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We determined whether an antifungal 14-kDa protein trypsin inhibitor isolated from corn is able to cross the
blood-brain barrier. We found that it completely crossed the blood-brain barrier by means of a saturable
mechanism at a rate of 0.153 pl/g - min, with about 0.082% of the intravenously injected dose being taken up

per gram of brain.

Central nervous system (CNS) fungal infections are increas-
ing in number, with few useful agents for their treatment (9, 24,
28). Aspergillus, Fusarium, and Candida commonly cause dis-
ease, and newer genera are emerging (16). Antifungal agents
which penetrate the blood-brain barrier (BBB) are needed,
and plants may be a source of such agents. Plants lack an
immune system and so rely on other mechanisms to protect
themselves (21), including production of antimicrobial com-
pounds (15, 20, 22, 25). Corn genotypes resistant to A. flavus
express high levels of a 14-kDa trypsin inhibitor (TI) (10-13).
TI inhibits the growth of Aspergillus and Fusarium spp., affect-
ing conidium germination, hyphal extension (11), and fungal
a-amylases (19). Here, we determined whether TI can cross
the BBB.

TI isolated from the corn population GT-MAS:gk was ra-
dioactively labeled with '*'I (I-TI) by using chloramine-T and
purified on a column of Sephadex G-10 (Sigma Chemical, St.
Louis, Mo.) as previously described (3). Specific activity was
about 186 Ci/g.

All animal research adhered to the Principles of Laboratory
Animal Care (22) and was conducted under approved protocols
in a facility approved by the Association for Accreditation of
Laboratory Animal Care. Multiple-time regression analysis
was used to measure BBB transport (8, 23). ICR mice from our
in-house colony were anesthetized with urethane, and the right
carotid artery and left jugular vein were exposed. Lactated
ringers (0.2 ml) (LR) containing 1% bovine serum albumin
and I-TT (7 X 10° cpm/mouse) were injected into the jugular
vein. Arterial blood and brain specimens (minus pituitary and
pineal glands) were collected 2 to 30 min later. Radioactivity in
the brain and arterial serum was measured with a gamma
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counter. The unidirectional influx rate (K;, in microliters per
gram per minute) and the apparent initial volume of distribu-
tion (at time zero) (V;, in microliters per gram) were deter-
mined from the linear portion of the equation

Am/Cpt = K;

f Cp(T)dT]/Cpt +V,

0

where Am is counts per minute per gram of brain, Cpt is
counts per minute per milliliter of serum at time ¢, and Expt
is exposure time in minutes, calculated by the formula

[j;Cp('r)d'r]/Cpt. Figure 1 (upper panel) shows that the

brain/serum ratio increased with time (» = 0.758, n = 15,
P < 0.005). The K; was 0.153 * 0.037 pl/g - min, and the V;
was 11.6 = 0.7 pl/g. This rate is somewhat lower than rates
measured for leptin, interleukin 1, and tumor necrosis fac-
tor, all of which are transported across the BBB by unique
transporters (3, 4, 6, 17).

I-TI uptake by brain was saturable. Unlabeled TI (1 g/
mouse) totally inhibited the transport of I-TI (Fig. 1, upper
panel). The mean brain/serum ratio determined from values
combined across time was 10.9 * 0.4, which is about the size of
the vascular space of the brain. I-TI plus unlabeled TT (3 to
1,000 ng/mouse; three to four mice per determination) was
injected intravenously (i.v.) in other mice and brain/serum
ratios were determined 30 min later. The lower panel of Fig. 1
shows a dose-dependent inhibition, with 58 ng/mouse produc-
ing a 50% inhibition (r = 0.858, n = 11, P < 0.001; slope,
—31.67 = 6.310; y intercept, 10.95 = 9.87).

The percentage of an i.v. dose of I-TT taken up per gram of
brain (%Inj/g) was calculated from the equation

%]Inj/g = (Am/Cpt — V;)[100(Cpt)/Inj],

where Inj is the counts per minute injected i.v. V; corrects for
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FIG. 1. (Upper panel) Uptake of I-TI by brain. The slope of the
linear relation between brain/serum ratios and Expt measures the
unidirectional influx constant (K;). For I-TI, K; was 0.153 = 0.037 wl/g-
min. Inclusion of unlabeled TI completely inhibited uptake, with there
being no statistically significant correlation between brain/serum ratios
and Expt. (Lower panel) Rate of transport (with 100% defined as the
rate in mice receiving only I-TI) versus the log of the amount of
unlabeled TI included in the injection. Each point represents a mean
for three to four mice. The amount calculated to produce a 50%
inhibition was 58 ng/mouse.

