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Abstract

The role of charged sites on the permeability characteristics of
the pulmonary microvascular barrier were investigated using
chronically instrumented unanesthetized sheep. In one series
of experiments we studied the effects of the cationic amphi-
phile, dodecyl trimethylamine (DTA; 297 mol wt), and the
anionic amphiphile, SDS (288 mol wt), on lung lymph flow
rates (Ql), lung lymph to plasma protein ratios (L/P), pulmo-
nary hemodynamics, and systemic hemodynamics. DTAsignif-
icantly increased both Ql and L/P, whereas SDShad a more
modest and transient effect on these variables. In a second
series of experiments the polycations polybrene and poly-l-ly-
sine were found to have very similar effects as those of DTA. In
another series of experiments we tested the pretreatment inhi-
bition potential of chlorpheniramine (an H1 receptor antago-
nist), dibutyryl-cyclic AMP(db-cAMP), and the calcium
channel antagonists verapamil and nifedipine on polybrene-in-
duced lung injury. Wefound that only verapamil and db-cAMP
significantly attenuated the permeability effects of polybrene.
Weconclude that both cationic amphiphiles and polycations
cause hemodynamic and permeability alterations in the pulmo-
nary circulation of unanesthetized sheep. In addition, the per-
meability alterations induced by polybrene can be modulated
by intracellular calcium and/or cAMPlevels.

Introduction

The transvascular passage of macromolecules is generally ac-
cepted to be controlled by molecular size, molecular configu-
ration, and the hemodynamic forces operating across the mi-
crovessels. However, there are mounting data suggesting that
molecular filtration is also influenced by the interaction of
charges on the endothelial surface with charged circulating
molecules (1-4). Glomerular capillaries appear to clear an-
ionic molecules more slowly than cationic molecules of very
similar hydrodynamic radii (1). In contrast, in pulmonary mi-
crovessels the transvascular passage of anionic dextran is facili-
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tated when compared with neutral dextran (2-5). Since elec-
tron microscopic examinations have shown a distribution of
anionic sites on the endothelial surface in both glomeruli and
pulmonary microvessels (5-7), differences in transport of mac-
romolecules based on molecular charge between these organs
might be attributed to the charge and construction of the
basement membranes and interstitium (4).

Howalterations in charged sites on the endothelial surface
influence the transport properties of macromolecules is of
great interest. To alter the charged sites on cellular surfaces,
two methods can be used: infusion of (a) charged amphiphiles
or (b) polycations. Charged amphiphiles probably enter the
bilipid cell membrane with their hydrophobic portion, thereby
exposing their charged hydrophilic tail on the cell surface.
Polycations, on the other hand, probably interact with the
anionic sites (i.e., neutralize) on the cell surface.

The first purpose of this investigation was to determine the
effects of altered pulmonary microvascular charge on protein
transport using two amphiphiles (with identical hydrophobic
alkyl chains but opposite hydrophilic charged groups) and
polycations. Weand others (8-12) have observed that infu-
sions of cationic amphiphiles and polycations increase plasma
protein clearance. Although an increase in protein transport
indicates the possibility that cationic amphiphiles and poly-
cations neutralize endothelial charged sites, it is unclear
whether physical cellular alterations occur (i.e., increased in-
tercellular gap junction size), thereby increasing macromolec-
ular transport.

The second purpose was to examine whether polybrene, a
polycation, increases macromolecular transport by a mecha-
nism dependent on intracellular cAMPand/or calcium levels,
which have been suggested to control intercellular gap junc-
tions (13-15). To test this possibility, we pretreated sheep with
two calcium channel antagonists, nifedipine and verapamil,
and dibutyryl-cyclic AMP(db-cAMP)' before polybrene-in-
duced lung injury.

