion in the development of the brain and the whole organism.31

In this review, we introduce properties of the brain ECS and aspects of extracellular
diffusion within the brain that are important to consider for CNS drug delivery. We also
provide a brief overview of some of the main methods that have been used to measure
extracellular diffusion within the brain and important findings that have resulted from these
methods. Finally, we discuss how diffusion measurements can assist in better understanding,
predicting and optimizing CNS delivery and distribution of therapeutics, particularly
macromolecule biopharmaceutical drugs, for the treatment of neurological disorders.

Important Brain Extracellular Space Parameters
Brain ECS is sometimes imagined as the liquid phase of a foam, with the gaseous (air) phase
equivalent to brain cells.32 In reality, the shape and composition of the brain ECS is more
complex. Looking at an electron micrograph of a small section of cortical neuropil shows
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the ECS as a tortuous, snaking path separated by cell bodies and processes having many
different sizes and shapes (Figure 1). The earliest EM studies had difficulty finding
sufficient evidence of any ECS in the brain33 because the manner in which tissue samples
were obtained subjected the tissue to both ischemia and harsh processing; we now know
ischemia induces significant cell swelling at the expense of the ECS (i.e. interstitial fluid
water rapidly redistributes from the ECS into the intracellular compartment) and that
subsequent fixation and drying of the tissue may further complicate the picture. 19,34, 35,36

Later EM work employed better preparative methods, consistently yielding a small but
noticeable brain ECS, estimated to occupy about 5% of the total tissue volume on average37

but the effect of ischemia remained. More specialized EM methods (rapid freezing followed
by freeze substitution), better suited to preserving the extracellular fluid volume, suggested
the ECS occupied a much larger percentage of total brain volume.19,38 Physiological
evidence, e.g. examination of the brain space occupied by endogenous molecules
predominantly confined to the ECS (e.g. sodium and chloride ions) and results from the
careful measurement of the spread of diffusible substances (i.e. diffusion measurements;
discussed below) or the spread of current (impedance measurements) within the brain, also
suggested the normal brain ECS volume was substantially greater than 5%.20,39 Today, we
know that the volume fraction of the brain ECS (α = ECS volume/total tissue volume) is
about 0.2 (i.e. ECS accounts for about 20% of the total tissue volume) in most brain regions
of normal, adult animals across multiple species. 20,39 Diffusion measurements have proven
the most helpful in the routine measurement of α, yielding many insights into how this
parameter changes over the lifespan in health and disease. For example, diffusion
measurements in rodents have shown brain ECS volume is much larger in the early postnatal
period immediately following birth (α ~ 0.4), that ECS volume declines somewhat with
advancing age (α ~ 0.13–0.16 in 17–25 month old mice), and that CNS disease/injury
models can dramatically change the situation (e.g. α ~ 0.05 just minutes after severe
ischemia). 36,40, 41

Many EM studies that examined the volume of brain ECS also attempted to put a number to
the average width or diameter of the intercellular spaces (dECS), usually reporting a range
between ~10–20 nm.19,37 Brain ECS width is of obvious importance for drug delivery
because it may be regarded as providing an ‘upper limit’ for the size of a drug or vector that
might be expected to distribute extracellularly within the neuropil. As with the ECS volume,
it has long been appreciated that the brain ECS width visualized in most conventionally
prepared electron micrographs likely underestimates the true dimensions in living tissue.
These dimensions may fluctuate somewhat but recent in vivo diffusion measurements
obtained in normal, adult rat neocortex have now established that a sufficient amount of
well-connected ECS has an actual width averaging between 38–64 nm.42 This estimate of
dECS was derived by applying hydrodynamic theory for hindered diffusion (also called
restricted diffusion theory) to quantitative diffusion data obtained in normoxic tissue for
several dextrans (branched polymers of glucose) and inert quantum dot conjugates.
Interestingly, applying this same theory to diffusion data obtained after terminal ischemia
confirmed that the ECS width dropped to less than 10 nm under tissue conditions similar to
that preceding preparation for EM.42

Brain ECS is filled with extracellular (interstitial) fluid containing an amorphous, negatively
charged extracellular matrix (ECM) thought to play diverse roles in neural development,
regeneration and signaling.43 Brain ECM also serves as a dynamic, highly adaptable
extracellular scaffold and key regulator of the diffusion of extracellular and membrane-
associated molecules.44,45 Normal brain ECM is thought to consist of a mesh-like network
formed around a backbone of hyaluronic acid, a large, highly hydrated nonsulfated
glycosaminoglycan; other important components include the heparan sulfate and chondroitin
sulfate proteoglycans (HSPG and CSPG, respectively) along with an assortment of
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glycoproteins, laminins and collagens. Among the more important ECM structures in the
brain are perineuronal nets, consisting of aggregates of proteoglycans that surround the soma
and proximal dendrites of neurons, and the basal lamina between brain endothelial cells and
astrocyte foot processes at the BBB.45 ECM components may be either bound to cells, e.g.
by integrins, or free floating within the ECS.46 Brain ECM could potentially affect the
extracellular diffusion of endogenous molecules or drugs by a number of mechanisms, e.g.
by increasing interstitial viscosity (slowing diffusion), by regulating the width and/or
geometry of the ECS, or by the repulsion, attraction, transient binding or sequestration of
ions or other charged substances.22,44 A schematic diagram of the brain microenvironment
depicting the narrow, tortuous ECS and the possible structural contributions of the ECM to
the extracellular paths taken by diffusing substances is shown in Figure 2.

