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Abstract

The Evans blue dye (EBD; 961 Da) and the sodium fluorescein dye (NaF; 376 Da) are commonly used inert tracers
in blood-brain barrier (BBB) research. They are both highly charged low molecular weight (LMW) tracers with similar
lipophobic profiles. Nevertheless, the EBD binds to serum albumin (69,000 Da) to become a high molecular weight
(HMW) protein tracer when injected into the circulation, whereas the NaF remains an unbound small molecule in the
circulation. In this study, rats were injected with equal doses of either EBD or NaF to monitor their blood and tissue
distribution. The EBD was largely confined to the circulation with little accumulation in the peripheral organ and even
less accumulation in the central tissue, whereas the NaF distributed more evenly between the blood and the
peripheral organ but was also largely excluded from the central tissue. Importantly, the EBD crossed the BBB most
effectively at the prefrontal cortex and the cerebellum, and most poorly at the striatum. In marked contrast, the NaF
was evenly distributed throughout the brain. Finally, the EBD exhibited this same peculiar tissue distribution profile
when administered by either bolus injection or slow infusion. Our study suggests that different regions of the brain are
equally permeable to LMW inert dyes like the NaF, but are markedly different in permeability to HMW proteins such
as EBD-labelled serum albumin.
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Introduction

The blood-brain barrier (BBB) restricts and thereby controls
the exchanges of proteins and inert chemicals (those not
permeable across endothelial cell membranes) between the
brain and the cerebral circulation [1-4], and treatments that
open the BBB are developed to facilitate brain delivery of high
molecular weight (HMW) biologics (protein-based drugs) and
low molecular weight (LMW) drug chemicals (small molecules)
[5-9]. The simplest method for studying BBB permeability to
HMW and LMW molecules is to measure tracer penetration
into the brain when injected peripherally [10]. Of the tracers,
the Evans blue dye (EBD; 961 Da) and the sodium fluorescein
dye (NaF; 376 Da) are perhaps the most widely used in
experimental animals. The EBD binds strongly to serum
albumin (69,000 Da) to become a HMW protein tracer once in
the circulation, whereas the NaF remains largely in the free,
unbound and LMW form [10-13]. These properties make these
two dyes ideal for studying BBB accessibility by HMW proteins
and LMW chemicals, respectively.
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The EBD becomes fully albumin-bound within 5 min post-i.v.
bolus injection, and after then, no traces of the unbound EBD
can be found in the blood [13]. It remains unclear exactly how
much time, within the initial 5 min time frame, is required for
EBD to bind to serum albumin. Hence, results from
experiments in which the EBD was administered by bolus
injection are called into question owing to the uncertainty over
the degree to which bolus EBD entered the brain as an un-
albumin-bound LMW dye, rather than as a presumed albumin-
bound HMW tracer, before time is allowed for EBD to bind to
albumin [14]. In this study, we reasoned that if HMW proteins
and LMW chemicals take distinct routes across the BBB and
into the brain, the difference could be detected by comparing
their patterns of tissue distribution. Therefore, if bolus EBD
entered the brain in part as a LMW chemical unbound to serum
albumin, it would more closely resemble free LMW chemicals
and take the LMW-way into the brain. In comparison, very
slowly infused EBD would more closely resemble HMW
proteins that take the HMW-way into the brain.
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Despite the marked differences in functional molecular
weight, results from experiments using either EBD or NaF are
often mix-matched in the literature, with original and review
articles going into details on the physiology, pathology, and
pharmacology of the BBB but not clearly differentiating
between BBB against HMW tracers and BBB against LMW
tracers. In this study, we report the blood and tissue distribution
of the EBD and the NaF when injected into experimental rats.
In particular, we used statistical pattern analysis to differentiate
between the routes taken by either dyes into the brain.

Materials and Methods

Animals

Sixty-six male Sprague-Dawley rats (P49-P71; 260-400g)
were used in this study. They were housed and cared for in
accordance with the Institutional Guidelines of the China
Medical University for the Care and Use of Experimental
Animals (IGCMU-CUEA), and all experimental procedures
were approved by the Institutional Animal Care and Use
Committee (IACUC) of the China Medical University (Taichung,
Taiwan) (Protocol No. 101-274-N).

