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Abstract

High doses of intravenous protamine cause generalized vascu-
lar permeability changes in brain and other organs, and concom-
itant hypoproteinemia. The present investigations test the hy-
pothesis that protamine has a dual action of both binding serum
proteins and of undergoing absorptive-mediated transcytosis
through microvascular endothelial barriers. Binding of albumin
to protamine was demonstrated using equilibrium dialysis, and
protamine was shown to selectively augment the uptake of al-
bumin, but not sucrose, in isolated bovine or human brain capil-
laries. In contrast, the anionic macromolecule, dextran sulfate,
resulted in an increased capillary uptake of both albumin and
sucrose in vitro. The selective effects of protamine on albumin
transport were also documented in vivo using an external organ
technique; the intravenous injection of 1.5 mg/kg protamine
resulted in a marked and selective influx of albumin into brain,
heart, kidney, lung, and liver, and the increased albumin trans-
port exceeded the increased sucrose uptake in some organs by
an order of magnitude. The transcytosis of protamine through
the cerebral microvascular barrier was documented with an in-
ternal carotid artery perfusion technique. In summary, these
studies provide evidence for protamine-mediated vectorial
transport of albumin through microvascular barriers in brain
and other organs. (J. Clin. Invest. 1993. 92:2224-2229.) Key
words: blood-brain barrier * dextran sulfate * CD4 * gamma
globulin * liver

Introduction

Protamine is a 7-kD arginine-rich cationic protein that is pro-
duced in high concentrations in spermatozoa, and which com-
plexes DNA(1, 2). Protamine infusion enhances the perme-
ability of the cerebral endothelial wall, which makes up the
blood-brain barrier (BBB)' in vivo, to large molecular weight
proteins, such as albumin, or enzymes of comparable size, such
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1. Abbreviations used in this paper: BBB, blood-brain barrier; byGlob,
bovine ey-globulin; DS, dextran sulfate; HRP, horseradish peroxidase;
VD, volume of distribution.

as horseradish peroxidase (HRP)' (3-5). Protamine also in-
creases vascular permeability to albumin in peripheral tissues
(6). The intravenous administration of a 40 mg/kg dose of
protamine increases albumin uptake into organs and results in
lowering of plasma albumin concentration with an increase in
blood hematocrit (6). Since endothelial glycocalyx anionic
sites are believed to maintain vascular permeability (7), the
mechanism of the protamine effect is hypothesized to involve a
generalized increased vascular permeability in organs owing to
neutralization of the endothelial anionic sites (6). However, if
protamine causes a general increase in vascular permeability,
then the uptake of circulating small molecules should also be
enhanced after the administration of toxic amounts of prota-
mine. Although intracarotid protamine administration in-
creases albumin uptake by brain, there is no increase in the
cerebral uptake of glutamic acid, a circulating low molecular
weight acidic amino acid (8). The failure of protamine to in-
crease the brain uptake of low molecular weight substances
suggests alternative mechanisms for the action of protamine on
microvascular beds. For example, protamine is known to com-
plex proteins (9). Also, protamine, a highly cationic protein ( 1,
2), may undergo absorptive-mediated transcytosis through mi-
crovascular beds similar to other polycationic substances, such
as histone (10). Therefore, we hypothesize that the principle
effect of protamine on vascular permeability in brain and other
organs is to complex albumin and to cause a vector-mediated
transport of albumin across microvascular beds, owing to the
dual effects of protamine binding of albumin and protamine
transport through endothelial barriers. The mechanism of pro-
tamine action on vascular permeability in vivo has clinical im-
plications since high doses of protamine are used to neutralize
heparin anticoagulant effects, for example, following extracor-
poreal perfusion in humans ( 11).

The present studies assess the effects of protamine on vascu-
lar transport of albumin and a low molecular weight molecule,
sucrose, in brain and other organs in vivo. Initially, a series of
in vitro experiments were performed using isolated bovine or
human brain capillaries. These in vitro studies allowed for the
measurement of the effects of protamine on vascular binding
and endocytosis of radiolabeled albumin as compared to la-
beled sucrose.