It is generally accepted among physiologists that little if any appreciable bulk flow
(convection) of fluid is likely to occur within the ECS of the neuropil under normal
conditions.47,48,49 Indeed, transport measurements within brain parenchyma have mostly
agreed rather well with basic diffusion theory without need for any modifications accounting
for flow.22,50 The transport of mass within a fluid is usually described in terms of a flux (the
number of particles passing through a unit area per unit time); total flux may be divided into
a diffusive component (always present so long as the particles are allowed the freedom to
move) and a convective component (present when a volume containing the particles is
moving with a certain velocity).51 Diffusion is caused by random molecular movements, i.e.
Brownian motion or random walks, that result in the net flux of particles from regions of
higher to lower concentration; diffusive flux is directly proportional to the diffusion
coefficient according to Fick’s first law.52 Convection typically refers to a flow driven by a
pressure difference. According to Darcy’s law, convective flux is directly proportional to the
hydraulic permeability, a property describing the ease with which fluid flows through a
material’s pores; this property depends on features of both the convecting fluid and the
material through which it must flow. The intrinsic hydraulic permeability, a component of
the hydraulic permeability that describes the influence of the material’s features (pore size,
shape, tortuosity and availability), varies directly with the square of the mean pore
diameter.53 Experimental observations of convection within the brain have mostly been
limited to lower resistance pathways (i.e. those expected to have a relatively higher intrinsic
hydraulic permeability than the neuropil) such as the perivascular spaces of the
cerebrovasculature, the white matter and the ventricular system.47,48,49,54 There is much
interest in the possibility that perivascular spaces, fluid-filled channels surrounding arteries,
arterioles, veins, venules and possibly even microvessels, offer potential pathways for rapid
flow into and out of brain parenchyma. Measurements of perivascular space widths in
mammals suggest their typical dimensions may be at least two orders of magnitude greater
than the neocortical ECS width (e.g. arteriole perivascular spaces have been reported in the
range of ~5–10 μm or larger (in rodents and humans)54,55,56 while the rat ECS width has
been reported in the range of ~40–60 nm42); it follows that the intrinsic hydraulic
permeability of the perivascular space might then be at least ~10,000-fold higher than the
ECS of the neuropil. In other words, while some distribution of a drug or other substance by
interstitial fluid flow within perivascular spaces of the parenchyma is likely both on
theoretical grounds and from recent experimental observations,54 further transport into the
neuropil from this perivascular compartment is expected to be predominantly diffusive in
nature (i.e. driven by the drug or substance’s concentration gradient).

It is beyond the scope of this review to discuss details of the theory21 underlying the
description and analysis of diffusion in the brain ECS. At the microscopic scale, diffusion in
a free solution of water or brain ECS is fundamentally driven by the kinetic energy of
individual diffusing particles and their collisions with water molecules.52,57 Fick’s second
law (often referred to as the macroscopic diffusion equation) describes how the time rate of
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change in concentration (∂C/∂t) is equal to the product of the aqueous free diffusion
coefficient (D) and the second spatial derivative of concentration (∇2C); modification of this
relationship to describe how concentration changes with time in brain ECS (assuming bulk
flow to be negligible) takes into account the porosity of brain tissue as well as how a
diffusing substance is introduced into the brain and any loss or clearance that may
occur21,22:

(Equation 1)

The first term on the right-side of Eq. 1 accounts for diffusion in brain ECS. It contains the
tortuosity (λ), a dimensionless parameter that describes the hindrance experienced by
substances diffusing within the ECS relative to their diffusion in free solution (water or very
dilute agarose):

(Equation 2)

This useful relationship allows us to easily introduce the effective diffusion coefficient in
brain ECS (D*; = D/λ2) into Eq. 1. Tortuosity is a composite parameter that allows us to
appreciate the increased hindrance that a diffusing substance is subjected to due to the
constraints associated with extracellular diffusion within the brain microenvironment. The
reasons for this increased hindrance are under investigation but may include potential
contributions from a number of factors: an increase in path length forced by the need to
diffuse around cellular and extracellular obstacles, trapping or delay within dead-space
microdomains, viscous drag and steric hindrance imposed by ECM structure and/or the
finite ECS width, and the effects of charge and/or binding.21,22,42,44,58 The second term on
the right-side of Eq. 1 (Q/α) accounts for the introduction of a substance into brain ECS by a
source such as a pressure pulse or iontophoresis and the last term (f(C)/α) represents
clearance, loss or uptake from the ECS. The various techniques for measuring diffusion in
the brain ECS commonly utilize analytical solutions to Eq. 1 appropriate for the
experimental conditions associated with each method; analysis simply involves fitting the
appropriate solution to the experimentally determined concentration distributions.

