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Effects of Protamine on Vascular Smooth Muscle
of Rabbit Mesenteric Artery

Takashi Akata, M.D.,* Jun-ichi Yoshitake, M.D., Ph.D.,T Mikio Nakashima, M.D.,t Takeo Itoh, Ph.D.§

Systemic hypotension is commonly observed in association with

protamine administration after cardiopulmonary bypass. However,
little information is available concerning the action of protamine
on vascular smooth muscle, Thus, we investigated the action of prot-
amine on vascular tissues using tension recording and microelectrode
methods. Protamine (5-500 pg/ml) inhibited contractions induced
by norepinephrine (NE)- or elevated K* in a concentration-dependent
manner in both endothelium-intact and -denuded strips. Protamine
inhibition of NE contractions was less profound after endothelial
denudation, whereas protamine inhibition of K*-induced contrac-
tions was less affected by prior denudation. In endothelium-intact
strips, the protamine-induced inhibition was significantly reduced
by inhibitors of the endothelium-derived relaxing factor pathway,
including oxyhemoglobin, methylene blue, or N°nitro-L-arginine,
whereas the contractile inhibition was enhanced by superoxide dis-
mutase. In endothelium-denuded strips, protamine inhibited Ca®*-
induced contraction evoked in Ca**-free solution containing 100 mMm
K* and inhibited the NE-induced contraction under the following
conditions: 1) in Ca*'-free solution; 2) after nifedipine treatment;
and 3) after depletion of stored Ca** by A23187 or ryanodine. In
membrane-permeabilized strips, protamine did not modify Ca**-in-
duced contraction. Protamine (50-500 pg/ml) did not modify the
membrane potential of either endothelium-intact or -denuded strips.
Furthermore, protamine irreversibly impaired acetylcholine-induced
endothelium-dependent relaxant response, implying a toxic effect
of protamine on the endothelium. We conclude that protamine exerts
its inhibition on vascular smooth muscles in both an endothelium-
dependent and -independent manner; i.e., the endothelium-depen-
dent component is mediated probably by endothelium-derived re-
laxing factor, and direct smooth muscle effects are due to the inhi-
bition of both Ca**-influx and the NE-induced Ca*" release from
intracellular stores. (Key words: Complications, protamine: hypo-
tension. Muscle, smooth: endothelium-derived relaxing factor. Pep-
tides: arginine-rich basic polypeptides.)

PROTAMINE has been widely used to reverse heparin an-
ticoagulation in the practice of cardiovascular surgery.'™*
During this reversal, protamine causes a number of ad-
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verse responses, including systemic hypotension, pulmo-
nary hypertension, bradycardia, bronchoconstriction,
thrombocytopenia, and leukopenia.!*® Many clinical
investigations'®-® have demonstrated that these adverse
hemodynamic responses following protamine administra-
tion after cardiopulmonary bypass vary from mild hy-
potension (a common response) to life-threatening car-
diovascular collapse.

Despite its extensive clinical use, the precise mecha-
nisms of protamine-induced adverse responses have not
yet been fully elucidated.'”® In the early 1970s, animal
investigations implied that protamine-induced systemic
hypotension was due mainly to its direct cardiac depres-
sant effect." However, recent investigations have sug-
gested that protamine has no direct cardiac depressant
effect and that its effects are more complex.!”® Whereas
the phenomenon of anaphylaxis to protamine or “cata-
strophic pulmonary vasoconstriction” with protamine are
distinct and relatively rare causes of extreme systemic hy-
potension, modest hypotension is a common side effect
of protamine administration.!2%1°

Recent laboratory studies have reported that arginine-
containing basic polypeptides cause endothelium- and
cyclic GMP-dependent relaxation of vascular smooth
muscles.'"!'? Thus, because protamine is an arginine-rich
basic polypeptide, it is possible that protamine causes en-
dothelium-dependent relaxation of vascular smooth mus-
cles. However, some investigators'® have reported that
protamine itself could not cause any hemodynamic re-
sponse in vivo in the absence of heparin; therefore, prot-
amine itself may not have any significant action on vascular
smooth muscles.

To our knowledge, no systematic study has yet been
carried out to examine the action of protamine on vascular
smooth muscle tissues.'®!® Therefore, the present study
was designed to investigate the action of protamine on
vascular smooth muscles in the absence of both humoral
mediators and heparin.

Materials and Methods

TISSUE PREPARATION

With institutional approval, male albino rabbits (2.0-
2.5 kg) were given sodium pentobarbital (40 mg/kg in-
travenously) and exsanguinated. The mesentery in the
jejunal region was immediately placed in a dissecting
chamber filled with preoxygenated Krebs—bicarbonate
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solution, and the mesenteric artery was rapidly excised.
Arterial segments 0.2—-0.3 mm in diameter were used for
the experiments. Under a binocular microscope, the fat
and connective tissue were carefully removed, and circular
strips (0.4-0.6 mm long, 0.1-0.12 mm wide, and 0.03-
0.05 mm thick) were prepared for tension recording. The
length and diameter of each strip prepared for the elec-
trophysiologic experiment were about 10 and 0.2-0.3 mm
(without dissection), respectively. In some experiments,
the endothelium was removed before the strips were
mounted in the chamber: the intimal surface was gently
rubbed with the round surface of a small pin (2 mm in
diameter) for the tension-recording experiments, and with
a cotton ball moistened with Krebs solution (as described
by Furchgott and Zawadzki'*) in the electrophysiologic
experiment. Functional removal of endothelium was as-
sessed by disappearance of acetylcholine (ACh)-induced
endothelium-dependent relaxation in the tension-record-
ing experiments and by disappearance of ACh-induced
endothelium-dependent hyperpolarization'® in the elec-
trophysiologic experiments. This assessment was per-
formed in all strips.

RECORDING OF MECHANICAL ACTIVITY

Mechanical responses of intact and chemically mem-
brane-permeabilized muscle strips were measured by at-
taching the strips to a strain gauge (UL-2 type, Shinko
Co., Tokyo) in a 0.9-ml chamber. The strip was stretched
to about 1.1 times its resting length to maintain resting
tension (about 10 uN): under this condition, the contractile
response to 128 mM K* was maximal. The solution was
changed by perfusing rapidly from one end and aspira-
ting simultaneously with a water pump from the other
end.'®'® Most of the tension-recording experiments were
performed at 25° C'®-'? because chemically membrane-
permeabilized muscle tissues soon began to deteriorate
at higher temperatures; furthermore, as shown in figure
1, the effects of protamine at 25° C in intact strips were
similar to those at 32 and 37° C. However, some addi-
tional experiments were performed at 32 or 37°C (see
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F1G. 1. Effects of temperature (25, 32, 37° C) on protamine (50 pg/
ml)-induced inhibition in the presence of 1 uM NE in endothelium-
intact (E (+)) strips. Protamine was applied for a sufficient time in

, order to exert its maximal effect.
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FIG. 2. Effects of protamine (0.5-500 pug/ml) on the turbidity of
HEPES-buffered, ATP (1 mM)-containing solution (pH 7.1). Turbidity
was measured at 510 nm, volume 3 ml.