Methods

Experimental protocols
GENERALPROTOCOL
Five series of experiments were conducted on chronically instru-
mented unanesthetized sheep. In the first two series we evaluated the
effects of the amphiphiles dodecyl trimethylamine (DTA) and SDS,
and polycations polybrene and poly-l-lysine, on pulmonary microvas-
cular permeability. In the other three series we tested the potential
attenuation of polybrene-induced increased microvascular permeabil-

1. Abbreviations used in this paper: Cl, lung lymph protein clearance;
CO, cardiac output; db-cAMP, dibutyryl-cAMP; DTA, dodecyl tri-
methylamine; L/P, lung lymph to plasma protein ratio; Ppa, pulmo-
nary arterial pressure; Psa, aortic pressure; Pw, pulmonary arterial
wedge pressure; Q1, lung lymph flow.
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ity alterations with (a) chlorpheniramine, an HI receptor antagonist,
(b) db-cAMP, and (c) two calcium channel antagonists, verapamil and
nifedipine. Pulmonary microvascular permeability was assessed by the
method suggested by Taylor et al. (16) which uses the relationship of
lymph flow rate to the lymph to plasma protein concentration ratio.
Each sheep was allowed to recover from surgical procedures for a
minimum of 7 d before being subjected to experimental protocols.
After a 2-h baseline period one of the inhibitors or its vehicle was
infused intravenously. 45 min after the start of the pretreatment infu-
sion we infused one of the amphiphiles or polycations over 30 min.
During the next 4 h aortic (Psa), pulmonary arterial (Ppa), and pulmo-
nary arterial wedge (Pw) pressures, cardiac output (CO), and lung
lymph flow rate (Ql) were measured every 15 min while blood and lung
lymph samples were taken every 30 min for total protein and albumin
concentration measurements. TXB2, 6-keto-PGFa, peripheral leuko-
cyte, and platelet measurements were determined at baseline, 0.5, 1, 2,
3, and 4 h after beginning the infusion of amphiphiles or polycations.

SPECIFIC PROTOCOLS
Series 1: Effects of amphiphiles (six sheep). To compare the effects of
two differently charged amphiphiles on the transport properties of the
pulmonary microvasculature for plasma proteins, we intravenously
infused vehicle (30 ml normal saline), vehicle with DTA
(CH3(CH2)A N+(CH3)3 Br-; Sigma Chemical Co., St. Louis, MO), or
vehicle with SDS (CH3(CH2),1OSO3Na; Sigma Chemical Co.). SDS
and DTAwere chosen for their similar molecular weights yet opposite
hydrophilic charges, and because their effect on isolated rat lung water
accumulation has been previously reported (10). In three sheep DTA
or SDSwere infused at three rates (20, 100, and 500 pg/kg over 30 min)
to determine if lung lymph increases in a dose-dependent manner. In
the other three sheep SDSor DTAinfusions were repeated at a dose of
100 Ag/kg 2-3 times over a period of 7-14 d to test the reproducibility
of the responses. In total, 10 infusions at 100 ,g/kg were done for SDS
or DTA in these six sheep.

Series 2: Effects of polycations (six sheep). To ascertain the effects
of polycations on the permeability characteristics of the pulmonary
circulation, we infused vehicle or vehicle with poly-l-lysine
([NH[CH(CH2)4N+H3 BrJ]CO]12; Sigma Chemical Co.) at 100 Ag/kg,
or vehicle with polybrene ([[N+(CH3)2(CH2)6N+(CH3)2(CH2)3J
2Br-]12; Sigma Chemical Co.) at 100 ag/kg. These polycations were
chosen due to previous reports on their effects on the pulmonary
circulation (9, 11, 12).

Series 3: Effects of chlorpheniramine on the pulmonary responses to
polybrene (six sheep). To determine if the apparent increase in pulmo-
nary microvascular permeability by polybrene was mediated by hista-
mine, we injected chlorpheniramine, an HI -histamine receptor antag-
onist (2 mg/kg; Sankyo Pharmaceutical Co., Tokyo, Japan), over 5
min, 45 min before the polybrene infusion. This dose of chlorphenira-
mine has been reported to totally block the pulmonary vascular pres-
sure response to histamine in sheep ( 17).