Measuring diffusion in the brain
The earliest technique used to measure diffusion coefficients in brain was the radiotracer
technique developed by Fenstermacher, Patlak and colleagues, also known as the ventriculo-
cisternal perfusion method.59,60,61,62 In this method, a radiolabeled molecule is perfused
through the ventricles of an anesthetized animal for several hours, typically through the
introduction of an infusing needle in one of the lateral ventricles and a withdrawing needle
placed within the cisterna magna (Figure 3). At the experiment’s completion, the animal is
euthanized, and the brain is rapidly removed and typically frozen before taking samples at
various depths from the ventricular surface to determine the concentration distribution in
periventricular areas such as the caudate nucleus by radioisotope counting. The resulting
concentration distribution is then fit by an appropriate solution to Eq. 1 to obtain D* and α;
similar measurements may be performed in samples of agar gel to obtain D so that λ may
also be calculated.

The ventriculo-cisternal perfusion technique represented a pioneering advance because it
was really the first, scientifically valid physiological method that allowed measurement of
α, in addition to yielding valuable diffusion and clearance information. The most reliable
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and easiest-to-interpret applications of this method involved molecules like sucrose (342 Da)
that mostly stayed confined within the ECS; measurements with [3H]-sucrose yielded a
volume fraction of approximately 0.2 and a tortuosity of 1.5–1.6 in the caudate nucleus of
both dogs and rabbits.50 Inulin, a 5 kDa macromolecule, was also tested by this method and
returned similar although not identical values;59 variances in molecular weight values and
possible molecular decomposition may have slightly affected the results.22 A number of
other molecules were also studied but the results were harder to interpret since many did not
stay confined within the ECS as they diffused into the periventricular tissue. The radiotracer
method offers a potential way to determine the diffusion coefficient of potentially any
therapeutic due to its ability to use any molecule to which a radioisotope may be attached for
measurements. However, the technique is also associated with some disadvantages such as a
complex surgical preparation, higher accuracy often necessitating the historical use of
animals with larger brains (e.g. dogs or monkeys), and the ability to only produce a single
time point per animal.

Since its application and description over thirty years ago by the group of Charles
Nicholson39, the method of real-time iontophoresis (RTI) has steadily become the most
widely-used technique for measuring extracellular diffusion and associated parameters such
as α in brain tissue. The RTI method requires the fabrication and use of iontophoretic and
ion-selective microelectrodes to respectively administer and measure the change in
concentration of a diffusing ion over time across a short distance, typically somewhere
between 50 – 200 μm (Figure 3). In utilizing the controlled iontophoretic application of ions
at a specific point, an appropriate point source solution to Eq. 1 may then be fit to the
concentration distribution recorded over time by the ion-selective microelectrodes to obtain
the diffusion coefficient and volume fraction. A form of the RTI technique was actually first
introduced in the 1970s to measure the extracellular diffusion of K+ ions by Lux and
Neher63 but unappreciated factors mostly associated with the complexities of K+ transport
(uptake and spatial buffering) led them to incorrectly analyze the resulting data. Subsequent
refinements to the analysis finally allowed the now familiar application of RTI with the 74
Da tetramethylammonium cation (TMA+), resulting in the first successful RTI
measurements of brain ECS diffusion parameters.39 TMA+ has been favored because it is a
small ion that remains mostly extracellular and is not known to affect the physiological
function of the local tissue at the typical concentrations employed. The RTI method matched
with TMA+ (RTI-TMA) was first used in vivo for diffusion measurements in the rat
cerebellum, although it may potentially be used in any region of the brain in vivo or in vitro
(e.g. with an acute slice preparation). Although the RTI method is limited to small, charged
ions for which suitable ion-selective microelectrodes can be fabricated; it is incredibly
versatile, allowing for repeated measurements over time and in different brain regions of a
single animal. Importantly, application of the RTI method with a suitable diffusing ion such
as TMA+ yields the ECS volume fraction (α) and clearance/uptake information in addition
to diffusion coefficients; early application of the method yielded values for α of about 0.2,
providing confirmation of the earlier ventriculo-cisternal perfusion results. Further
discussion of the RTI technique and a comprehensive review of the results obtained from it
in different species, brain regions, and altered physiological states may be found
elsewhere.22