“Experimental Design”). The effects of protamine on
Ca?*-induced contractions in the intact muscle strips were
observed in Ca®*-free solution containing 100 mm K*
buffered with N-2-hydroxyethyl-piperazine-N'-2-ethane-
sulfonic acid (HEPES) as previously reported.'® Briefly,
the strips were depolarized for 10 min using the HEPES-
buffered solution, and various concentrations of Ca®**
were cumulatively applied in a step-wise manner.

Chemically membrane-permeabilized muscle strips
were obtained by exposing them to 20 uM S-escin for 30
min in the relaxing solution.?’ Cloudiness developed upon
the addition of protamine to the solutions for membrane-
permeabilized muscle experiments. Further analysis
showed that the cause of this cloudiness was the coexis-
tence of protamine and adenosine triphosphate (ATP) in
the solution. We assessed this cloudiness by turbidimetry:
as shown in figure 2, protamine (0.5-300 pg/ml) in-
creased the turbidity in HEPES-buffered, ATP (1 mm)-
containing solutions in a concentration-dependent man-
ner. (The pH was adjusted to 6.8, 7.1, and 7.4 by Tris;
data on the experiments at pH 6.8 and 7.4 not shown).
Protamine is strongly positively charged, whereas ATP is
negatively charged. Thus, we speculate that this cloudiness
may be due to the formation of complexes between them
by ionic force. However, since the dissociation constant
for the binding of protamine to ATP is unknown, it is
uncertain how much free protamine exists in the relaxing
solution. The experiments were performed under the
above-mentioned conditions.

MICROELECTRODE MEASUREMENTS

The membrane potential of the smooth muscle cell was
measured using a glass capillary microelectrode filled with
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3M KCl (tip resistance, 40-60 M).!” The tissue segment
was pinned onto a rubber plate in a 1.5-ml chamber and
superfused with Krebs solution (37° C) at a flow rate of
3 ml/min. The electrode was inserted into the muscle
cell from the outer surface of the vessel.

IMMUNOHISTOCHEMICAL STUDY

In order to verify the morphologic removal of endo-
thelium, an immunohistochemical study was performed
for the detection of factor VIII-related antigen and the
binding site of Ulex europaeus agglutinin-1.

For this study, endothelium-intact (E(+), n = 3) or
-denuded (E(—), n = 3) smooth muscle tissues were ob-
tained from the same arterial segments as used for tension
recording. The muscle tissues were fixed in 10% neutrally
buffered formalin solution, cut into slices, embedded in
paraffin, sectioned at 5 pm, and stained immunobhisto-
chemically by the avidin-biotin-peroxidase complex
(ABC) method of Hsu et al.?!

In the E(+) strips, the endothelial cells were immu-
noreactive to factor VIII-related antigen and Ulex europ-
aeus agglutinin-1, whereas no immunoreactive endothelial
cells were found in the E(—) strips (fig. 3; data on im-
munohistochemical study with factor VIII-related antigen
not shown).

SOLUTIONS

The Krebs solutions were composed of the following
ionic components (millimolar concentration): Na* 137.4,
K* 5.9, Mg®* 1.2, Ca** 2.6, HCO;~ 15.5, HsPO,4~ 1.2,
Cl~ 134.4, and glucose 11.4. The high—K+ solution was
prepared by replacing NaCl with KCl, isoosmotically. The
solution was bubbled with 95% Og-5% COg, and its pH
was adjusted to 7.3-7.4. In Ca**-free solutions, CaCl, was
replaced with MgCly, and 2 mM ethyleneglycol-bis-(8-
amino-ethylether)-N,N,N',N"-tetraacetic acid (EGTA) was
added. To prepare the solution containing various con-
centrations of Ca%*, HEPES buffer was used. The com-
position of HEPES buffer solution was as follows (milli-
molar): NaCl 45, K methanesulfonate (Ms) 99, Mg(Ms);
1, HEPES 5, glucose 5.6, and various concentrations of
Ca(Ms),. Ca(Ms), was simply added to the solution. In
Ca?*-free solutions, Ca®* was removed, and 2 mM EGTA
was added to the above mixtures. The pH of the HEPES
buffer solution was kept at 7.4 (adjusted with Tris).

In membrane-permeabilized muscle experiments, the
relaxing solution used contained the following compo-
nents (millimolar concentration): KMs 114, Tris maleate
20, Mg(Ms), 5.1, adenosine 5-triphosphate (ATP) 5.2,
and EGTA 4. The pH of the solution was adjusted to 7.1
with KOH. Various Ca?" concentrations were prepared
by adding the appropriate amount of Ca(Ms) to 4 mM
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F1G. 3. Immunchistochemical staining (ABC method) of smooth
muscle tissues using UEA-1 before (A) and after (B) the endothial de-
nudation. A: Endothelial cells (arrows) were immunoreactive to UEA-
1 (original magnification X600). B: No immunoreactive endothelial
cells were found (original magnification X400).

EGTA. The binding constants used in the experiment
have been previously reported.??

DRruGS

Norepinephrine (NE) HCl, indomethacin, poly-L-ar-
ginine, superoxide dismutase (bovine liver), methemo-
globin (bovine), methylene blue, 8-escin, and tetrodotoxin
were obtained from Sigma (St. Louis, MO). The other
chemicals used were guanethidine HCI (Tokyo Kasei Ko-
gyo, Tokyo), caffeine and propranolol HCl (Wako Pure
Chemical Industries, Osaka), EGTA, and HEPES (Dojin
Laboratory, Kumamoto, Japan), nifedipine (Bayer Phar-
maceutical, Basel, Switzerland), protamine sulfate and ci-
metidine (Nakalai Tesque, Kyoto, Japan), A23187 (free
acid; Calbiochem, San Diego, CA), ryanodine (Agrisys-
tems International, PA), NG-nitro-L-arginine (L-NNA;
Protein Research Foundation, Osaka), anti-factor VIII
(rabbit, 1:200; DAKO, San Diego, CA), and biotinylated
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Ulex europaeus agglutinin-1 (1:300, Vector Laboratories,
Burlingame, CA). Avidin and biotin reagents were ob-
tained from Vector Laboratories (Vector stain avidin-
biotin-peroxidase complex kit PK-4001). Mepyramine
maleate was provided by Fujisawa Pharmaceutical (Osaka,
Japan).

Protamine was prepared in a normal saline solution
just before use. The concentration of protamine was ex-
pressed in micrograms per milliliter, because its molecular
weight varied from 2 to 12 kd (mean; approximately
4.5 kd).