Methods

Materials. Grade IV salmon protamine base (histone-free and compa-
rable to grade X protamine sulfate) was obtained from Sigma Chemical
Corp. (St. Louis, MO). 3H-NaBH4 (9.8 Ci/mmol) was obtained from
Amersham Corp. (Chicago, IL). '4C(U)sucrose and 125i were pur-
chased from Dupont NEN(Boston, MA). Recombinant human solu-
ble CD4was obtained from Biogen (Cambridge, MA). Dextran sulfate
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(5 kD or 500 kD) and all other reagents were purchased from Sigma
Chemical Corp.

Protein radiolabeling. Native rat serum albumin (Sigma catalog
#A4538) was tritiated with 3H-NaBH4 to a specific activity of 1.6 'tCi/
jig and trichloracetic acid (TCA) precipitability of 99%, as described
previously ( 12 ). The same method was used to tritiate protamine to a
specific activity of 0.076 iCi/Ag. Recombinant CD4was radiolabeled
to a specific activity of 1.9 ACi/Ag using 1251 and chloramine T as
described previously ( 13).

Isolated bovine brain capillary uptake experiments. Fresh slaught-
erhouse bovine brain or autopsy human brain capillaries were isolated
with a mechanical homogenization technique as described previously
(12). The brain capillary uptake of 3H-native rat serum albumin
(nRSA) or [ '4C] sucrose was measured in vitro at 370C or 40C for up to
30 min of incubation in a final volume of 0.45 ml Ringer solution
buffered to pH 7.4 with 10 mMHepes. The following components
were added to the incubation: 0-2 mg/ml protamine base, 0-50 mg/
ml bovine gamma globulin (byGlob), 0-50 mg/ml native BSA
(nBSA), 0-100 Ag/ml dextran sulfate (either 5 kD or 500 kD molecu-
lar mass). The incubation was terminated by centrifugation at l0,OOOg
and the capillary pellet was solubilized for double isotope liquid scintil-
lation counting, and the percent capillary uptake of either 3H-nRSA or
[ '4C] sucrose was calculated. Endocytosis was measured at 37°C or 4°C
using an acid wash technique, described previously ( 13 ).

Equilibrium dialysis. The binding of [3H ] protamine to unlabeled
nRSAwas measured at 37°C over 4 h using equilibrium dialysis tubing
with a 12 kD molecular mass cut-off, as described previously ( 14). The
ratio of dissociation constant (KD) divided by the total number of bind-
ing sites (n) of RSAbinding of [3H]protamine was calculated from the
F/ B ratio at each concentration of RSA], where F and B equal the free
and bound fraction of [ 3H ] protamine, respectively, i.e., KD/ n
= [RSA] x (F/B).

External organ technique. The clearance of 3H-RSA or [14C]_
sucrose by brain, heart, kidney, lung, and liver was measured in adult
male Sprague-Dawley rats (250 g), anesthetized with ketamine (100
mg/kg), and xylazine (2 mg/kg) administered intraperitoneally, using
an external organ technique described previously ( 15 ). The tail artery
was cannulated with PE-50 tubing and attached to a 3-cc syringe and
22-gauge needle that were fixed to a Harvard constant withdrawal
pump. The experiment was initiated by the intravenous injection of 0.2
ml Ringer solution buffered to pH 7.4 with 10 mMHepes containing
75 ,uCi/ml of 3H-RSA and 25 ACi/ml [ '4C]sucrose, and 2 mg/ml of
protamine. The protamine was added to the isotope solution just be-
fore injection to prevent the formation of aggregates. Blood was col-
lected from the femoral artery at a constant rate for 5 min and the
animal was then decapitated with extirpation of the five organs. The
organ volume of distribution (VD) was calculated from the ratio of 14C-
or 3H-DPM/g organ divided by the DPM/dl of plasma. Division of the
VDvalue by 5 min gives a value for clearance in Al/ min/g, since the use
of the external organ technique allows for measurement of the inte-
grated arterial plasma radioactivity ( 15 ).