I-TT in the vascular space. After i.v. injection, I-TT was cleared
from blood in a linear fashion, with a half-life of 26 min and V;
of 5.4 ml. The peak %Inj/g value of 0.082, reached 5 min after
i.v. injection, is similar to those for leptin, interleukin-1, and
tumor necrosis factor (4, 6, 17) but lower than that for mor-
phine (0.02) (2). Enkephalin analogs (14), pituitary adenylate
cyclase-activating peptide (5, 27), and a neurotensin analog (1,
7, 18) have effects on the CNS at these levels. More encour-
aging, the %Inj/g for I-TT was sustained at about 0.05 for the
duration of the study. Sustained levels in the CNS are critical
for antifungal activity.

To determine whether I-T1 crossed the BBB intact, radio-
activity appearing in brain and serum after i.v. injection of I-TI
(3 X 10° cpm/mouse) was analyzed. Brains homogenized with
a glass tissue grinder in 2 ml of buffer (0.03 M bicarbonate, 10
mM EDTA, 10 mM L-thyroxine) were centrifuged at 14,000
rpm for 20 min. To determine the degradation of I-TI that
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FIG. 2. Identification of radioactivity in brain after i.v. injection of
I-TI. The bar graph shows that the majority of radioactivity recovered
from brain 30 min after the i.v. injection of I-TI elutes in the position
of intact I-TI. (Inset) Acid precipitation of radioactivity recovered
from serum and brain at various times after i.v. injection of I-TL.

occurred during processing, 100 pl of I-TI in LR-bovine serum
albumin was placed on the surface of a nonradioactive brain or
in a tube used to collect carotid blood, and the samples were
processed as described above. The radioactivity recovered was
characterized by acid precipitation or by high-pressure liquid
chromatography (HPLC). For acid precipitation, brain homog-
enate or serum was mixed with 30% trichloroacetic acid and
centrifuged at 5,000 X g for 10 min. The percentage of radio-
activity precipitated by the acid was calculated as the percent-
age of total counts per minute in the pellet. The results were
expressed as a percentage of values for processing controls.
For brain HPLC samples, the supernatant was again centri-
fuged at 14,000 rpm for 20 min and then analyzed by reversed-
phase HPLC on a C, column (Vydac, Hesperia, Calif.). The
mobile phase increased linearly from 30 to 90% acetonitrile in
water over a 30-min interval, with 0.1% trifluoroacetic acid
being used for ion pairing. Fractions of the eluent were col-
lected at 1 ml/min and counted on the gamma counter.

I-TI levels were very stable in blood and brain after iv.
injection. Acid precipitation of radioactivity recovered from
serum averaged 98% = 1% during the 30 min of the study (Fig.
2, inset). About 70% of the radioactivity in brain was extracted
into the supernatant. The majority of this radioactivity was
identified as intact I-TI by both acid precipitation (Fig. 2, inset)
and HPLC (Fig. 2).

The modified (17) capillary depletion method (26) was used
to determine whether the I-TI completely crossed the BBB to
enter the brain’s parenchymal space. Anesthetized mice (n =
5) received 10° cpm/mouse of I-TI iv. Thirty minutes later,
blood was collected from the abdominal aorta. The vascular
contents of the brain were washed free of blood by perfusing 20
ml of LR through the heart. The cerebral cortex was removed,
weighed, homogenized in a dextran gradient, and centrifuged
at 5,400 X g for 15 min at 4°C in a swing bucket rotor. The
pellet (brain vasculature) and supernatant (parenchyma) were
carefully separated, and their radioactivity was measured. The
parenchyma/serum and capillary/serum ratios (microliters



VoL. 46, 2002

per gram) were calculated with the following equation: ra-
tio = (cpm Fr)/(w)(cpm/pl), where cpm Fr is the counts per
minute in the parenchyma or supernatant fraction, w is the
cortical weight, and cpm/pl is the counts per minute per mil-
liliter of serum. Capillary depletion showed that I-TI taken up
by brain completely crossed the BBB. Since the brain was
washed free of vascular contents, only extravascular radioac-
tivity remained. Of the 4.93 = 074 pl of I-TI per gram in the
cortex 30 min after i.v. injection, the parenchyma contained
4.65 = 0.85 ul/g (94%) and the capillaries contained 0.28 =
0.02 pl/g (n =5).

In conclusion, we showed that I-TI is able to cross the BBB
by using a saturable transporter. The radioactivity taken up by
the brain represents intact I-T1; it therefore completely crosses
the BBB to reach the brain parenchyma. The rate of transport
and the %Inj/g of brain are similar to those of similar-sized
proteins transported across the BBB by saturable systems, with
levels being sustained for at least 30 min. TI may be a useful
antifungal in the treatment of CNS disease.

This work was supported by the USDA-ARS-SRRC, the VA Merit
Review, and NIH grant RO1 NS41863.
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