The technique of integrative optical imaging (IOI) is among the most valuable methods in
use today for measuring the extracellular diffusion of substances other than the small ions
used with the RTI method. First described by Nicholson and Tao in the 1990s,64,65 the IOI
method uses epifluorescence imaging to measure diffusion over time within a small region
of brain ECS (typically, spanning a few hundred 3ms) following the pressure ejection of a
small volume of fluorescent particles (typically, on the order of 25–50 picoliters66),
approximating a point source (Figure 3). The diffusing particles may either be inherently
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fluorescent substances (e.g. fluorophores, naturally fluorescent proteins or quantum dots) or
virtually any other substance provided that a fluorescent label may be conjugated to or
stably embedded within it. This feature has allowed the IOI method to be used with a wide
variety of substances, including polypeptide and protein macromolecules, various polymers
and nanoparticles (Table 1). 42,44,67,68,69,70 Substances are pressure injected into either a
dilute (0.3%) agarose gel (for free diffusion measurements) or into brain tissue (for D*

measurements). Diffusion is recorded by obtaining a time sequence of images following
injection using an epifluorescent microscope and CCD camera; an appropriate point source
solution to Eq. 1 may then be fit to the fluorescence intensity distributions of the recorded
images to obtain the diffusion coefficient.21,68 IOI was first used to study the diffusion of
globular macromolecules such as dextrans64 and albumins67 in acute slices prepared from
the rat brain. Other studies have measured the diffusion of linear polymer chains of Poly[N-
(2-hydroxypropyl)methacrylamide]71 and the epidermal growth factor protein68 in brain
slices. Recently, IOI was adapted to measure diffusion in vivo using open cranial windows
to access the somatosensory cortex of anesthetized rats, yielding diffusion coefficients for 3
and 70 kDa dextrans, an inert surface PEGylated quantum dot nanoparticle, and the 80 kDa
iron-binding proteins lactoferrin and transferrin.42,44 While these studies provided valuable
new diffusion parameters for each molecule in vivo, they also provided new insights into
brain ECS properties through the application of a multi-component model for tortuosity that
allowed the first-ever prediction of living brain ECS width based on hydrodynamic theory
for hindered diffusion (equivalent pore analysis)42 and the first in vivo estimate of HSPG
binding site density (~3.5 μM) associated with the ECM of brain ECS.44 As discussed
above, this model yielded an estimate of brain ECS width or diameter (dECS) of 38–64 nm in
the living rat neocortex, depending on whether the ECS was modeled as planar or cylindrical
pores; Hrabetova and colleagues more recently applied scaling and reptation theory to
dextran measurements in the isolated turtle cerebellum to predict an ECS width of ~31 nm.70

The effects of light scattering have so far limited IOI to accessible superficial regions of the
brain in vivo (typically, measurements are made several hundred microns below the brain’s
pial surface). The primary advantages of the IOI technique include the ability to perform
repeated diffusion measurements over time, the potential to make measurements across
different brain regions of a single animal if acute brain slices are utilized, and the ability to
select among a diverse variety of fluorescent chemicals, proteins and conjugates for use in
the measurements. IOI also typically yields higher accuracy measurements, requires fewer
animals, and allows the potential investigation of smaller, more discrete brain areas
compared to the radiotracer technique.

While the radiotracer, real-time iontophoresis and integrative optical imaging techniques
represent the most commonly used methods for performing quantitative measurements of
extracellular diffusion in brain tissue, other techniques of course exist. Saltzman and
colleagues have described a point source method similar to IOI in which two photon
imaging was paired with pressure injection to yield new diffusion measurements for the 26.5
kDa nerve growth factor (NGF) protein and 70 kDa dextran.72 This initial application of
multiphoton point source diffusion measurements produced values for the diffusion of 70
kDa dextran in rat neostriatal brain slices in very good agreement with earlier results
obtained in rat neocortical slices using the single photon method of IOI, providing validation
of each method.64,72 Subsequent studies using the multiphoton point source methodology
for a similar protein to NGF (brain-derived neurotrophic factor (27 kDa)) in rat neostriatal
slices73 and recent diffusion measurements for a range of dextrans and quantum dots in
murine hippocampal slices using another IOI-like methodology74 exhibited some
variability69 and technical difficulties but nevertheless emphasize the utility of the point
source paradigm for experimental diffusion studies. Another general technique that has been
extensively explored by Verkman and colleagues for in vivo diffusion measurements in
brain involves the monitoring of fluorescence recovery after photobleaching (FRAP) either
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at the cortical surface75,76,77 or in deeper regions using a microfiberoptic.78,79 FRAP is a
technique that was first developed to measure two-dimensional lateral diffusion in cell
membranes.80 According to this original description of FRAP, fluorescent molecules are
first uniformly ‘loaded’ into a large area of interest and then an intense pulse of light is used
to irreversibly photobleach a smaller spot of well-defined shape (typically, a circle);
subsequent replenishment of fluorescence within the smaller spot is monitored as nearby
unbleached molecules diffuse into the bleached area and diffusion theory is used to
explicitly determine a diffusion coefficient from the recovery curves. The performance and
interpretation of FRAP in a three-dimensional volume such as the brain has been
complicated by a number of challenges, e.g. difficulties associated with uniform loading of
the tissue, uncertainties about the precise bleaching distribution, potential reversible
bleaching and other factors; further discussion and comment on the in vivo application of
FRAP in brain may be found elsewhere.22 Regardless of the particular technique used to
measure diffusion, the hallmark of most successfully applied methods thus far has been
careful initial validation using diffusion probes and conditions where the expected results
are known with a high degree of certainty from either basic theoretical principles (e.g. from
correlations that predict the free diffusion coefficients of proteins with well-defined
structures and size profiles68) or data previously obtained with other well-established
methods under precise, easily reproduced conditions (e.g. experimental free diffusion
coefficients measured at a described temperature).