Nifedipine (0.7 mM) was originally dissolved in 15%
ethyl alcohol and 15% polyethylene glycol 400. To avoid
any adverse solvent effects, this agent was used in a con-
centration less than 0.3 uM (such that the concentration
of ethyl alcohol was less than 0.01% [2.5 mM]). To prevent
inactivation of nifedipine by exposure to daylight, exper-
iments were carried out under either a sodium lamp or
conditions of subdued light.!%*

Oxyhemoglobin was prepared by reducing commercial
bovine hemoglobin containing 75% methemoglobin as
described by Martin et al.?*

EXPERIMENTAL DESIGN

Tension-recording Experiments

The preliminary experiments showed that protamine
has an inhibitory action on both NE- and high K*-induced
contractions and that its inhibition appeared to develop
gradually. Thus, we first studied its time-dependent effect
both in E(+) and E(—) strips. Thirty millimolar K* and
0.2 uM NE were chosen as the test stimulants, and both
contractions consisted of two components—an initial
phasic and a subsequent tonic component; the absolute
tension levels of both components of each contraction are
summarized in table 1. Estimated from the phasic com-
ponent of NE-induced contraction, 0.2 uM was the ECy5
and ECs dose in E(+) and E(—) strips, respectively. As
shown in fig. 4, each stimulant was applied every 8 min
for 2 min, and the experiment was started after the am-
plitude of each contraction became constant. From this
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F1G. 4. Time-dependence of protamine-induced inhibition on con-
tractions evoked by 0.2 uM norepinephrine (NE) and 30 mM K* in
endothelium-intact (E(+)) strips. A: Typical examples of the effects of
protamine (50 and 500 ug/ml) on 30 mM K*- (g) or 0.2 uM NE- (b)
induced contraction. Short arrows indicate the phasic component of
each contraction. Protamine was applied and removed as indicated by
the arrows. B: Time-dependent effects of protamine at three different
concentrations (high K*: 5, 15, and 500 ug/ml; NE: 15, 50, and 500
pg/ml) on phasic and tonic components of 30 mM K*- (a) or 0.2 uM
NE- (b) induced contractions. Vertical bars indicate mean + SEM; n
= 3-10.

experiment, the application time of protamine was de-
termined. The reversibility and the reproducibility of its
inhibition were also studied.

TABLE 1. The Absolute Tensions (mg) of the Phasic and Tonic Components of the 30 mM K*- or 0.2 uM NE-induced
Contractions in the Endothelium-intact and -denuded Strips

30 mM K*¥ 0.2 uM NE
Phasic Tonic Phasic Tonic
E(+) 12.5 + 8.4 (30) 3.9 + 2.6 (30) 10.7 + 8.2 (28) 11.2 + 4.2 (28)
E(-) 12.9 + 2.9 (23) 9.3 + 3.5 (23) 11.2 + 3.8 (34) 16.3 £ 4.8 (34)

All values are means * SD (n).
NE = norepinephrine; E(+) = endothelium-intact; E(—) = endothe-

lium-denuded.
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Next, the concentration-dependent effects of prot-
amine on NE- or high K*-induced contraction were stud-
ied in both E(+) and E(—) strips. The concentrations of
NE used in this study were, respectively, 0.2 uM (EC45)
and 1 uM (ECgg) in E(+) strips, and 0.07 uM (ECyo, the
lowest possible concentration to perform the experiment),
0.1 uM (ECgp), and 0.2 uM (ECsg) in E(—) strips: each EC
value was determined from the phasic contraction. Thirty
millimolar K* was used as the stimulant in E(+) strips,
whereas in E(—) strips, the effects of protamine on various
concentrations (20, 30, 39, and 77 mM) of K* were ob-
served to examine the possibility that its inhibition is me-
diated through K* channel opening.

The results of the above experiments implied that
protamine-induced inhibition consists of both an endo-
thelium-dependent and an endothelium-independent
component. Therefore, in order to clarify the character-
istics of its endothelium dependence and also to examine
the possibility that its inhibition is mediated through g-
adrenergic receptors or adrenergic nerve activities, we
studied the effects of the following agents on its inhibition
in E(+) strips: atropine (1 uM), propranolol (0.3 uM), ci-
metidine (1 uM), mepyramine (1 #M), guanethidine (3 uMm),
tetrodotoxin (0.3 M), indomethacin (3 uM'®), oxyhe-
moglobin (10 xM?*), methylene blue (10 uM'"'?), L-NNA
(100 uM?5), and superoxide dismutase (100 U/ml'").

In order to clarify the endothelium-independent
mechanism of the protamine-induced inhibition, the fol-
lowing experiments were performed using the E(—)-strips.
First, we studied the effects of protamine on voltage-de-
pendent Ca®**-influx-induced contractions: in Ca**-free
solution containing 100 mM K*, exogeneously and cu-
mulatively applied Ca** (0.03-12 mM) generated the
contractions in a concentration-dependent manner, and
the effects of protamine on these Ca**-induced contrac-
tions were observed. Next, we studied the effects of ni-
fedipine pretreatment (100 nM for 20 min'®#) on the
protamine-induced inhibition in the presence of NE: un-
der this condition, the NE-induced contraction depends
on Ca®" release from the intracellular stores and receptor-
operated Ca®* influx. Further, in order to study the effects
of protamine on the Ca?" release, we observed its effects
on the NE- or caffeine-induced contraction in Ca®*-free,
2 mM EGTA solution: protamine was applied to the strips
in the Krebs solution for a length of time sufficient for it
to exert its maximal effect before removal of Ca®*, and
the NE and caffeine were applied for 2 min, 2 min after
removal of Ca?*. Finally, in order to study the effects of
protamine on the Ca**-influx-dependent component of
the NE-induced contractions, the intracellular Ca®* stores
were depleted by A23187 or ryanodine: 0.1 um A23187
was pretreated for 30 min,’® and 30 uM ryanodine was
pretreated for 65 min.2®

Since basic proteins of the protamine and histone types
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have been reported to enter into living cells regardiess of
their high molecular weights,” it might be possible that
protamine gains access to the contractile proteins system.
Therefore, to examine the effects of protamine on the
contractile proteins system, its effects on Ca®?*-induced
contractions were observed in chemically membrane-per-
meabilized muscle strips. After steady contractions in-
duced by 128 mM K* were measured, strips were incu-
bated with 20 uM S-escin for 30 min in relaxing solution.?’
After this incubation, the amplitude of 10 uM Ca%*-in-
duced contraction was greater (1.21 * 0.07 times greater,
n = 15) than that induced by 128 mM K* in the intact
strips, indicating completion of the permeabilization of
the muscle tissue.!” Protamine was applied after the am-
plitude of Ca®* (10 uM)-induced contraction reached a
maximum and steady state.

With the above-mentioned protocol (fig. 4), it is im-
possible to know the precise onset of protamine-induced
inhibition. We, therefore, performed additional experi-
ments to examine its precise onset. The strips were pre-
contracted with 1 uM NE or 40 mM K%, and after the
amplitudes of each contraction reached maximum and a
steady state, protamine was applied to the strips for 5
min. This experiment was performed at 37° C in the E(+)
strips to better ascertain the clinical relevance of our find-
ings.