Series 4: Effects of calcium channel antagonists on the pulmonary
responses to polybrene (six sheep). Since transmembrane calcium in-
flux may mediate polybrene-induced lung injury, we infused vera-
pamil (20 pg/kg per min; Eizai Pharmaceutical Co., Tokyo, Japan) 45
min before polybrene infusion. Verapamil has been found to be effec-
tive in the prevention of microvascular damage in other animal models
(18-20). To determine if the effects of verapamil were due to inhibition
of transmembrane calcium flux, we also used nifedipine (4 ug/kg per
min; Bayer-Takeda Pharmaceutical Co., Tokyo, Japan), a structurally
different compound that is thought to have a different site of action
from verapamil (21, 22).

Series 5: Effects of db-cAMP on the pulmonary responses to poly-
brene (six sheep). Db-cAMP passes through cell membranes and is
converted to cAMP, N-monobutyryl adenosine 3,5-cyclic monophos-
phate, and 2-o-monobutyryl adenosine 3,5-cyclic monophosphate by
deacylation (23). Since we have recently reported that db-cAMP at-
tenuated the responses of sheep to endotoxemia (24), we tested the
possibility that increased intracellular cAMP levels may also protect

against polybrene-induced lung damage. Webegan an infusion of db-
cAMP (Dai-ichi Pharmaceutical Co., Tokyo, Japan) at 40 ,ug/kg per
min 45 min before polybrene infusion and continued the db-cAMP
infusion until the conclusion of the experiment.

Experimental preparations
Adult sheep weighing 20-30 kg (n = 6) were initially anesthetized with
an infusion of sodium pentobarbital, 12.5 mg/kg i.v. The sheep were
then intubated and ventilated at 15 ml/kg tidal volume at a rate of
10-14 breaths/minute with a respirator (Harvard Apparatus Co., Inc.,
S. Natick, MA). Anesthesia was maintained with 1%halothane in 20%
02 and the balance N2. The caudal mediastinal lymph node was lo-
cated through a right thoracotomy, the efferent duct of the node can-
nulated with a thin silicone tube, and the node ligated and cut caudally
to the inferior pulmonary ligament. Diaphragmatic lymphatics were
interrupted on both the right and left sides to further minimize con-
tamination by nonpulmonary lymph (25). In addition, we placed poly-
vinyl catheters in the aorta and superior vena cava, and a Swan-Ganz
thermodilution catheter in the pulmonary artery.

Measurements
All measurements were made with the animals awake and standing.
Psa, Ppa, and Pwwere measured using calibrated pressure transducers
(Statham P50) attached to a point on the shoulder considered to be at
the level of the left atrium, and recorded on an eight-channel recorder
(WT 685; Nihon Koden Co., Tokyo, Japan). COwas measured by
thermodilution using a COcomputer (model 9520; Edwards Laborato-
ries, Santa Ana, CA). Circulating blood leukocytes and platelets were
counted with a microcell counter (CC-100; Toa Co., Kobe, Japan) and
a platelet counter (PL-100; Toa Co.), respectively.

Prostaglandin analysis
TXB2 and 6-keto-PGF1, concentrations (stable metabolites of TXA2
and prostacyclin, respectively) were measured by RIA in plasma and
lung lymph (26).

Statistics
Data are presented as mean±SEM. Changes in measured variables
over time and between groups were analyzed by two-way analysis of
variance, and differences were tested by Duncan's multiple range test.
Significant differences for all comparisons were accepted for P < 0.05.

Results

Shortly after infusion of DTA, SDS, polybrene, or poly-l-lysine
Ppa, Pw, and Q1 increased, L/P decreased, and COand Psa
were not significantly altered. The responses to SDS were
transient and returned to near baseline 2 h after SDSinfusion
(Fig. 1). However, the responses to DTA(Fig. 1) and the poly-
cations (Fig. 2) were more sustained and L/P actually in-
creased above baseline values at 2.5-4 h.

Fig. 3 depicts the L/P response (averaged values 2-4 h after
infusion) normalized to its baseline value as a function of Ql
normalized to its baseline value. Theoretically, increased mi-
crovascular permeability should cause a greater transport of
protein for a given increase in Q1 compared with normal mi-
crovessels. Our results are compared with data obtained during
increased microvascular pressure (27). DTA, polybrene, and
poly-l-lysine, but not SDS, data suggest an increase in pulmo-
nary microvascular permeability as evidenced by high L/P
values at elevated lymph flow rates compared with elevated
pressure data.