Dye injection and sample collection

Each rat was anesthetized with urethane, and its femoral
vein and artery were cannulated to facilitate dye injection and
blood collection. Body temperature was monitored at all times,
and controlled at ~37 ‘C by an automated heating pad that
received active feedback from the rectal probe. The rats
received either (1) EBD by i.v. bolus injection, (2) NaF by i.v.
bolus injection, or (3) EBD by i.v. slow infusion at a rate of 1
mi/hr. The dyes were prepared as 4% solutions (except when
indicated otherwise) dissolved in 0.9% saline, and injected at a
dose of 2 ml/kg into the cannulated femoral vein. Blood
samples were collected from the femoral artery prior to and at
5, 30, 60, 90, and 120 min post-dye injection. Following the
final blood collection, each rat was euthanized under urethane-
anesthesia by perfusion with 0.9% saline to rid the circulation
of dye (as described previously [15]). Thereafter, the tissue
parenchyma containing only the extravasated dye was
collected.

Brain regions

The isolated brain was coronal sectioned into 2-mm slices,
with cutting points corresponding to (distance from bregma):
section 1: +5.6mm, section 2: +3.6mm, section 3: +1.6mm,
section 4: -0.4mm, section 5: -2.4mm, and section 6: -4.4mm.
As illustrated in Figure 1, the prefrontal cortex was isolated
from section 1, and the motor cortex and the striatum were
isolated from sections 2 and 3. The cerebellum was
conservatively isolated to avoid collection of the brain stem
underneath.

Sample processing and photospectrometry

Blood and tissue samples were processed using the dye-
extraction method described previously, which completely
recovered dyes from binding to tissue, serum albumin, and
other proteins [16]. The blood samples were centrifuged at
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10,000 rpm for 10 min, and the supernatants were mixed with
1: 3 volume of 50% trichloroacetic acid (TCA; dissolved in 0.9%
saline) and centrifuged again (10,000 rpm for 10 min). The final
supernatants were diluted with 1: 300 volume of 50% TCA, and
then 1: 3 volume of 95% ethanol prior to photospectrometric
determination of EBD (620nm excitation/680nm emission) and
NaF (440nm excitation/525nm emission) fluorescence. The
brain and liver tissues were dry-weighted, homogenized in 1: 3
volume of 50% TCA, centrifuged (10,000 rpm for 10 min), and
the supernatants were diluted with 1: 3 volume of 95% ethanol
prior to photospectrometric determination of EBD and NaF
fluorescence.

Data presentation and statistical analysis

Data were presented as meantSEM. The change in blood
concentration of dye in matched subjects was analyzed by
TWO-WAY repeated measures ANOVA, followed by Sidak’s
multiple comparisons test. Paired comparisons between blood
and liver dye contents of matched subjects were done with
paired t test. Comparisons of tissue dye contents between
animals receiving either EBD or NaF were done with unpaired t
test. Pattern analyses that examines regional specificity of dye
distribution in matched brain tissues were done by ONE-WAY
repeated measures ANOVA, followed by multiple comparisons
tests with Tukey’s or Holm-Sidak. Cross-comparisons of dye
distribution patterns between two groups of animals with
matched brain tissues were done using TWO-WAY repeated
measures ANOVA.

Results

Consistent with previous reports, EBD (80 mg/kg i.v. bolus)
rendered the rat eyes, ears, nose, and paws dark blue, and this
blue coloration persisted for the 2 h duration of the experiment
(Figure 2A, top panels). In comparison, NaF (80 mg/kg i.v.
bolus) turned the rat orange, but the coloration was much less
apparent and appeared to quickly subside over the 2 h course
of the experiment (Figure 2A, bottom panels).

Given that EBD but not NaF binds strongly to serum albumin
[10-13], the peripheral distribution of the two dyes should be
quite distinct. EBD injection resulted in a substantial
accumulation of the dye in the blood, especially in comparison
to the injection of the same-dose NaF (Figure 2B). Moreover,
direct comparison between blood and liver dye contents
showed that EBD resided largely in the blood (1746 + 127
ug/ml) rather than in the peripheral organ (164 + 13 ug/g)
(Figure 2C). In contrast, NaF was more evenly distributed
between the blood (87 + 14 ug/ml) and the peripheral organ (49
+ 4 ug/g) (Figure 2D). Our findings are in line with the ample
evidence showing that EBD but not NaF binds strongly to
serum albumin, and thus EBD but not NaF resided
predominantly in the blood.