Various investigators'#?-3° have demonstrated that
polycationic compounds, including protamine, can cause
an endothelial injury. Chang and Voelkel?® demonstrated
that protamine treatment impaired the ACh-induced, en-
dothelium-dependent relaxation in isolated arterial rings.
Further, these authors and Wakefield et al.3® showed the
histologic evidence of an endothelial cell injury after
protamine treatment. However, Rapoport et al. reported
that protamine had little effect on endothelial integrity
and relaxation due to ACh.!? Therefore, the toxic effect
of protamine on endothelium still appears to be contro-
versial. In order to examine the effects of protamine on
the functional integrity of endothelium, we observed the
effects of protamine on ACh-induced, endothelium-de-
pendent relaxation in the presence of NE (10 uM) and
the reversibility of its effects. This experiment was per-
formed at 32° C, because at 37° C the tissue begin to
deteriorate a few hours after set-up.

Electrophysiologic Study

In order to examine the possibility that the protamine-
induced endothelium-dependent inhibition is mediated
through the endothelium-derived hyperpolarizing fac-
tor,'® we studied the effect of protamine on membrane
potential in the E(+) strips. Further, in order to examine
the possibility that the protamine-induced endothelium-
independent inhibition is mediated through K* channel
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opening®! or calcitonin-gene related peptide,* we studied
the effect of protamine on the membrane potential in the
E(—) strips.

CALCULATION AND STATISTICAL ANALYSIS

Results are expressed as means =+ standard deviation,
except in figure 4 (means + standard error of the mean).

Protamine-induced inhibitions on the contractions
evoked by NE or high K* were expressed as percent
changes from the amplitudes of each contraction before
the application of protamine. The amplitudes of tonic
contraction evoked by NE or high K* were assessed 2 min
after the application of each stimulant. In Ca**-free (2
mM EGTA) solution, both NE and caffeine evoked only
phasic contractions, as previously reported,'” whereas af-
ter A23187 and ryanodine treatment, the NE evoked only
tonic contractions, as previously reported.'® Therefore,
in the experiments with Ca?*-free solution, A23187, and
ryanodine, the maximal amplitude of each contraction
was assessed.

The ACh-induced relaxations in the strips precon-
tracted with NE were assessed 2 min after the application
of ACh. The preliminary experiments showed that the
ACh-induced relaxation was independent of the ampli-
tude of the NE-induced contraction. Thus, it is inappro-
priate to assess the ACh-induced relaxation with the per-
centage change in the amplitude when the amplitude of
the NE-induced contraction is different. In this experi-
ment, the application of protamine inhibited the NE-in-
duced contraction, and it was impossible, particularly after
the application of a high concentration of protamine, to
obtain the same amplitude as the control by increasing
the concentration of NE. We therefore assessed the effects
of protamine on the ACh-induced relaxation with the
amplitude decreased by ACh: the amplitude of 10 uM
NE~induced tonic contraction before the application of
protamine was normalized as the control (1.0), and the
amplitude decreased by ACh was expressed as the relative
amplitude.

The statistical assessment of the data was made by either
Student’s ¢ test or the Cochran-Cox test, where appro-
priate. P < 0.05 was considered significant.

Results

TIME DEPENDENCE OF PROTAMINE-
INDUCED INHIBITION

Protamine inhibited NE- or high K*-induced contrac-
tions both in E(+) and E(—) strips (figs. 4 and 5). Figure
4A shows the typical time course of protamine-induced
inhibition in the E(+) strips. As shown in figure 4B, lower
concentrations (< 50 ug/ml) of protamine gradually re-
duced the amplitudes of both components of these con-
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tractions and required about 55-65 min to exert their
maximal inhibitory effects, whereas high concentrations
of protamine required only 15-25 min. After rinsing with
Krebs solution, the amplitudes of both components of
these contractions gradually recovered (fig. 4B), and even
at the highest concentration, the protamine-induced in-
hibitions were almost reversible after 195 min of washing.
The time dependence of its inhibition in the E(—) strips
was similar to that in the E(+) strips (data not shown).
According to above findings, we applied protamine to the
intact (not membrane-permeabilized) strips for more than
55 min in the following experiments.

ENDOTHELIUM DEPENDENCE OF PROTAMINE-
INDUCED INHIBITION

Figure 5 shows the dose-dependent effects of protamine
on both components of the NE (0.2 uM)- or high (30 mm)
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FiG. 5. Dose-dependence of protamine-induced inhibition on the
contractions evoked (A) by norepinephrine (NE) (0.07-1.0 uM) or (B)
by high K* (20-77 mM) in endothelium-intact (E(+): open symbols)
and -denuded (E(~): filled symbols) strips. Protamine was applied 55
min before and during application of each stimulant. Data shown as
mean £ SD; n = 3-10. *Significantly different from E(—) strips (P
< 0.05). **Significantly different from E(~) strips (P < 0.01).
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K*-induced contraction in the E(+) and E(—) strips. The
protamine (= 50 ug/ml)-induced inhibitions on the NE-
induced contraction in the E(+) strips were consistently
greater than those in the E(—) strips (fig. 5A). In contrast,
the endothelial denudation had less effect on the prot-
amine-induced inhibitions on high K*-induced contrac-
tions (fig. 5B).

EFFECTS OF VARIOUS INHIBITORS AND
POTENTIATORS ON PROTAMINE-INDUCED
INHIBITION IN ENDOTHELIUM-INTACT STRIPS

Oxyhemoglobin, methylene blue, and L-NNA slightly
increased the resting tension level and significantly (P
< 0.05) increased the amplitudes of NE (0.2 uM)- and
high K* (30 mM)-induced contractions, as previously re-
ported.!?* At lower concentrations of NE and high K*,
the amplitudes of these contractions did not significantly
differ from those of 0.2 uM NE- or 30 mM K*-induced
contraction before exposure to oxyhemoglobin, methy-
lene blue, or L-NNA; therefore, these lower concentra-
tions were used as the stimulants, as follows. The ampli-
tudes of 0.06 uM NE-induced phasic and tonic contrac-
tions in oxyhemoglobin-treated strips were 1.11 £ 0.12
(n = B)and 1.19 % 0.14 (n = 5) times the control; the
amplitudes of 0.1 M NE-induced phasic and tonic con-
tractions in methylene blue-treated strips were 1.05
+0.13 (n = 3)and 0.88 £ 0.12 (n = 3) times the control;
the amplitudes of 0.1 uM NE-induced phasic and tonic
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contractions in L-NNA-treated strips were 0.91 % 0.26
(n = 3)and 1.1 * 0.22 (n = 3) times the control (fig. 6).
In contrast, other various agents did not significantly affect
the NE- or high-K*-induced contractions.

The following various inhibitors had no significant ef-
fect on the protamine-induced inhibition in the presence
of 0.2 uM NE: atropine (1 pM), propranolol (0.3 uM),
cimetidine (1 pM), and mepyramine (1 uM) (fig. 6A).
Guanethidine (3 uM) with tetrodotoxin (0.3 uM) had no
effect on the protamine-induced inhibition in the presence
of 30 mm K* (fig. 6B). Indomethacin (3 uM) had no sig-
nificant effect on the protamine-induced inhibition in the
presence of both 0.2 uM NE and 30 mM K* (figs. 6A
and 6B).