Internal carotid artery perfusion technique. The blood-brain barrier
(BBB) transport of [3H]protamine (1.0L Ci/ml) and '4C-sucrose (0.5
ACi! ml) were measured using the in situ internal carotid artery perfu-
sion technique in ketamine-anesthetized rats as described previously
(1O). The isotopes were perfused in Krebs-Henseleit buffer containing
0.1% BSAat a rate of 1.25 ml/min for a 10-min perfusion. To maintain
blood volume approximately constant, femoral artery blood was with-
drawn during this time period at a rate of 1.0 ml/min. Before use, the
[3H]protamine was purified over a Sephadex G25 column using an
elution in 0.01 N HCl, and the final TCA precipitability was 96%.
Following perfusion and decapitation, the brain was homogenized in
20%dextran, and a capillary depletion technique, described previously
( 16), was used to measure the solute VD in total brain homogenate, in
post-vascular supernatant, and in the vascular pellet. The post-vascular
supernatant VD is a measure of the transcytosis of [3H]protamine
through the brain vascular endothelium and into brain interstitial
space ( 16 ).

Results

In the absence of protamine, the binding of [3H I RSAby iso-
lated bovine brain capillaries was minimal and not signifi-
cantly different from the binding of ['4C I sucrose. However,
when increasing concentrations of protamine were added to
the incubation medium, there was a selective and progressive
increase in the binding of 3H-RSA, with an ED50 of - 0.5
mg/ml (70 ,uM) protamine (Fig. 1). The protamine-mediated
increase in brain capillary uptake of 3H-RSA was competitively
inhibited by increasing concentrations of y-globulin or native
BSA (Fig. 2), and the ED50 for either protein was approxi-
mately 10 mg/ml (Fig. 2). The protamine-mediated increase
in 3H-RSA binding to isolated bovine brain capillaries was

time- and temperature-dependent (Fig. 3), and at 370C
- 50% of the binding of 3H-RSA, in the presence of 1 mg/ml

protamine, was resistant to a mild acid wash, indicating endo-
cytosis into the capillary cellular compartment. The fraction of
total uptake that was resistant to mild acid wash was decreased
to - 20% at 4VC incubation (Fig. 3).

Protamine also enhanced the brain capillary uptake of
other proteins such as 1251-recombinant CD4, and this effect
was also inhibited by increasing concentrations of oy-globulin
(Fig. 4). The studies in Fig. 4 were performed with isolated
human brain capillaries and, in general, comparable effects of
protamine on protein uptake were obtained whether human or

bovine brain capillaries were used.
In contrast to protamine, an anionic substance, such as 5

kD or 500 kD dextran sulfate, resulted in a comparable in-
crease in brain capillary uptake of 3H-RSA or [14C] sucrose

(Fig. 5). Dextran sulfate also increased the uptake of radiola-
beled CD4by human brain capillaries, and the dextran sulfate
effect on brain capillary uptake of CD4was completely blocked
by a concentration of 25 mg/ml human y-globulin (data not
shown). Similarly, a concentration of 50 mg/ ml bovine -glob-
ulin or BSA completely neutralized the increased uptake of

['4C] sucrose and partially inhibited the increased uptake of
3H-RSA by isolated bovine brain capillaries caused by prota-
mine (Table I). The enhancement of ['4C] sucrose uptake by
isolated bovine brain capillaries caused by dextran sulfate was

neutralized by the inclusion of protamine (Table I), but the

enhanced brain capillary uptake of RSAcaused by protamine

Figure 1. The uptake of
[ 3H ] nRSAand [ 4C]-

60[HnRSAsucrose by isolated bo-

C 50 _ ^ _
vine brain capillaries is

50 measured at 370C for
40

-
/ 30 min in the presence

C~~ ~ ~ ~~~1 of varying concentra-
0 30 pg ED50 = 0.5 mgml tions of protamine. The