The BBB is known to restrict extravasation of inert tracers
such as EBD and NaF into the brain [10], and in our
experiment, these two dyes were indeed largely excluded from
the brain parenchyma (Figure 3), with concentrations ranging
from 0.2-0.9 ug per g of brain tissue compared to >40 ug per g
of liver tissue. Moreover, and consistent with higher circulating
EBD concentration and lower circulating NaF concentration
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Figure 1. lllustration of the brain regions collected for analysis.

doi: 10.1371/journal.pone.0068595.g001

(Figure 2B), EBD extravasated at a much higher concentration
into the brain than that by NaF in most brain regions studied
(Figure 3). These data support the notion that the BBB restricts
these inert tracers into the brain, and that the concentration of
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dye that is extravasated across the BBB may be dependent on
the concentration of the dye in the circulation.

The primary objective of this study was to examine whether
the two most commonly used tracers for BBB research, EBD
and NaF, exhibits distinct patterns of regional brain distribution
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Figure 2. Peripheral accumulation of Evans blue dye (EBD) and sodium fluorescein dye (NaF). (A) Representative images of
rats before and after receiving EBD or NaF at equal doses (80 mg/kg i.v. bolus into the femoral vein). Post-injection images were
taken at 2 h post-injection. (B) Blood concentration of EBD or NaF prior to and at 5, 30, 60, 90, and 120 min post-injection. Samples
were collected from a cannulated femoral artery. (C) Peripheral EBD concentration in the blood and the liver at 120 min post-
injection. Data are shown as meanzSEM. **p<0.01, comparison by paired t test. (D) Peripheral NaF concentration in the blood and
the liver at 120 min post-injection. Data are shown as mean+SEM. *p<0.05, comparison by paired t test.

doi: 10.1371/journal.pone.0068595.g002

when injected into the circulation. This was especially that EBD
binds to serum albumin (69,000 Da) to effectively become a
HMW protein tracer, whereas NaF remains mostly in the LMW
chemical form (376 Da). Interestingly and surprisingly, pattern
analysis by ONE-WAY repeated measures ANOVA found
significant  regional specificity for EBD extravasation
(**p=0.0034; followed by post-hoc multiple comparisons by
Tukey'’s test, *p<0.05) (Figure 3, left panel). In particular, EBD
appeared to extravasate most effectively at the prefrontal
cortex and the cerebellum (albeit not significant), and least
effectively at the striatum (*p<0.05, compared to extravasation
at other tissues). In marked comparison, NaF was evenly
distributed between different brain regions, including the
prefrontal cortex, the motor cortex, the striatum, and the
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cerebellum (not significant, when compared by ONE-WAY
repeated measures ANOVA) (Figure 3, right panel). Indeed,
comparative pattern analysis that compared regional brain
distribution of the two dyes by TWO-WAY repeated measures
ANOVA found significant difference between the patterns of
EBD and NaF brain distribution (*p=0.0311) (Figure 3).
Although the EBD is often administered to experimental
animals by i.v. bolus injection, the interpretation of results from
these studies are called into questions over concerns that EBD
may enter the brain in the free-unbound LMW form before time
is allowed for binding to the HMW serum albumin [14].
Because a 5 min time period is sufficient for all EBD molecules
to fully bind to serum albumin [13], we examined the peripheral/
central distribution of EBD when infused at a rate (1 ml/hri.v.)
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Figure 3. Central extravasation of Evans blue dye (EBD) and sodium fluorescein dye (NaF). Regional brain distribution of
extravasated EBD (left panel) or NaF (right panel) in the prefrontal cortex, the motor cortex, the striatum, and the cerebellum
following equal dose injections (80 mg/kg i.v. bolus into the femoral vein). Data are shown as meant+SEM. Statistics used are

described in the figure.
doi: 10.1371/journal.pone.0068595.g003

that takes more than 5 min to plateau. While bolus EBD fully
colored the rat blue within 5 min post-injection, slowly infused
EBD took ~30 min before saturation of its blue appearance
(Figure 4A). Moreover, bolus EBD spiked in the blood
immediately following injection and then decreased over the 2
h course of the experiment, whereas slowly infused EBD took
about 30 min before reaching a plateau in blood concentration
(Figure 4B). These data suggest that slow infusion of EBD at a
rate of 1 ml/hr should satisfy the criteria for full binding of EBD
to serum albumin prior to leakage into peripheral organs and
across the BBB.