Oxyhemoglobin (10 £M), methylene blue (10 uM), and
L-NNA (100 puM) each significantly inhibited the prot-
amine-induced inhibitions in the presence of NE or high
K™ (figs. 6A and 6B). In contrast, superoxide dismutase
(100 U/ml) markedly enhanced the protamine-induced
inhibition in the presence of 0.2 uM NE (fig. 6A).

PROTAMINE-INDUCED INHIBITION IN
ENDOTHELIUM-DENUDED STRIPS

In a concentration-dependent manner, protamine (15—
500 pg/ml) inhibited (P < 0.05) the Ca** (0.3-12 mM)-
induced contractions evoked in Ca®**-free solution con-
taining 100 mM K* and shifted the concentration-response
curve for Ca®* to the right. Arunlakshana-Shield plots

FIG. 6. Effects of various agents on 50 ug/ A 0.2uM NE
ml protamine-induced inhibition on the con- phasic response tonic response
tractions evoked by 0.2 uM norepinephrine (NE) ; 3::‘!::; iibit __ 12 f——
(A) or 30 mM K* (B) in endothelium-intact strips ous Imibitors I 1
and effects of prior endothelium removal on 50 i (:g(h)n U /::tlifr;gtgacin F_ Ett) 3 :};}— E+)
ug/ml protamine-induced inhibition. A1, BI: 5 10puM-HbO, — comuMNE—* s cosgmmE——
Control inhibitions. A2: Effects of various in- 6 10uM-MB [ T oAuMNE}—~ 6| O1uMNE}——»»
hibitors. Various inhibitors tested here were 1 7 100uM=-LNNA [ OWMNE}— 7 ﬁ“—m’_“
M atropine, 0.3 uM propranolol, 1 uM cimeti- 8 Endothelial removal [} 8 -
dine, 3 uM mepyramine, 3 uM guanethidine, and 160 50 o 160 5'0 o
0.3 uM tetrodotoxin (TTX). These agents were % Inhibition % Inhibition

applied together 40 min before and during the +
experiments. A3, B3: Effects of 3 uM indometh- B 30mM K
acin. Indomethacin was applied 40 min before

phasic response tonic response

and during experiments, A4: Effects of super- 1 Contral - 7 N ]

oxide dismutase (SOD). SOD was applied 30 min :23 g::nn_e::ﬁnmz::;fn :}:_}_ E(+) : % E&)
before and during the experiments. A5, A6, B4: 4 10uM-HbO, oMM R _J 4 [ 2ommK}-+

Effects of oxyhemoglobin (HbO;) and methy- 5 Endothelial removal | |}— ]

lene blue (MB). (HbO;) and MB were applied " . ) \ L ;
20 min before and during the experiments. In 100 o lnhlsboltion 0 100 % Inh?t?itlon 0

(HbOg)-treated strips, 0.06 uM NE and 20 mMm
K* were used as stimulants instead of 0.2 um

NE and 30 mm K. In MB-treated strips, 0.1 uM NE was applied instead of 0.2 uM-NE. A7: Effects of N®-nitro L-arginine (LNNA). LNNA was
applied 20 min before and during the experiments. 0.1 uM NE was used as stimulant instead of 0.2 uM NE. A8, B5: Effects of endothelium
removal. B2: Effects of 3 uM-guanethidine and 0.3 uM TTX. These agents were applied together 40 min before and during experiments. Data
shown are mean + SD; n = 3-10. AI-6, BI-4: endothelium-intact strips. A7, B5: endothelium-denuded strips. *Significantly different from the
control inhibitions (P < 0.05). **Significantly different from the control inhibitions (P < 0.01).
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obtained from ECgo response were linear (r = 0.99)
through the concentration range tested for protamine,
but the slope (0.53 = 0.06) was significantly different from
unity (P < 0.05). Thus, although this protamine-induced
antagonism was surmountable, it was not competitive
(fig. 7).

The nifedipine treatment completely inhibited the 30
mM K*-induced contraction and significantly inhibited the
NE-induced tonic, but not phasic, contraction, as previ-
ously reported.'®?* Under this condition, protamine still
significantly (P < 0.05) inhibited both components of NE
(0.2 pM)-induced contraction at 50 ug/ml (phasic: 45

"+ 8%, n = 3; tonic: 42 * 12%, n = 3) and at 500 ug/ml
(phasic: 65 + 9%, n = 3; tonic: 68 * 8%, n = 3). Similar
results were obtained in the presence of 1 uM NE (data
not shown).

Protamine significantly (P < 0.05) inhibited the NE
(0.2 uM)-induced contraction evoked in Ca**-free solution
(50 ug/ml: 45 = 12%, n = 3; 500 pg/ml: 56 += 8%, n
= 3). On the other hand, protamine had almost no effect
on caffeine (2 mM)-induced contractions in Ca**-free so-
lution (50 ug/ml: —4 + 7%, n = 3; 500 pg/ml: —3 + 5%,
n = 3).

After the A23187 treatment, neither 10 uM NE nor
10 mM caffeine generated any contractions in Ca**-free

A amin
1. Control. 2.50pg/ml protamine sulfate
12mi 10mg
Various concentrations 60, o™
of Ca™ L2 F:T/-,/—\
1 H
a9 L1
amam 8B—1 03 gyog 18 u.r—‘J| L
B T AW

e N 7
o5 ¥
/ -/ é /“"/n

oL ._‘eé
0.03 0.09 Qa 0.9 15 30 50 12 30 50

[ca* 1, mM

Relative tension

F1G. 7. Effects of protamine on tonic contractions evoked by various
concentrations of Ca®* in Ca?*-free solution containing 100 mM K* in
endothelium-denuded strips. A I: Control contractions induced by var-
ious concentrations of Ca** (0.03-12 mM). A2: Typical example of
protamine (50 pg/ml)-induced inhibitions on the Ca?*-induced con-
tractions. B: Inhibitions of protamine at three different concentrations
on Ca**-induced contractions: 15 ug/ml (open circles), 50 pg/ml (filled
squares), and 500 pg/ml (open squares). The amplitudes of the tonic
contraction evoked by 12 mM Ca?* in the absence of protamine was
normalized as 1.0. Protamine was applied 65 min before application
of Ca?* (55 min in Krebs solution). Data shown are mean = SD; n = 3.
*Significantly different from the control (P < 0.05). **Significantly
different from the control (P < 0.01).
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(2 mM EGTA) solution, indicating that intracellular Ca**
stores were completely depleted by this treatment. Under
this condition, protamine again markedly inhibited (P
< 0.05) the NE-induced contractions evoked in Krebs so-
lution (50 pg/ml: 88 + 6%, n = 3, and 500 pg/ml: 97
+ 2%, n = 3). Similar observations were made after the
ryanodine treatment (50 pg/ml: 96 = 1%, n = 3, and
500 pg/ml: 99 = 1%, n = 3).