Lung lymph protein clearances (CQ) were calculated for
albumin and the remaining plasma proteins (i.e., total plasma
proteins minus albumin) by multiplying the lymph to plasma

2064 T. Toyofuku, S. Koyama, T. Kobayashi, S. Kusama, and G. Ueda



*.

I
_K'-*

301

251

Ppa
(mmHg)

20

15

10

Pw S
(mmHg)

-_ -n = a

I ;a-- __t :.- !: --

Ia

*~~~~~~~~~~~~~~

10

0a
(ml/h)

5

15 r

10l

Ql
(mi/h)

5
OL

BL 0 1 2 3 4

HOURS

Figure 1. Effects of infusions of DTA (-) and SDS(o) on Ppa, Pw,
L/P, and QI in conscious sheep. Values are means±SE. *Significant
differences (P < 0.05) from baseline (BL).

protein ratios by the lymph flow rate. Fig. 4 shows clearance
rates at selected time points for both albumin and other pro-
teins normalized to their baseline values. Both albumin and
other proteins had similar Cl responses for each of the four
challenge substances.

After the infusion of amphiphiles or polycations, circulat-
ing peripheral leukocyte counts rapidly decreased and then
slowly returned toward normal values as illustrated by Fig. 5.
Interestingly, circulating platelet counts were virtually unaf-
fected by amphiphiles or polycations.

TXB2 levels were not altered in either plasma or lung
lymph for any of the challenge substances studied. However,
6-keto-PGF1, levels (Fig. 6) were increased soon after chal-
lenge and slowly decreased to baseline values with the greater
increases occurring in lung lymph. Although SDSdid cause a

statistical increase in lymph 6-keto-PGFIa levels, the increase
was small compared with the effect obtained after DTA infu-
sion.

Pretreatment with chlorpheniramine had no discernable
effect on any of the measured variables after polybrene chal-
lenge. However, db-cAMP pretreatment prevented significant
alterations in any of the measured variables except for the
leukopenia. Interestingly, verapamil, but not nifedipine, pre-
treatment significantly attenuated the increases in Ppa, Pw, Ql,
and the later increases in L/P. Neither verapamil nor nifedi-
pine had any effect on leukopenia or increases in blood or

lymph 6-keto-PGFia.

0
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Figure 2. Effects of polybrene on Ppa, Pw, L/P, and QI in conscious
sheep pretreated with vehicle (a), db-cAMP (n), verapamil (A), and
nifedipine (A). Values are means±SE. *Significant differences (P
< 0.05) from baseline (BL).
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Figure 3. L/P normalized to baseline as a function of QI normalized
to baseline. o, Elevated plasma (cumulative data from Parker et al.
[27] using conscious sheep); *, DTA; *, polybrene; *, poly-l-lysine;
and *, SDS(means±SE in the present study).
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Discussion

The effects of polycations on the lung have been the subject of
several investigations (9-12). In this investigation intravenous
infusions of two polycaiions caused a significant increase in

protein-rich lung lymph, indicating an increase in pulmonary
vascular permeability. The cationic amphiphile, DTA, but not
the anionic one, SDS, caused a similar apparent increase in
pulmonary vascular permeability despite the fact that the in-

teraction of DTAwith the plasma-lymph barrier per se is prob-
ably different than that of polycations. Our results suggest that
the cationic property of these molecules has a crucial role in
increasing pulmonary vascular permeability. However, Morel
et al. (28) have demonstrated that pulmonary vascular re-

sponses to protamine sulfate in sheep are different from those
to polybrene, poly-l-lysine, and DTA. This would indicate that
the effects of polycations can be influenced by their respective
chemical properties, as well as their commoncationic one.

Assuming that pulmonary vascular permeability is indeed
increased by polycations, the precise mechanism(s) by which
they increase permeability is unclear. At least three mecha-
nisms could theoretically explain our data as described below.