Taking into account the marked difference in EBD and NaF
extravasation into peripheral and central tissues, we reasoned
that if bolus EBD indeed extravasated in part as a pure LMW
dye (yet unbound to serum albumin), it would exhibit a slightly
different tissue extravasation concentration/pattern profile
compared to that of slowly infused EBD. Importantly, EBD
administered by either bolus injection or slow infusion exhibited
similar level of accumulation into the liver (Figure 4C) and
different regions of the brain (Figure 5). Here, pattern analysis
by ONE-WAY repeated measures ANOVA found significant
regional specificity of EBD distribution in the rat brain following
either bolus injection (**p=0.0034) or slow infusion
(**p=0.0069) (Figure 5). In both cases, post-hoc multiple
comparisons by Holm-Sidak test found significantly higher
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extravasation of EBD into the prefrontal cortex, the motor
cortex, and the cerebellum, compared to EBD into the striatum.
Importantly, albeit an overall significant regional specificity
(**p<0.0001), comparative pattern analysis by TWO-WAY
repeated measures ANOVA found no significant difference
when comparing the patterns of EBD brain distribution
following bolus injection and slow infusion (n.s., p=0.6527). Our
findings suggest that even when injected in a single bolus, EBD
took the “HMW-way” into the brain, rather than the “LMW-way”
taken by NaF.

The distinct pattern of cerebral extravasation by EBD, with
minimal extravasation into the striatal parenchyma compared to
other brain regions, was observed when the dye was
administered either by bolus injection or slow infusion. This
was in marked contrast with NaF that extravasated somewhat
evenly throughout different brain regions. However, this
contrasting difference in the dye extravasation pattern could
also be due to the difference in the blood concentration and
hence difference in the amount of dye available for
extravasation. To test this possibility, we administered different
doses of NaF (1%, 2%, and 8% at 2 ml/kg i.v.) by bolus
injection (Figure 6). We found that the amount of NaF
extravasated into the brain is dose-dependent on the amount of
NaF administered into the bloodstream (TWO-WAY repeated
measures ANOVA followed by post-hoc multiple comparisons

July 2013 | Volume 8 | Issue 7 | 68595



Pattern of Cerebral Extravasation by Evans Blue

A Before 5 min 30 min 60 min 90 min 120 min

Bolus
Injection

Slow
Infusion

(1 mi/hr)

w
0

= . © 1 mlhr 3001
3 § -®- Bolus _ 8 2504
oL o3 ns
5% 25 200- o
EE =
- £ 5 1501
@ 8 @5 1001
w = w e
= 2 501
20 40 60 80 100 120 ¥ :
Post-Injection Time (min) Bolus 1 ml/hr

Figure 4. Peripheral accumulation of Evans blue dye (EBD) following bolus injection and slow infusion. (A) Representative
images of rats before and after receiving 4% EBD via bolus injection or slow infusion (1 ml/hr) at equal doses (2 ml/kg i.v. into the
femoral vein). (B) Blood concentration of EBD prior to and at 5, 30, 60, 90, and 120 min post-bolus injection or slow infusion.
Samples were collected from a cannulated femoral artery. Data are shown as meantSEM. *p<0.05 and **p<0.01, comparison by
TWO-WAY repeated measures ANOVA followed by Sidak’s multiple comparisons test. (C) Peripheral EBD concentration in the liver
at 120 min post-bolus injection or slow infusion. Data are shown as mean+SEM. n.s., no significant difference when compared by
unpaired t test.