o 30 concentration of prota-
0 20 mine that causes - 50%

maximal uptake of the
10 [14C1 sucrose - RSAis 0.5 mg/ml or 70

qtM protamine. Data in
Figs. 1-3 and 5 are ex-

1 2 pressed as %radioactiv-
Protamine (mgml1) ity bound by the brain

capillaries relative to the
mg, of capillaries added

to the incubation. Data are means of duplicates that varied < 1O%
of the mean.
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Figure 2. The binding of
[ 3H I nRSAby isolated
bovine brain capillaries,
in the presence of 1
mg/ml protamine, is
inhibited by increasing
concentrations of either
bovine y-globulin
(byGlob) or native
(nBSA). The concen-
tration of either protein
that causes 50% inhibi-
tion of the protamine-
mediated uptake of
RSA is - 10 mg/ml.

was not neutralized by dextran sulfate (Table I). The RSA
uptake by brain capillaries was also selectively enhanced by
other polycationic proteins such as histone or protamine sul-
fate, but not by poly-L-lysine (mol mass = 1-4 kD) at concen-
trations up to 1 mg/ml. Neutral dextran (150 kD) did not
replicate the enhanced uptake of RSAor sucrose caused by the
anionic dextran (data not shown).

The competition of protamine-mediated uptake of 3H-RSA
by either unlabeled y-globulin or unlabeled BSA (Fig. 2) sug-
gested that protamine mediated the RSAuptake by binding the
protein, and that this binding was competitively inhibited by
increasing concentrations of unlabeled proteins. The binding
of RSAto protamine was confirmed using equilibrium dialysis,
and the albumin KDfor albumin binding ranged from 5.8±0.2
to 22.2±0.2 ,gM, depending on the concentration of RSA(Ta-
ble II).

The selective effect of protamine on capillary transport of
RSA, as opposed to sucrose, was confirmed in vivo with the
external organ technique. The organ VD of 3H-RSA measured
under control conditions was comparable to previous estimates
of plasma volume in these organs ( 10, 13). With the exception
of liver, where sucrose and albumin both equilibrate instanta-
neously with the extravascular compartment ( 17 ), the organ

on
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c
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m
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Minutes
Figure 3. Bovine brain capillary uptake of [3H]-nRSA or [ 14C] sucrose

at either 370C or 4VC is plotted for up to 30 min of incubation. Both
total binding and binding resistant to a mild acid wash are shown.

1 2 10 20 30 40 ,
Protamine (mg/ml) Human yGlobulin (mg mf')

Figure 4. (A) Binding of 1251I-recombinant CD4 to human brain cap-
illaries is linearly related to the concentration of protamine added to
the incubation medium. (B) The protein-mediated binding of 125[1
CD4 to human brain capillaries is competitively inhibited by increas-
ing concentrations of human y-globulin added to the incubation me-
dium. The ED50 of the y-globulin effect is 1I0 mg/ml. The hori-
zontal and dashed lines represent the mean± 1 SD of the %uptake of
'25I-recombinant CD4by isolated human brain capillaries observed
in the absence of any protamine added to the incubation medium.

VDvalue of [ 14C] sucrose was generally greater than the organ
VD value of 3H-RSA under control conditions, owing to the
selective transport of the low molecular weight sucrose. How-
ever, when protamine was co-administered intravenously at a
dose of 1.5 mg/kg in conjunction with the ['4C]sucrose and
3H-RSA, there was a selective augmentation of uptake of RSA,
relative to sucrose, in all organs. The enhancement was mild
for organs such as brain or heart, was intermediate for kidney,
and was most pronounced for organs such as lung or liver (Ta-
ble III).

The trans-capillary transport of [3H]protamine was con-
firmed in brain using the in vivo internal carotid artery perfu-
sion technique. The total brain homogenate VDvalues for [3H ]-
protamine and ['4C] sucrose in total brain homogenate follow-
ing a 10-min internal carotid artery perfusion was 419±199
and 23±6 ,l/g, respectively. Approximately 50% of the [3H]-
protamine taken up by brain represented distribution into the
postvascular supernatant as the postvascular supernatant VD
value was 208±96 and the vascular pellet VDvalue was 196±96
,ld/g for [3H]protamine (Table IV). These values were up to 2
log orders of magnitude greater than the comparable values for
[ '4C]sucrose.