1. Polycation-induced mediator release. Since the polycat-
ion infusions caused leukopenia (Fig. 5), it is possible that
leukocyte activation also occurred. Activated leukocytes are

thought to cause permeability alterations by a number of me-

diators (e.g., toxic oxygen radicals and proteases). However,
circulating leukocyte activation per se does not appear to be
the main cause of the polycation-induced permeability alter-
ations for three reasons. First, the polyanion SDS caused a

similar leukopenia without an apparent increase in permeabil-
ity. Second, leukopenia was not affected by db-cAMP or vera-

pamil despite the fact that both appeared to greatly attenuate
polycation-induced permeability alterations. Third, polycat-

ions have been shown to increase pulmonary permeability in
isolated rat lungs perfused with blood-free Ringer's solution
(10-12). However, it should be pointed out that leukopenia
may not be an accurate indicator of leukocyte activation (29).
In addition, verapamil and db-cAMP may have exerted their
protective effects by blocking leukocyte activation after che-
motaxis had occurred.

Polycations have been shown to cause histamine release
(30), which may have caused an increase in permeability.
However, Rippe et al. (31) have reported that histamine does
not increase permeability. Moreover, pretreatment with the
antihistamine, chlorpheniramine, did not attenuate the per-
meability alterations in our experiments.

2. Polycation-induced polyanion charge or shape alter-
ations. Another possible mechanism by which polycations
could have altered protein transport is by altering either the
shape or net charge of the proteins. This does not appear to be
a viable mechanism due to the fact no such effect has been
shown for albumin exposed to protamine (32).

3. Polycation interaction with anionic sites on the plasma-
lymph barrier. The plasma-lymph barrier is generally consid-
ered to consist of several components (i.e., endothelial cells,
basement membrane, interstitial matrix, and the lymphatic
endothelial cells). Negatively charged carboxyl and sulfate
groups abound on the glycocalyx of endothelial and interstitial
cellular surfaces, in the intercellular junctions, basement
membrane, and on the proteoglycans and glycosaminoglycans
of the interstitial matrix (6, 7). Previous studies have indicated
that anionic macromolecules are more rapidly transported
across lung microvessels than cationic macromolecules of
comparable size. Several investigators have demonstrated that
pulmonary vascular macromolecular transport is increased
after intravenous infusions of the polycations, protamine sul-
fate, polybrene, and poly-l-lysine (10-12), and that heparin
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brene on peripheral leukocytes in conscious sheep I
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sulfate, an anionic glycoprotein, prevented
macromolecular transport ( 1, 12). Moreover
(8) have demonstrated that positively charged
with negatively charged sites on endothelial c
internalization of the ferritin, left most of the
devoid of negatively charged sites. These dal
that polycations do alter the plasma-lymph t
ties of proteins via interaction with anioi
plasma-lymph barrier.

The anionic sites of the plasma-lymph ba
ence charged macromolecular transport by at
nisms: (a) the microvascular membrane cot
effective charged barrier and/or (b) the ani
endothelial cellular membrane, basement me
terstitial matrix could interact with cationic
to retard their passage from the plasma to the
a cation-exchange gel). Parker et al. (4) have r
suggest the plasma-lymph barrier of the pulm
does behave as a cationic-exchange structure

values and larger extravascular volumes than anionic mole-
cules of similar size in normal lungs. According to Parker's
concept, infused polycations are reversibly bound to anionic
sites of the plasma-lymph barrier, which would appear to be-

j have as a net cationic barrier if short-term mass transfer of a
polycation from the plasma to collected lung lymph is used as

,- ' an indicator of permeability. However, in our study polycation
infusions increased the clearance of albumin and other plasma
proteins to similar degrees, despite the fact that albumin is
more anionic than other plasma proteins (Fig. 4). Wetherefore
conclude that the polycations used in this investigation in-
crease plasma-lymph transport of plasma proteins by an ap-
parent structural rearrangement of some part(s) of the
plasma-lymph barrier in addition to neutralization of the an-