doi: 10.1371/journal.pone.0068595.g004

using Tukey’s test, **p<0.01). In fact, the amount of 8% NaF Discussion

extravasated is comparable to the amount of 4% EBD

extravasated. Nevertheless, the same pattern of cerebral The BBB safeguards the brain against unwanted exchanges

extravasation, with no shortage of striatal extravasation, was of HMW proteins and LMW inert substances, and research in

observed regardless of the NaF dose injected. This suggest BBB has important physiological, pathological, and

that the peculiar pattern of cerebral extravasation by 4% EBD pharmacological implications. Physiological changes of the

but not 4% NaF was not due to the higher extravasation of the BBB occur throughout development [15] and during emotional

former. responses [17-19] and other behaviors [19,20], and
pathological changes of the BBB result from ischemic/
hemorrhagic stroke [21,22], seizure [23], Alzheimer’s disease
[24-26], Parkinson’'s  disease [27], HIV-associated
neurocognitive disorders [28,29], multiple sclerosis [30], and
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Figure 5. Central extravasation of Evans blue dye (EBD) following bolus injection and slow infusion.

Regional brain

distribution of extravasated EBD in the prefrontal cortex, the motor cortex, the striatum, and the cerebellum following bolus injection
(left panel) or slow infusion (right panel) (80 mg/kg i.v. into the femoral vein). Data are shown as mean+SEM. Statistics used are

described in the figure.
doi: 10.1371/journal.pone.0068595.g005

obesity [20]. In addition, because the BBB is a major obstacle
for drug delivery into the brain, its pharmacology has been
investigated widely [8,9,31-35]. Nevertheless, the literature has
in large failed to emphasize the differences between the HMW-
way and the LMW-way across the BBB into the brain.

We report here that the HMW-way and the LMW-way across
the BBB represent two distinct routes into the brain, and such
distinction can be made by comparing the regions of the brain
most accessible to the respective substance. For instance,
HMW proteins marked by EBD entered the brain most
efficiently from the prefrontal cortex and the cerebellum, and
least effectively from the striatum. In comparison, LMW inert
tracers like NaF was evenly distributed across different brain
regions. The reason for the difference warrants future research.
One likely explanation is that different regions of the BBB have
different systems for actively importing and/or exporting HMW
proteins, whereas LMW substances are allowed to passively
move across in a restricted manner. Another possibility is that
the BBB has brain region-specific different-sized physical
barrier that bars HMW proteins from moving into and out of the
brain, and that these brain-region-specific large barriers are
circumvented by LMW inert tracers. Whatever the reason
behind the regional-dependency of the HMW-way by not the
LMW-way, our data re-emphasize the notion that the BBB is

PLOS ONE | www.plosone.org

substance/molecular weight-specific, and should not be
generalized otherwise.

Based on these distinct patterns of brain distribution, we
reasoned that bolus and slowly infused EBD both entered the
brain via the HMW-way, and this is in line with the notion that
EBD binds strongly to serum albumin immediately following
bolus injection [10-13]. This work advocates the use of bolus
EBD in BBB research, and ameliorates the concerns that EBD
administered by i.v. bolus, the most widely used route of
administration in EBD-based BBB studies, may behave like a
LMW dye rather than a HMW protein tracer [14]. Moreover, this
provides a good example of how pattern analysis of EBD brain
distribution can be used to determine whether a chemical
substance enters the brain via the HMW/EBD-way or the LMW/
NaF-way.

Disruption (or closure) of the BBB, as part of a physiological
response, resulting from a disease, or induced by a
pharmacological agent, could result in increased or decreased
access to either or both of the HMW (EBD-labelled) protein and
the LMW inert substances (such as NaF). Thus,
pharmacological agents designed to selectively facilitate or
prevent the HMW/EBD-way or the LMW/NaF-way across the
BBB may have advantages over agents that are less selective.
In any case, these two different routes of entrance into the
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Figure 6. Central extravasation of sodium fluorescein dye (NaF) in a dose-dependent manner. Regional brain distribution of
extravasated NaF in the prefrontal cortex, the motor cortex, the striatum, and the cerebellum following bolus injection (2 ml/kg i.v.
into the femoral vein) of 1%, 2%, or 8% NaF. Data are shown as mean+SEM. **p<0.01 when compared by TWO-WAY repeated
measures ANOVA followed by Tukey’s multiple comparisons test.

doi: 10.1371/journal.pone.0068595.g006

brain emphasize the need to categorize the BBB depending on
the substance in question.
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