Implications for drug delivery
Macromolecules may be administered and targeted to the brain in many different ways.3,81

As we have seen, solutions to Eq. 1 for a given experimental paradigm with known
boundary conditions may be fit to distribution data to obtain diffusion coefficients;
conversely, if we know D* and have information about clearance, loss and/or uptake
(typically, in the form of an efflux constant (ke)), solutions to Eq. 1 may sometimes be used
to quantitatively predict disposition for a given biopharmaceutical drug within the CNS for a
particular method of application. While the only way to know D* for sure is to measure it
directly, it has recently become possible to obtain rough estimates of D* using model
predictions for λ,42 provided the apparent hydrodynamic diameter (dH) is known or may be
predicted; certain assumptions must also be made about whether substance transport will
mainly be subject to steric interactions with ECS pores or further sources of hindrance (e.g.
binding) may also be present.44 For proteins > ~1 kDa, fairly good correlations exist for the
prediction of dH based on molecular weight, radius of gyration or ultracentrifugation data.68

With dH in hand, λ may be predicted using multi-component models of tortuosity, e.g. λ
can be estimated using the ratio dH/dECS when a diffusing substance is assumed to be
relatively inert42 (i.e. when other significant sources of hindrance such as binding to ECM
components44 or cellular receptors may be neglected at the concentrations considered). Once
λ is predicted (and D is obtained from dH using the Stokes-Einstein relationship68), D* may
be calculated using Eq. 2. A rough rule of thumb is that diffusional hindrance in brain ECS
generally rises with increasing molecular weight (that is to say, λ gets larger and D*

decreases) so that large proteins, dextrans and nanoparticles nearly always exhibit λ values
significantly greater than small molecules such as TMA+ (where λ ~ 1.5–1.6 in most brain
areas under normal conditions22); diffusion measurements in support of this relationship
have been observed across multiple species and different laboratories.42,68,70,72,74

Once D* is known or estimated for a given macromolecule or other substance and the ke or
efflux half-life (t1/2 = ln 2/ke) is determined by the brain efflux index82 or other similar
method83, drug disposition may be modeled for central input under various conditions. For
example, it is possible to model the concentration profile at steady state following
continuous release from an interface held at a constant concentration (e.g. as might be the
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case with continuous infusion into the CSF of the ventricles or subarachnoid space with no
uptake by brain cells and neglecting any contribution from bulk flow54) using the
appropriate solution to Eq. 121,68:

(Equation 3)