I .

20 40 60 80 100

Dextran Sulfate (jig ml -1)

Figure 5. The binding of
[3H]nRSA or ['4C]-
sucrose to isolated bo-
vine brain capillaries is

augmented by increas-
ing concentrations of
dextran sulfate added to
medium.
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Table I. Uptake by Isolated Brain Capillaries In Vitro:
Neutralization of Dextran Sulfate by Protamine or BSA

%bound/mg,
Medium [3H]nRSA ['4C]sucrose

Control 4.7±0.1 4.1±0.1
50 ,gg/ml dextran sulfate (DS) 24.5±1.0 16.9±0.2
50 ,g/ml DS + 50 mg/ml BSA 10.9±0.1 3.1±0.1
1 mg/ml protamine 59.6±1.0 2.6±0.1
1 mg/ml protamine + 50 ,g/ml DS 51.9±0.4 3.1±0.1

Mean±SEM(n = 3-4).

Discussion

The present studies are consistent with the following conclu-
sions. First, protamine is transported through the BBB (Table
IV), similar to other polycationic substances such as histone,
which undergoes absorptive-mediated transcytosis through the
BBB ( 10, 16). Second, protamine actively binds albumin (Ta-
ble II) and selectively enhances the brain capillary uptake of
albumin, but not sucrose, both in vitro (Figs. 1, 2, 3) and in
vivo (Table III). Third, the protamine effect is inhibited by
physiologic concentrations of serum albumin or Sy-globulin
with an ED50 of - 1% plasma protein (Fig. 2). Fourth, the
polyanionic dextran sulfate augments brain capillary uptake of
both serum albumin and sucrose in vitro (Fig. 5), and this
effect is blocked by protamine (Table I) and by serum protein
(Table I). Fifth, the protamine effect of enhanced vascular up-
take is also seen for other proteins such as recombinant CD4
(Fig. 4).

Cationization of proteins, in general, enhances cellular up-
take of the protein ( 18, 19). Cationization of albumin or IgG
molecules enhances the cerebrovascular transport of these sub-
stances, and this process is believed to involve absorptive-me-
diated transcytosis through the brain capillary endothelium
( 16, 20). Transcytosis of the polycationic proteins into brain
interstitial fluid has been documented with thaw-mount autora-
diography (20), and other studies have shown that the glycoca-
lyx on the lumenal side of the brain capillary endothelium con-
tains sialic acid residues (21 ). The binding of cationized pro-
teins such as cationized albumin to isolated brain capillaries in
vitro is competitively inhibited by other polycationic peptides
such as polylysine or protamine with an ED50 of - 5 ,g/ml
(22). Therefore, the concentration of polylysine or protamine

Table II. Binding of [pH]Protamine to RSA

RSA [3H]protamine* Albumin Kd/n

g/dl %free isMt

0.5 7.3±0.2 5.8±0.2
1.0 5.8±0.3 9.0±0.5
2.5 5.7±0.1 22.2±0.2

Mean±SEM(n = 3). * Determined by equilibrium dialysis at 37°C
for 4 h. t Calculated from Kd/n = [RSA] x (F/B), where [RSA] is
albumin concentration, F is fraction of free ligand, and B is fraction
of bound ligand.

Table III. Selective Increase in Albumin Distribution to Organs
Caused by Intravenous Administration of Protamine*

VD (AL/g) VPD/VDg

Organ Protamine ['4C]sucrose [3H]nRSA ['4Clsucrose [3H]nRSA

Brain - 24±2 12±1
+ 29±3 22±3 1.2±0.1 1.8±0.3

Heart - 212±8 103±3
+ 300±41 181±26 1.4±0.2 1.8±0.3

Kidney - 1807±280 476±35
+ 2776±363 1582±211 1.5±0.3 3.3±0.5'

Lung - 143±12 54±5
+ 230±32 599±173 1.6±0.3 11.1±3.31

Liver - 127±5 149±5
+ 236±27 5021±981 1.9±0.2 33.7±6.7'

Mean±SEM(n = 3). * 1.5 mg/kg IV of salmon protamine base
(Sigma grade 4, histone-free). *VD = volume of distribution deter-
mined at 5 min after intravenous injection of [3H]nRSA and
['4C]sucrose using the external organ technique. § VD = VD after
protamine injection; VD= VDafter control injection. 11 P < 0.025, 1 P
< 0.01 difference between VD after control and protamine
injections.

that saturates BBBbinding sites is about a log order lower than
the concentration of protamine that saturates albumin binding
sites (Table II).