EFFECTS OF PROTAMINE ON CALCIUM-INDUCED
CONTRACTIONS IN CHEMICALLY MEMBRANE-
PERMEABILIZED MUSCLE STRIPS

Protamine (5, 50, and 500 pg/ml) had no significant
effect on the Ca**-induced contraction but markedly in-
hibited the relaxation of these contractions after removal
of Ca?* at higher concentrations (= 50 ug/ml): the half
relaxation time of 10 uM Ca®*-induced contraction in the
control strips was 1.1 # 0.8 min (n = 5), whereas that in
the strips exposed to 500 ug/mi protamine was 28.4 = 2.1
min (n = 5).

PROTAMINE-INDUCED CONTRACTIONS

In addition to its inhibition, higher concentrations
(= 50 ug/ml) of protamine generated very small but sus-
tained contractions both in the E(+) and E(—) strips. These
contractions almost disappeared in Ca®*'-free (2 mM
EGTA) solution but still developed after the nifedipine
or indomethacin pretreatment both in the E(+) and E(—)
strips. However, since the amplitudes of the protamine-
induced contractions were very small and often fluctuated,
it was difficult to estimate their amplitudes precisely and
investigate them any further.

THE ONSET OF PROTAMINE-INDUCED
INHIBITION AT 37° C

At 37° C, protamine (= 35 ug/ml)-induced inhibition
of the NE or high K*-induced contraction occurred soon
after the application of protamine, but its development
was not as fast as the relaxation induced by an agent that
acts on the receptor (e.g., ACh) (figs. 8 and 9).

EFFECTS OF PROTAMINE ON ACETYLCHOLINE-
INDUCED ENDOTHELIUM-DEPENDENT -
RELAXANT RESPONSE

Protamine (50-500 pg/ml) inhibited the ACh (0.03-
10 um)-induced relaxation in a concentration-dependent
manner in the presence of 10 uM NE (fig. 9). After the
washout of protamine, its inhibition gradually recovered.
After 195 min of washing, the NE-induced contraction
almost recovered from the protamine-induced inhibition,
whereas the ACh-induced relaxant response did not com-
pletely recover from the inhibition (fig. 9). Although we
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Wr\./\ INDUCED INHIBITION
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w__ EM,arc Protamine inhibited the NE- or high K*-induced con-
TuM NE tractions both in E(+) and in E(—) strips in a concentration-
_ and time-dependent manner. The persisting but de-
B Sl creased efficacy after endothelial removal of the prot-
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ey — 10mg amine-induced inhibition suggests that its inhibition has
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W\#\M‘W independent component. In contrast, recent reports!!'!2
¥ k3 ' have demonstrated that endothelial removal abolished all
. Et),37°C . .. . .
. vascular relaxation induced by arginine-rich basic poly-
40mM K

FiG. 8. Protamine-induced inhibitions on norepinephrine (NE) (1
uM)- or 40 mM K*-induced contractions in endothelium-intact (E(+))
strips at 37° C. Protamine (15-500 ug/ml) was applied for about 5
min after each contraction reached a steady state. Identical results
were obtained in the two other strips. W = washout.

further examined its recovery from the inhibition until
255 min after washout, there was no additional sign for
the recovery (data not shown).

EFFECTS OF PROTAMINE_ ON THE
MEMBRANE POTENTIAL

Protamine did hot significantly affect the resting mem-
brane potential of the smooth muscle cells in either the
E(+) or the E(—) strips (table 2).

. FIG. 9. Effects of protamine (50-500 ug/ml) A
on acetylcholine (ACh)-induced, endothelium-
dependent relaxant response in the presence of
10 uM norepinephrine (NE) in endothelium-in-
tact strips. Aa: The ACh (0.03-10 uMm)-induced
relaxant response before application of prot-
amine (control). Ab: The ACh-induced relaxant
response after application of protamine (500
ug/ml, 55 min). Ac: The ACh-induced relaxant
response 195 min after washout of protamine.
Ba: Concentration-dependent effects of prot-
amine on the ACh-induced relaxant response.
‘The amplitude of tonic component of NE-in-
duced contraction before application of prot-
amine was normalized as 1.0 (see ‘“‘Calculation
and Statistic Analysis” in text). Bb: Time course
(5-195 min) of the récovery of the ACh-induced
relaxant response from the protamine (500 pg/
ml)-induced inhibition. W = washout. *Signif-
icantly different from the control (P < 0.05).
**Significantly different from the control (P 1.0+

0.5+

Relative amplitude

peptides. Therefore, the endothelium-dependent com-
ponent of the protamine-induced inhibition might be due
to the common characteristic of an arginine-rich basic
polypeptide, whereas its endothelium-independent com-
ponent might be due to some characteristics of protamine.

MECHANISMS OF PROTAMINE-INDUCED
ENDOTHELIUM-DEPENDENT INHIBITION

The endothelium-dependent inhibitory action of prot-
amine on vascular smooth muscle is presumably mediated
through endothelium-derived relaxing factor (EDRF),'*
which has recently been identified as nitric oxide or its
related compounds.®®* This view is supported by the fol-
lowing evidence. Oxyhemoglobin, known to bind and in-
activate EDRF?%; methylene blue, an inhibitor of soluble
guanylate cyclase activation®; and L-NNA, a potent in-
hibitor of cytosolic nitric oxide synthesis from L-argi-
nine,? all significantly décreased the protamine-induced

b ACh{uM) c
500ug/mi
Protamine 03 Washing
for 55min 9.1 l 1 10 for 195min
10uMNE 10.M NE
b Control. Inhibition

[Protamine] (500ug/mi Protamine )

0 -
500ug/mi -‘
Time after
150 ug/mi wash out
5 min
05+ 45 min
50 pg/mi Control
100 min
Control 195min
1.0+

< 0.01)., ***Significantly different from the c
contro! (P < 0.001).

7 6 5

c 7 6
—Log[ACh] —-Log[ACh] m
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TABLE 2. Effects of Protamine on the Resting Membrane Potential (mV) in the Endothelium-intact and -denuded Strips

Protamine (ﬁg/ 'ml)

Control 50 150 500
E(+) —71.0 £ 0.9 —72.7 + 1.6% —72.7 £ 2.1* —69.3 & 2.1*
E(-) ~70.0 + 2.6 ~71.1 = 1.2* ~70.5 * 1.1% —72.0 £ 1.3%

All values are means + SD (n=6-8, three preparations),
E(+) = endothelium-intact; E(—) = endothelium-denuded.

inhibition in the E(+) strips, and these effects were similar
to those of endothelium removal. The effects of endo-
thelium removal and oxyhemoglobin were less effective
on the protamme-mduced inhibition in the presence of
high K* than in the presence of NE. These findings may
be consistent with well-known observations that EDRF-
induced relaxant responses are greatly reduced in K*-

depolarized vascular preparations.!' Moreover, super-
oxide dismutase, known to enhance the action of EDRF
by preventing its inactivation,*® markedly enhanced the
protamine-induced inhibition in the E(+) strips. In con-
trast, indomethacin did not modify the protamine-induced
inhibition, suggesting that cyclooxygenase products are
not involved. Furthermore, protamine did not affect the
membrane potential in the E(+) strip, suggesting that the
endothelium-derived hyperpolarizing factor'® also is not
involved.