Here, x is the distance from the interface surface (i.e. the ependymal surface of
periventricular tissue or the pial brain surface facing the subarachnoid space), C is the
concentration in the brain at distance x and C0 is the concentration at either the
periventricular or pial brain surface (i.e. x = 0); note that C0 = α · Ccsf where α is the
volume fraction (~0.2 in normal adults) and Ccsf is the concentration in the CSF, i.e. the
infusate concentration. Figure 4 shows the predicted concentration distributions from Eq. 3
for a small molecule (sucrose) and several different macromolecules using diffusion and
efflux data summarized in Table 1. It can be appreciated how this sort of modeling may be
informative when examining the results of a recent study by Scheule, Bankiewicz and
colleagues in which recombinant human acid sphingomyelinase (ASM; ~70–75 kDa) was
bilaterally infused into the lateral ventricles of rhesus monkeys and the resulting
immunohistochemical distribution profile of ASM was obtained.84 After a 4 h period of
infusion, a gradient of ASM staining was mostly visible within the superficial 1–2 mm of
tissue in direct contact with the subarachnoid space CSF (decreasing rapidly with distance
away from the pial surface). This distribution of ASM is qualitatively similar to the profile
predicted in Figure 4 for transferrin (an 80 kDa protein that does not bind ECM components
appreciably) and lactoferrin (an 80 kDa protein for which significant binding to HSPG
reduces D*), proteins of similar molecular size to ASM, where C at a distance of 2 mm from
the pial surface is predicted to be reduced ~100- to 1000-fold compared to C0 (the
concentration right at the pial surface). It is worth noting that the purely diffusive profiles
shown in Figure 4 may not fully explain in vivo distribution profiles at all brain-CSF
interfaces (e.g. convection within perivascular spaces may allow substances to distribute
deeper and more broadly within the brain along penetrating blood vessels under some
conditions54 while a highly tortuous, multi-layered glia limitans formed by the processes of
protoplasmic astrocytes may greatly restrict or even prevent diffusion across the pial surface
in certain areas85); further research is needed to attain a more complete understanding of the
complex factors at play when distribution into the brain from the CSF significantly deviates
from the model predictions described here. As more reliable, quantitative diffusion and
efflux data become available across an even wider variety of biopharmaceutical drugs, more
accurate modeling, prediction and intelligent optimization may be possible for other
methods, e.g. convection enhanced delivery or drug release from implanted polymer
matrices.86,87 The development of more accurate models may facilitate treatment of
neurological disorders with macromolecules through more effective dosing, e.g. by allowing
better estimation of CSF drug levels needed to penetrate and produce desired concentrations
within specific brain regions.

The relative magnitude of the brain efflux constant ke has a significant effect on CNS
disposition, as may easily be appreciated by careful consideration of Eq. 3 and Fig. 4.
Decreasing the ke has long been a strategy for improving the time course and absolute level
of drugs in the brain. The half-life of many systemic drugs can be improved through
chemical modifications, e.g. peptide and protein drugs can be protected from degradation,
rapid renal clearance, or unfavorable sequestration through the covalent attachment of
polyethylene glycol chains (a process called PEGylation);88,89 similar strategies have been
proposed to enhance the disposition of CNS drugs following central input.73 As chemical
modifications such as PEGylation often change the size of macromolecule drugs, screening
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the resulting conjugates for their diffusion behavior in brain has been shown to be a critical
element in their rational design.73 Antibodies offer another example of biopharmaceutical
drugs whose disposition may be improved through modifications. By using modular forms
of antibodies, e.g. smaller fragments of the antigen binding domain, it is possible to maintain
specific targeting while greatly decreasing the size of the molecule. While use of a smaller
antibody fragment often results in a decreased systemic half-life compared to full-length
antibodies,90,91,92 the decreased size of the fragments might be expected to result in
increased penetration and distribution when released within the brain. Quantitative
measurements using a technique such as IOI may be used to explicitly evaluate the diffusion
characteristics of antibody fragments, perhaps in combination with other chemical
modifications, providing a useful screen of their distribution potential in brain.

Since it is not always practical to change the structure of macromolecules, an alternative
strategy for enhancing CNS disposition is the use of additives that improve extracellular
transport either by eliciting a change in the brain microenvironment or through direct
interactions with the diffusing substance. Many such strategies have involved the use of an
osmolyte in an attempt to alter CNS fluid balance in a manner that favors increased drug
disposition. It is well established from RTI-TMA diffusion measurements that osmotic stress
such as that caused by the use of hypotonic or hypertonic solutions can dramatically affect α
and λ.93 An increase in α coupled with a decrease in λ could potentially explain the
increased distribution of therapeutics such as adeno-associated viruses (AAV) when co-
infused with hyperosmolar solutions of mannitol.94,95 Heparin is a highly sulfated, strongly
anionic glycosaminoglycan that binds with high affinity to proteins and other substances
with putative heparin-binding regions. We have shown that lactoferrin, an 80 kDa protein
containing a heparin-binding region, diffused significantly better in brain ECS when co-
injected with heparin than when injected alone, a consequence of the relatively small and
mobile exogenous heparin successfully competing against the normal association of
lactoferrin with endogenous HSPG in the ECM.44 Despite the larger size of the lactoferrin-
heparin complex (~13 nm) compared to lactoferrin alone (~9 nm), diffusion in brain was
significantly enhanced when binding to endogenous HSPG was reduced.44 Other studies
have observed increased distribution of substances with heparin binding regions (e.g.
AAV96 and GDNF97) when confused with heparin. It is obvious that most macromolecule
drug candidates should experience some binding or uptake as part of their therapeutic action
that may potentially limit their distribution. The concentration, location and affinity of these
binding sites for a diffusing macromolecule would therefore be expected to influence both
the therapeutic activity and distribution of the macromolecule in the brain. For example,
antibody engineering approaches allow the affinity of antigen binding to be optimized for
improved targeting and delivery, a method that has been used to achieve better brain
penetration for antibodies targeting a putative receptor-mediated transcytosis system at the
BBB98; optimization of antigen affinity for antibodies directed at CNS antigens might also
be expected to affect antibody distribution within the brain ECS under some conditions.