In addition to binding anionic sites on brain capillary
plasma membranes, protamine also binds serum proteins, such
as albumin, with a KD ranging from 6-22 ,uM (Table II). The
binding of protamine by albumin correlates with other studies
showing that proteins are complexed by protamine (9). Pre-
vious reports have shown that the intravenous administration
of protamine at a dose of 40 mg/kg results in a decrease in
serum albumin that was attributed to a protamine-mediated
generalized increase in vascular permeability (6). However,
protamine would be expected to undergo absorptive-mediated
transcytosis across the capillary endothelia in peripheral organs
similar to that demonstrated here for brain (Table IV). If the
protamine that is transcytosed through the endothelia of pe-
ripheral capillaries also binds circulating albumin, then a sub-
stantial reduction in serum albumin concentration may occur
on the basis ofthis mechanism of vectorial transport. For exam-
ple, based on the KD of albumin binding of protamine (Table

Table IV. Brain Volume of Distribution (VId of [3H]Protamine
and ['4C]Sucrose after a J0-min Internal Carotid Artery Perfusion

VD(All/g)

Fraction ['4C]sucrose [3Hlprotamine

Homogenate 23±6 419±199
Post-vascular supernatant 23±7 208±96
Vascular pellet 0.59±0.22 196±96

Mean±SEM(n = 3). [3H]Protamine infused at concentration of 1
LCi/ml (13,ug/ml). The ['4C]sucrose VDunder control (protamine-

free) conditions = 8.8±2.3, 8.4±2.3, and 0.14±0.04 gl/g, for the ho-
mogenate, the postvascular supernatant, and the vascular pellet,
respectively, following a 10-min carotid artery perfusion (13).
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II), a dose of 40 mg/kg of protamine administered to a 300-g
rat would be expected to bind approximately 120 mgof circu-
lating serum albumin. If the plasma volume is 12 ml and the
albumin concentration is 4 g/dl, then 25% of the circulating
RSAwould be bound by this dose of protamine. The binding of
albumin or other plasma proteins such as oy-globulin by prota-
mine is competitively inhibited by high concentrations of these
proteins. Therefore, hypoproteinemia would be expected to
augment the effects of protamine on vascular transport of cir-
culating plasma proteins.

The binding of plasma proteins by protamine and the pro-
tamine-mediated plasma protein transport across vascular
beds, is not the sole effect of protamine on capillary transport.
There is some generalized increase in permeability as well, as
the VD value for ['4C] sucrose is augmented in kidney, liver,
and lung to some extent by intravenous protamine administra-
tion (Table III). However, there is no statistically significant
change in the [ '4C ] sucrose VDin either brain or heart following
intravenous administration of protamine (Table III). This lack
of change in BBB permeability to the low molecular weight
sucrose parallels other observations showing no change in BBB
transport of glutamic acid following protamine administration
(8). The failure to observe changes in BBB permeability to
sucrose following intravenous administration of protamine
may be due to the protective effects of serum protein binding of
protamine. For example, the intracarotid infusion of relatively
low concentrations of protamine ( 13 ,ug/ml) results in a two-
to threefold increase in BBBtransport of [ '4C] sucrose as mea-
sured with the internal carotid artery perfusion technique (Ta-
ble IV). However, these perfusions are performed with very
low concentrations (0.1 g/dl) of BSA under conditions where
there is no mixing with circulating rat serum proteins ( 16).
These results suggest that protamine may increase vascular per-
meability to proteins by one of two mechanisms. First, prota-
mine and other polycationic peptides such as a polylysine (4)
may cause a generalized increase in barrier permeability follow-
ing intracarotid perfusion. A second mechanism is protamine-
mediated vectorial transport owing to protein binding to cer-
tain polycationic peptides such as protamine or histone, but
not polylysine (Results). The failure of polylysine to cause en-
hanced uptake of albumin by brain capillaries is of interest,
since protamine is a cationic protein that contains only argi-
nine residues, but no lysine residues ( 1, 2 ).