3 4 ionic sites of the barrier.
The precise mechanism of macromolecular transport

across the plasma-lymph barrier is controversial. One pro-
posed mechanism is endothelial contraction, which results in
opening of leaky sites and thus increased protein permeability
(33-35). It has been reported that endothelial contraction is
mediated by transformation of intracellular microfilaments,
the magnitude of which may be dependent on intracellular
cAMPand/or calcium levels (13-15). Polycations have also
been reported to change the membrane permeability to ions,
resulting in electrochemical alterations (36). Mayhan and

,I----Joyner (18) have demonstrated that external calcium modu-
ll-. - lates microvascular leaky sites in the hamster pouch. To test

whether this mechanism may play a role in the polycation-in-
duced permeability alterations, we pretreated sheep with db-
cAMP and the calcium channel antagonists nifedipine and
verapamil before polybrene infusion. Both db-cAMP and ve-
rapamil were found to greatly attenuate the permeability alter-
ations, whereas nifedipine had little effect at the dosage used.
The different effects of verapamil and nifedipine on poly-
brene-induced permeability alterations may be due to the dos-

DS (o) on periph- ages used and/or the site of action of the two calcium channel
fusions of poly- antagonists may not be the same (2 i, 22). Another possibility
pretreated with ve- is that db-cAMP and verapamil have similar actions on intra-
ine (A). Values are cellular cAMPlevels, as Della Bianca et al. (37) have recently

zbaseline (BL). reported that verapamil causes an increase in intracellular
cAMPlevels. Several investigators (38, 39) have also reported
an attenuation of permeability alterations with neophylline,

this increase in theophylline, and PGE1, all of which increase intracellular
r, Skutelsky et al. cAMPlevels.
ferritin interacts The mechanism by which cAMPattenuated permeability

,ells, which, after alterations by polybrene is unclear. One potential mechanism
luminal surface is that cAMPmediates endothelial contraction by directly reg-

ta would suggest ulating intracellular myosin light chain kinase in a manner
transport proper- similar to smooth muscle cells (40). An alternative mechanism
nic sites on the is that cAMPregulates localized intracellular calcium release

in a reciprocal manner, as has been shown in smooth muscle
rrier could influ- cells (20) and platelets (41).
least two mecha- Polybrene, poly-l-lysine, DTA, and SDSinduced prostacy-
ild behave as an clin production, but not TX production in this investigation.
ionic sites at the Prostacyclin has been shown to be produced mainly by endo-
-mbrane, and in- thelial cells and partially by the subendothelium (42), and has
macromolecules been suggested to be an early marker of endothelial damage
lymphatics (i.e., (43). The increase of 6-keto-PGFIa concentration was greater

eported data that in lung lymph than plasma, suggesting that a majority of its
onary circulation production was by the lung (44). Prostacyclin production was
. Their data indi- found to be much greater after DTA infusion than SDS infu-
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Figure 6. (A) Effects of infu-
sions of DTA (.) and SDS
(o) on concentrations of 6-
keto-PGFIa in conscious
sheep. (B) Effects of infu-
sions of polybrene on con-

centrations of 6-keto-PGFIa
in conscious sheep pretreated
with vehicle (i), db-cAMP
(o), verapamil (A), and nifed-
ipine (A). Values are

means±SE. *Significant dif-
ferences (P < 0.05) from
baseline.

sion, which would suggest that DTA caused more damage to
endothelial cells than SDS. However, both verapamil and db-
cAMPappear to effectively attenuate permeability alterations
by polybrene, yet verapamil did not block prostacyclin pro-
duction. This would suggest either that 6-keto-PGFIa is not a
reliable indicator of endothelial damage or that verapamil has
a different mode of action from that of db-cAMP. Although
the induction of prostacyclin production by calcium iono-
phore A23 187 may be mediated by an increase in intracellular
calcium by extracellular calcium, this has not been found for
thrombin, bradykinin, and histamine (45).

In conclusion, our data indicate that the polycations used
in this investigation and DTAcause an increase in pulmonary
microvascular permeability. Whether the mechanisms by
which DTAand polybrene induce permeability alterations are

similar remains to be determined. Polybrene-induced perme-
ability alterations can be greatly attenuated by either vera-

pamil or db-cAMP.
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