Much is known about how different types of pathology, e.g. ischemia, traumatic injury,
glioma and various disease models, affect diffusion parameters measured using RTI with the
small TMA+ ion.22 By contrast, very little information exists on the diffusion of
macromolecules in pathological conditions. We do know that terminal ischemia dramatically
reduces D* for 3 kDa dextran to less than 10% of its normal value in adult neocortex within
minutes of onset.42 As we have discussed, the consequence of such a reduction in D* would
be expected to result in markedly reduced drug disposition with almost any method of
delivery. Several pathological states are associated with BBB abnormalities that may result
in higher BBB permeability and presumably better CNS access for certain drugs8. However,
increased CNS access due to higher BBB permeability may be offset somewhat by
decreased ECS transport for conditions where the ECS volume fraction is significantly
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lower than the normal adult value (0.2). Further measurements are required using methods
such as IOI in combination with in vivo animal models of disease or injury to reveal
precisely how different CNS pathological conditions may affect the diffusion of
macromolecules and other biopharmaceutical drugs in brain ECS.

Finally, it is very important to appreciate that the CNS disposition of drugs that results from
diffusive transport is not expected to change in species of different size. In other words, the
same profile of decreasing concentration with distance shown in Figure 4 is expected
whether we have delivered a macromolecule to the brain of a small animal or a human
being. As already mentioned, measurements across many different brain regions in normal,
adult species as diverse as fish, amphibians, reptiles and a range of mammals (rats, mice,
guinea pigs, rabbits, dogs, and humans) have mostly yielded similar values for α (~ 0.2) and
λ (~1.5–1.6) when small molecules have been used to evaluate diffusion in the ECS.21,22

This feature suggests diffusion measurements for novel macromolecules and other
biopharmaceutical drug candidates performed in commonly used species such as rats and
mice will likely predict transport in human beings quite well. Furthermore, descriptive
models of diffusive transport in the brain should also have great value across species. As El-
Kareh and Secomb have eloquently stated:99 “The key difference between a mouse and a
man for some drugs is sometimes simply that the man is bigger but the drug still diffuses the
same distance in a given time.”