In contrast to the polycationic protamine, the polyanionic
dextran sulfate augments brain capillary uptake in vitro of both
RSAand the low molecular weight sucrose. Previous studies
have shown that the internal carotid artery perfusion of 100
,tg/ml heparin, an analogue of dextran sulfate, increases the
BBB transport of HRP(3, 23). However, protamine and an-
ionic carbohydrates may alter BBB permeability via different
mechanisms. Protamine may increase BBB transport of HRP
primarily by binding this protein and carrying the enzyme
across the barrier, whereas, intracarotid heparin may cause a
generalized breakdown in BBB permeability allowing for the
increased uptake of both HRP, as well as low molecular weight
substances. This hypothesis, with respect to protamine, is sup-
ported by a recent study showing that protamine administra-
tion increases brain uptake of albumin but not a low molecular
weight substance such as glutamic acid (8).

Finally, the present studies demonstrate protamine also en-
hances the brain capillary uptake of other proteins such as re-
combinant CD4. This suggests that protamine may mediate

the trans-capillary transport of therapeutic proteins by virtue of
its dual capacity to both bind the protein and initiate transcyto-
sis through the capillary endothelium. High or even moderate
concentrations of protamine may cause toxicity owing to a
generalized increase in cerebrovascular permeability as demon-
strated by the elevated sucrose transport observed with the in-
ternal carotid artery perfusion studies (Table IV). However,
low doses of protamine are not toxic, as protamine is a constitu-
ent of insulin preparations, which are administered to diabetic
patients daily for many years (24). Such low concentrations of
protamine would not be expected to have any generalized ef-
fects on vascular permeability, but may mediate the trans-ca-
pillary transport of peptides or proteins that are bound to pro-
tamine. This mechanism may explain the augmentation of
adrenocorticotropic hormone (ACTH) secretion caused by the
co-administration of protamine and melanin concentrating
hormone (MCH) into the carotid artery; protamine facilitates
BBB transport of MCH, which increases pituitary ACTHre-
lease via a central mechanism (25). The limitation of using
polycationic proteins such as protamine or histone (10) to de-
liver peptides such as MCHor CD4to brain is the low bioavail-
ability of the drug, owing to rapid clearance from blood (26).
For example, the distribution tl/2 of intravenous histone is less
than 1 min in rats (10). The major organs responsible for the
rapid clearance of polycationic proteins are lung and liver, and
to a lesser extent, kidney ( 10). Moreover, these organs are the
principle sites of albumin clearance following intravenous pro-
tamine administration (Table III). This correlation corrobo-
rates the hypothesis that the major mechanism underlying the
increased uptake of albumin by organs is the vectorial delivery
of the plasma protein mediated by protamine.

In summary, these studies provide evidence for dual effects
of protamine on vascular permeability. First, protamine may
cause a generalized increase in vascular permeability, particu-
larly following carotid artery infusion (Table IV and references
3-5). This generalized increase in vascular permeability may
involve opening of interendothelial junctions and allow for
transport of either low molecular weight solutes, e.g., sucrose,
or plasma protein via a paracellular pathway. A second mecha-
nism of protamine action is the selective increase in vascular
permeability to proteins that are also bound by protamine.
This vectorial transfer of protamine-protein complexes appears
to be the principal mechanism following intravenous adminis-
tration of protamine. The uptake of albumin greatly exceeds
the uptake of sucrose in liver, lung, and kidney (Table III), and
these observations are explicable within the context of a model
that allows for vectorial transcellular movement across capil-
lary endothelial barriers of protamine-albumin complexes.
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