The precise mechanism by which protamine causes
EDRF-mediated inhibition is currently unknown. In the
present study, the development of its endothelium-de-
pendent inhibition was much slower than that of relaxa-
tion induced by ACh, which interacts with endothelial
cell membrane receptor and stimulates the endothelial
cell to release EDRF. Therefore, it is unlikely that the
protamine-induced endothelium-dependent inhibition is
mediated by some selective membrane receptor.

There seem to be three p0551b111t1es regarding the
mechanisms by which protamine exerts its EDRF-me-
diated inhibition. First, since nearly 67% of the amino
acid composition of protamine is arginine' and since ar-
ginine has been postulated as the precursor for nitric oxide
synthesis, it is tempting to hypothesize that protamine
provides the endothelial cell with the arginine required
for nitric oxide synthesis. If protamine can enter into liv-
ing cells, as has been previously reported,?’ it may be
possible that it serves as a partial or alternative substrate
for an arginine-nitric oxide converting enzyme system,
just as Ignarro et al.!! postulated for arginine-rich basic
polypeptides. The slow development of its inhibition
might reflect the diffusion time for protamine to enter
into cells. Conversely, if protamine cannot enter into en-
dothelial cells, some protamine-splitting system should be
necessary for protamine to provide the arginine to en-
dothelial cells. However, to our knowledge, it is still un-

* Not significantly different from the control.

known whether such a protamme-spllttmg system exists
in the plasma membrane or in the cytoplasm of endothelial
cells, although it has been reported56 that the breakdown
of protamine by protaminase in plasma leads to the lib-
eration of arginine. This speculauon needs to be inves-
tigated further.

Second, Young et al. reported that eosmophll ‘cationic”
protem damages the cell membrane and makes it leaky
to various substances including divalent ions (Ca** and
Mg“’*) 29 Further, several investigators®-3° showed that
various “‘polycationic” compounds, including protamine,
damage the functional and structural integrity of endo-
thelium. In our study, protamine irreversibly impaired
the ACh-induced endothelium-dependent relaxant re-
sponses, and a high concentration of protamine caused
the small contractions previously observed by Chang et

al.*" Since only the removal of the extracellular Ca** could
block the protamine-induced contraction, this contraction
is mediated probably through Ca?* mﬂuxes Considering
the above observations both of the previous and present
studies, this Ca®* influx-mediated contraction may reflect
the damage of the vascular smooth muscle cell membrane
If this were the case, protamine may evoke the Ca®*
fluxes also into the endothelial cell by damaging the en-
dothelial cell membrane, and the resultant increase in free
cytosolic Ca®* in a endothelial cell may lead to the release
of EDRF. -

Third, protamine may increase the sensitivity of the
vascular smooth muscle to the relaxant effects of basal
EDRF.

MECHANISMS OF PROTAMINE-INDUCED
ENDOTHELIUM-INDEPENDENT INHIBITION

The results of the membrane-permeabilized muscle
experiments and also the lack of the inhibition of prot-
amine on the caffeine-induced contraction in the intact

strips suggest that even if protamine can enter into the
cell as previously reported,*” protamine will not affect the
Ca** sensitivity of the contractile-protein system. How-
ever, we speculate that protamine may not enter into the
smooth muscle cell, for the following reasons. 1) Palade®®
showed in experiments with *isolated” sarcoplasmic re-
ticulum that protamine inhibits the caffeine-induced Ca?®*
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release from sarcoplasmic reticulum, suggesting that if
protamine can enter into the cell, it will inhibit the caf-
feine-induced Ca®" release; no such inhibition, however,
was observed. 2) If protamine can enter into the cell, it
may inhibit the rate of rise of contraction and the rate of
its relaxation by binding with adenosine triphosphate, just
as observed in the membrane-permeabilized muscle ex-
periments. (Both processes are known to depend greatly
on the concentration of adenosine triphosphate.??) Such
inhibition was not observed in intact strips. 3) It might
be difficult for protamine to enter into the cell because
of its high molecular weight. Accordingly, we speculate
that protamine exerts its endothelium-independent in-
hibition by acting on smooth muscle cell membrane and
by causing a change in intracellular Ca®* mobilization. -

In the rabbit mesenteric artery, NE produces a phasic
contraction as a result of the Ca®* release from the intra-
cellular store, whereas the tonic contraction probably re-
sults from an interplay between increases in Ca** influx
and Ca®* release from the stores.'®!” Protamine inhibited
both components of NE-induced contraction in the E(—)
strips, suggesting that protamine inhibits both Ca®* influx
and Ca®* release from the intracellular stores. This view
is further supported by the following evidence obtained
in the E(—) strips: 1) protamine inhibited the NE-induced
contraction evoked in Ca?*-free (2 mM EGTA) solution;
2) protamine inhibited the contractions that depend on
voltage-dependent Ca?* influx, i.e., high K*-induced con-
traction evoked in Krebs solution and the Ca**-induced
contraction evoked in Ca**-free solution containing high
K*; 8) in nifedipine (a potent voltage-dependent Ca**
channel blocker)-treated strips, protamine still inhibited
both components of NE-induced contraction; and 4) after
depletion of the intracellularly stored Ca** by A23187
or ryanodine, protamine markedly inhibited the NE-in-
duced contractions.

The effects of protamine on the contractions evoked
by various concentrations of K* and on the membrane
potential in the E(—) strips suggest that the protamine-
induced inhibition of the Ca** influxes is not mediated
through K* channel opening.®!%?

It is known that the majority of extracellular Ca** in
smooth muscle exists not as free calcium ion (Ca**) but
rather is bound to the abundant anionic sites on the cell
surface: the carboxyl groups of sialic acid in the outer
glycoprotein layer of the cell membrane have been pro-
posed as the anionic sites.**~*? Ishiyama et al. showed in
experiments with neuraminidase that the interaction be-
tween Ca®* and the sialic acid residue may be the first
reaction in the process of Ca®* influx.*! Furthermore, it
is known*® that on the surface membrane of vascular
smooth muscles there are two kinds of Ca®* binding sites,
which are believed to be related to the Ca** influx—a
low-affinity Ca*" binding site and a high-affinity Ca**
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binding site. The voltage-dependent Ca** influx is be-
lieved to depend on the low-affinity bound Ca**, which
is rapidly removed in Ca?*-depleted solution, whereas the
receptor-operated Ca** influx is believed to depend on
the high-affinity bound Ca**, which is not easily removed
in Ca**-depleted solution but is removed by EGTA and
La®*, Uruno et al. showed'® in experiments with **Ca that
protamine may replace the superficial low-affinity bound
Ca®* but not high-affinity bound Ca®". Their proposal
may thereby explain the protamine-induced inhibition on
voltage-dependent Ca®** influx observed in the present
study but will not explain its inhibition on the receptor-
operated Ca** influx. The extremely slow recovery from
the protamine-induced inhibition after washout may re-
flect the tight binding of protamine with a superficial Ca**
binding site.