This review has primarily focused on the implications of extracellular diffusion for the
distribution of macromolecules, nanoparticles and viral vectors within the CNS. While these
substances hold great promise for the treatment of a variety of CNS disorders, the great
challenges associated with achieving effective CNS delivery have severely limited their
clinical application; indeed, the only proteins that have been approved for clinical use in
treating a neurological illness are those that act via peripheral mechanisms (e.g. type I
interferons for treating multiple sclerosis). Achieving reliable, consistent CNS delivery for
protein therapeutics and viral vectors for gene therapy would likely offer disease-modifying
treatment options for many neurodegenerative diseases such as Alzheimer’s disease (e.g.
antibodies for immunotherapy directed against beta-amyloid or gene therapy strategies
utilizing transgenes for neurotrophic factors) and Parkinson’s disease (e.g. delivery of
proteins or transgenes such as glial-cell line derived neurotrophic factor or neurturin) as well
as in lysosomal storage diseases where systemically replaced enzymes are unable to access
the CNS. Although intraparenchymal gene therapy approaches utilizing viral vectors are
currently in clinical trials to treat CNS disorders100 and intrathecal trials for lysosomal
storage diseases have also begun101, the achievement and prediction of consistent
distributions between patients under different conditions has remained problematic. The
application of monoclonal antibodies for use in Alzheimer’s disease are under evaluation in
multiple large scale, late stage trials102 but significant hurdles also remain for their clinical
approval. Regardless of the approach used, successful clinical application of protein and
gene therapies to treat brain disorders at their central target sites should benefit from novel
strategies that incorporate new knowledge related to the barriers of the CNS, the physiology
of the brain microenvironment, and transport processes within the brain’s interstitial and
cerebrospinal fluids. This review has briefly summarized what is known about diffusion in
the brain, a transport process with relevance for CNS drug delivery and distribution.
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Figure 1.
Electron micrograph showing a small area of cortical neuropil from the brain of a rat. The
ECS has been roughly outlined by hand in red. A typical synapse is shown between a
presynaptic neuronal terminal (with clear, round vesicles containing neurotransmitter) and a
dendritic spine of a postsynaptic neuron (displaying a dark electron-dense region called the
postsynaptic density) - a narrow synaptic cleft may be identified between them. Adapted
with permission from Nicholson and Sykova (1998).
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Figure 2.
Schematic of the brain microenvironment emphasizing the importance of the extracellular
space (ECS) in the diffusion of drugs. A) The brain microenvironment is a crowded space
packed with many different types of cells: astrocytes (green), oligodendrocytes (maroon),
neurons (yellow), and microglia (blue). Brain endothelial cells (pink) and pericytes (light
red) are associated with the brain microvessels. Neurites (axonal and dendritic processes or
neurons) and glial processes making up the neuropil are shown in grey. Regardless of
whether a drug or other substance crosses the blood-brain barrier or is directly applied
within the brain, distribution within the brain microenvironment usually must involve
diffusion over some distance within the brain ECS. B) Schematic showing a magnified view
of the red box in A. ECS width (dECS) and extracellular matrix (ECM) components such as
heparan sulfate proteoglycans (HSPG) may influence the diffusion of biologic drugs having
either globular (e.g. proteins or viral vectors) or linear configurations (e.g. short interfering
RNA (siRNA)). The diffusion of proteins and viruses that bind HSPG may be enhanced by
complexation with heparin, preventing association with endogenous HSPG.44
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Figure 3.
Methods of measuring extracellular diffusion coefficients and other important ECS
parameters in brain tissue. Real-time iontophoresis is a technique that employs iontophoresis
of small ions, typically the 74 Da tetramethylammonium (TMA) cation, from a source
microelectrode and the subsequent measurement of the resulting local concentration over
time some short distance away from the release site by an ion-selective microelectrode. The
real-time iontophoretic technique is useful because it potentially can be applied to any brain
region, although it has typically been limited to small, charged ions for which suitable ion-
selective microelectrodes can be fabricated. Particular strengths of the real-time
iontophoretic method are that it can be performed repeatedly in the same animal at different
locations/time points and it yields the ECS volume fraction (α) and clearance/uptake
information in addition to diffusion coefficients. The ventriculo-cisternal perfusion
technique is used to measure transport into brain areas bordering the ventricular system (a
modification of the method may also be used to measure transport across the brain’s pial
surface from the subarachnoid space). Typically, a radiotracer is infused into the
cerebrospinal fluid (CSF) of the lateral ventricle and then removed from the cistern at an
equivalent rate. After a suitable time, the brain is carefully removed and samples are taken to
measure the radiotracer concentration at various depths; the resulting distribution may then
be analyzed to yield 3, clearance information and diffusion coefficients. While the range of
substances that may be explored using the ventriculo-cisternal perfusion method is broad,
the complexity of the surgical preparation and difficulties associated with utilizing a
radioactivity-based technique has limited its contemporary use; it also is only capable of
producing a single time point per animal. Finally, integrative optical imaging is a technique
in which a very small volume of fluid containing a fluorescently labeled substance is
pressure-injected into the brain and the resulting concentration distribution is recorded over
time using an epifluorescent microscope and CCD camera. Diffusion coefficients are
obtained by fitting fluorescence intensity curves from the resulting images with the
appropriate solution to the diffusion equation. While integrative optical imaging cannot
easily be used to obtain 3 or clearance/uptake information, it is routinely employed to
measure diffusion coefficients for a wide range of fluorescent substances and fluorophore-
drug conjugates at multiple locations and time points within the same animal.
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Figure 4.
Modeling penetration into the brain from the cerebrospinal fluid (CSF). Predicted
concentration profiles into brain tissue (left) resulting from intracerebroventricular or
intrathecal input at steady state. Eq. 3 (see text for details) was used to predict C/C0, the
ratio of the concentration in the brain at a given penetration distance to the concentration at
the periventricular or pial brain surface, from diffusion and efflux data in Table 1. Two
different brain efflux constants are used for the 70 kDa dextran profiles (corresponding to a
short half-life in brain of 3.0 hr83 or a long half-life in brain of 15 hr103; dotted lines in left
graph [3 & 7]) to illustrate the effect that half-life in brain can have on the resulting
concentration distribution. Transferrin and lactoferrin (dashed lines in left graph [4 & 8]) are
bilobal iron-binding proteins with very similar molecular weight (MW, 80 kDa) and dH (~9
nm) but differ dramatically in their ability to bind heparan sulfate proteoglycans of the brain
ECM (lactoferrin does bind while transferrin does not).44 The t1/2 for lactoferrin was
estimated using the reported value for transferrin to illustrate how transient binding of
lactoferrin to relatively fixed heparan sulfate sites along its diffusion path might retard the
concentration distribution of lactoferrin relative to transferrin (D* for lactoferrin is reduced,
resulting in a steeper decline in concentration with distance). Other macromolecules may
experience binding that further limits their distribution into the brain from the brain-CSF
interface. Generally, concentration with distance declines more rapidly as molecules: (i)
become larger (D* decreases), (ii) experience additional sources of diffusional hindrance
such as binding (D* further decreases) or (iii) experience higher clearance from the brain
(i.e. t1/2 decreases).
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