It was recently reported that in smooth muscle cells,
ryanodine locks the Ca**-induced Ca®*-release channel
open but has no effect on inositol 1,4,5,-triphosphate (IPs)-
induced Ca**-release mechanism.?® In the present study,
the ryanodine treatment strongly inhibited the NE-in-
duced contraction in Ca%*-free solution, thereby suggest-
ing that in this tissue, most of the NE-sensitive intracellular
Ca?* stores have the Ca®*-induced Ca®*-release channel,
i.e., that most of these stores are caffeine-sensitive. Thus,
the lack of the inhibition of protamine on the caffeine-
induced contraction suggests that the amount of Ca** of
the NE-sensitive intracellular store was not reduced by
protamine. Accordingly, the protamine-induced inhibi-
tion on the NE (IP3**)-induced Ca®* release cannot be
explained by a reduced amount of stored Ca®*.

It is now recognized that the inositol-containing phos-
pholipids in the plasmalemma serve as precursors for two
important second messengers: IP3 and 1,2-diacyl-glycerol.
In this tissue, the NE-induced Ca** release from the in-
tracellular store is mediated by IPs*!. Some polycationic
substances (neomycin, spermine, and poly-L-lysine) have
been proposed to bind with phosphatidyl-inositol 4,5-bis-
phosphate (PIP;).***¢ Furthermore, neomycin has been
reported to inhibit IPs-induced Ca®* release by binding
with both IP3 and ATP.*8 Such binding of polycationic
substances to anionic PIP, or IPj is believed to be due to
the formation of ionic complexes between them.**° Since
protamine is also a polycationic substance, it might be
possible that protamine behaves similarly to the above-

mentioned polycationic substances: protamine may inhibit
the NE-induced Ca?* release by binding with PIP, or IPs.
Since, as discussed above, it is unlikely that protamine
enters into the cell, protamine may exert its inhibition on
the NE-induced Ca** release by the former mechanism:
protamine may inhibit the generation of IPs by binding
with PIP, and by inhibiting phospholipase C-mediated
PIP, breakdown. Recently it was reported that in some
cells, some Ca?" influxes are also mediated by IP3 and
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IP,.4748 If this tissue also has such second messenger-op-
erated Ca®* channels, to our knowledge never previously
reported, it is possible that protamine inhibits such Ca?*
influx by binding with PIP; and inhibiting the PIP,
breakdown, in addition to inhibiting the NE-induced
Ca**-release.

CLINICAL RELEVANCE

As early as 1900, protamine-induced systemic hypo-
tension was first reported in dogs.*® Later, many inves-
tigators compared the cardiovascular effects of protamine
in the presence of heparin with those in its absence,' and
most reported®>**! that protamine (2-3 mg/kg) itself did
not cause any hemodynamic effect in the absence of hep-
arin in dogs, pigs, and sheep. However, our results imply
the possibility that protamine itself causes hypotension by
its direct action on vascular endothelium and smooth
muscles, because 1) a plasma concentration of 50 ug/ml
was normally achieved after the intravenous administra-
tion of 0.75 mg/kg protamine,* and 2) the experiment
using tritium-labeled protamine showed that it disap-
peared from blood with a half-life of 2 min after intra-
venous administration, but that 30% of its radioactivity
remained in the blood even 2 h after injection.??

Furthermore, it is possible that the inhibitory action of
protamine alone on vascular tissues as observed in our
study may play some role in its hypotensive effect during
heparin reversal. In other words, it is conceivable that
protamine can act on the vascular tree not only as a hep-
arin—protamine complex but also as “free” protamine
during the heparin reversal, for the following reasons. 1)
Since heparin remains complexed only in the presence of
an “excess” of protamine, by mass action,?® even during
the ““‘adequate’ reversal of heparin some part of prot-
amine may exist in the blood without forming the complex
and act as “‘free”” protamine on the vascular tree. 2) Since
there are marked (3- or 4-fold) individual variations both
in the sensitivity to heparin and in the rate of its clear-
ance,” it is possible that the concentration of “free” prot-
amine accidentally increases during heparin reversal. 3)
In the case of rapid injection of protamine, it is possible
that protamine acts on vascular tissues as ““free” protamine
before it binds with heparin. 4) The onset of protamine-

induced inhibition at 37° C might be consistent with the
onset of protamine-induced hypotension in vivo.
However, it is still uncertain how much excess free
protamine exists in the blood during the heparin reversal,
and furthermore, it might be difficult for protamine to
act on vascular smooth muscles directly in vivo as it does
in vitro, because the endothelium may serve as the barrier
in vivo: only the effect of protamine on the endothelium
may appear in vivo. It may also be possible that protamine
prefers to bind with some other anionic substances or
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with an anioic surface of another kind of cells rather than
that of vascular tissue cells.

Nevertheless, considering our data, we may recom-
mend that in order to minimize the inhibitory action of
protamine on vascular tissues, heparin anticoagulation
should be reversed with the minimum possible amount
of protamine and that protamine should be administered
slowly as has been generally recommended.'** However,
our recommendation regarding the amount of protamine
is opposed to the recent recommendation: Shanberge et
al.%® suggested that a moderate “excess” (at least 1.5/1
[w/w]) of protamine should be used in the neutralization
of heparin in order to prevent the heparin rebound, be-
cause excess free protamine is necessary for the stability
of the heparin-protamine complexes.

Some investigators>®%” have suggested that adminis-
tration of CaCls; and volume infusion were effective in
counteracting protamine-induced hypotensive effects.
Such effectiveness of CaCl; might be explained partly by
the present finding that the protamine-induced inhibition
on voltage-dependent Ca** influxes is counteracted by
increasing the extracellular Ca®* concentration.

The inhibitory effect of protamine on the ACh-induced
endothelium-dependent relaxation in the present study
was quite similar to the previous observation in pulmonary
artery,®” and its irreversibility may suggest the toxic effect
of protamine on the endothelium, which has been pro-
posed in the previous study.?®37 This injurious effect of
protamine could be attenuated by heparin in the previous
studies.}” Therefore, it might be that protamine should
not be administered via the central vein or pulmonary
artery catheter, because such administration will enable
free protamine to act on the endothelium of pulmonary
vascular beds in a higher concentration than with periph-
eral administration.

The above speculations await further investigation,
particularly regarding the amount of excess *‘free” prot-
amine in the blood during heparin reversal and regarding
the direct action of heparin—protamine complexes on vas-
cular tissues: the latter is now under investigation. Fur-
thermore, our data suggest the importance of the deter-
mination of the amount of protamine required for the
precise reversal of heparin.

CONCLUSION

Protamine itself has an inhibitory action on vascular
smooth muscle, and its inhibition may consist of two com-
ponents—an endothelium-dependent and an endothe-
lium-independent component. Its endothelium-depen-
dent component is probably mediated through EDRF,!*
whereas its endothelium-independent component is at-
tributed to the inhibition of Ca®" influx and the NE-in-
duced Ca**-release from intracellular stores. These ac-
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tions of protamine on vascular tissues may partly explain
its adverse hemodynamic effects during heparin reversal.
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