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Abstract

To elucidate the effects of anionic and cationic polyelectrolyte substance on bronchoconstriction, we examined the serial changes in
respiratory resistance (Rrs) in ovalbumin-sensitized guinea pigs after antigen exposure with or without preinhalation of low-molecular-weight
heparin, poly-L-glutamic acid, poly-L-lysine and dextran, and with or without oral intake of dalteparin. Both immediate and late responses
after antigen exposure were significantly decreased after pretreatment with inhaled low-molecular-weight heparin and poly-L-glutamic acid
compared with saline alone. The late response was significantly decreased after pretreatment with oral dalteparin. Both low-molecular-weight
heparin and poly-L-glutamic acid significantly decreased the airway response to methacholine in sensitized guinea pigs. In sensitized guinea
pigs, the airway response to methacholine was significantly increased after pretreatment with inhaled poly-L-lysine. Pretreatment with inhaled
low-molecular-weight heparin before poly-L-lysine exposure significantly suppressed the airway hyperresponsiveness after inhaled poly-L-
lysine. These findings indicated that the “cationic—anionic interaction” plays an important role in airway responsiveness. © 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

In bronchial asthma, after the immediate asthmatic res-
ponse activated mast cells release inflammatory cell migrat-
ing factors, which include platelet-activating factor (PAF),
leukotriene By, neutrophil chemotactic factor of anaphylaxis
(NCF-A), eosinophil chemotactic factor of anaphylaxis
(ECF-A) and so on (Salvi et al., 2001). Then, monocytes,
neutrophils, eosinophils, and basophils migrate to the airway.
Major basic protein (MBP) and eosinophil cationic protein,
which are eosinophil-derived cytotoxic cationic granulopro-
teins, damage the bronchial epithelium and cause airway
inflammation (Salvi et al., 2001). It has been demonstrated
that highly negative-charged proteoglycans such as heparin
and chondroitin sulfate are contained in secretary granules of
mast cells and may regulate the stability and activity of many
chemical mediators (Schwartz and Huff, 1991). Barker et al.
(1988) demonstrated by analysis of cDNA that MBP was
translated as a slightly acidic preproprotein (proMBP) with
an acidic propart and that MBP was a 13.8-kDa single
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polypeptide rich in arginine with a calculated isoelectric
point (pI) of 10.9, while proMBP itself had a calculated pl
of 6.2 because the 9.9-kDa proportion of proMBP was rich in
glutamic and aspartic acids and had a calculated pl of 3.9.
Furthermore, they (Barker et al., 1991) demonstrated that
acidic polyamino acids inhibited MBP toxicity in a charge-
dependent manner in vitro, and suggested that the acidic pro-
part of proMBP functioned to mask mature MBP toxicity.
Similarly, Motojima and Makino (1994) demonstrated that
the damaging effect to the guinea pig tracheal epithelium
caused by eosinophil peroxidase was prevented when eosi-
nophil peroxidase was mixed with anionic polyelectrolyte
substances, such as heparin, chondoroitin sulfate, dextran
sulfate, and mucin. However, it has been demonstrated that
synthetic cationic proteins such as poly-L-lysine and poly-L-
arginine induce airway hyperresponsiveness when applied
intratracheally or by inhalation in guinea pigs (Coyle et al.,
1993a; Shirotani et al., 1999), rats (Uchida et al., 1993), and
sheep (Ahmed et al., 1992). Intratracheal injection of poly-L-
arginine produces an important increase in eosinophil and
neutrophil numbers, and in (3-glucuronidase, histamine,
eosinophil peroxidase and albumin levels in bronchoalveolar
lavage fluid (Arseneault et al., 1999). Moreover, cationic
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proteins increase the permeability of cultured rabbit tracheal
epithelial cells (Uchida et al., 1996). Furthermore, it has been
demonstrated that inhaled or intratracheal pretreatment with
negatively charged heparin inhibits the increased epithelial
cell permeability induced by cationic (Coyle et al., 1993a;
Shirotani et al., 1999; Ahmed et al., 1992; Arseneault et al.,
1999; Uchida et al., 1996). Coyle et al. (1993b) demonstrated
that two cationic proteins, platelet factor 4 and cathepsin G,
increased airway responsiveness, on effect that was inhibited
by low-molecular-weight heparin. Sasaki and Shioya (1995)
showed that the airway hyperresponsiveness to histamine
and inflammatory cell migration caused by platelet PAF
inhalation was suppressed by low-molecular-weight heparin
inhalation. Martinez-Salas et al. (1998) suggested that frac-
tionated low-molecular-weight heparins attenuate antigen-
induced acute bronchoconstrictor responses and airway
hyperresponsiveness, and that the lower the molecular weight
of heparin the greater the effect. Recently, Ahmed et al.
(2000) demonstrated that only ultralow-molecular-weight
heparins caused a dose-dependent inhibition of the antigen-
induced immediate asthmatic response and late asthmatic
response and postantigen airway hyperresponsiveness,
whereas low- and medium-molecular-weight heparins were
ineffective.

These findings suggest that charge interaction is one of the
important factors not only in the immediate asthmatic
response, but also in the late asthmatic response. However,
the precise effects of anionic and cationic polyelectrolyte
substances on bronchoconstriction, especially in the late
asthmatic response, after antigen exposure remain to be
determined. Therefore, we investigated the effects of low-
molecular-weight heparin, dalteparin, and poly-L-glutamic
acid, which are anionic polyelectrolyte substances, and poly-
L-lysine, a cationic polyelectrolyte substance, on the bron-
choconstriction and the non-specific bronchoconstriction in
ovalbumin-sensitized guinea pigs after antigen exposure.

2. Materials and methods
2.1. Animals

Male and female specific pathogen-free Hartley guinea
pigs (Japan SLC, Hamamatsu, Japan) weighing 250—-350 g
were used for this study. The guinea pigs were housed four to
a cage in standard cages and were fed on standard lab chow
(CG-7, Japan Kurea, Osaka, Japan). They were kept in a
room maintained at 23 + 2 °C and at 55 + 5% humidity. All
animal experiments were conducted according to the Guide-
lines for Animal Experimentation of the Kobe University
School of Medicine.

2.2. Drugs

Low-molecular-weight heparin (sodium salt from porcine
intestinal mucosa, mol. wt. 4000—6000), poly-L-glutamic

acid (sodium salt, mol. wt. 14300), poly-L-lysine (hydro-
bromide, mol. wt. 9800), dextran (produced by Leuconostoc
mesenteroides, mol. wt. 9300), ovalbumin (Grade IIT) and
pyrilamine maleate were obtained from Sigma (St. Louis,
MO, USA). Dalteparin was donated by Kissei Pharmaceut-
ical (Tokyo, Japan). Methacholine was obtained from Wako
(Osaka, Japan) and saline was obtained from Otsuka Chem-
ical (Tokyo, Japan).

2.3. Measurement of respiratory resistance (Rrs)

Respiratory resistance was measured by a modification
of Mead’s forced oscillation method (Mead, 1960). Briefly,
to observe serial changes in respiratory resistance, the
guinea pigs were restrained in an enclosed animal chamber,
with the head and neck protruding. The neck was fixed in
this chamber using a rubber ring like a doughnut. A 30-Hz
sine wave oscillation was administered from the posterior
part of the chamber via a loudspeaker through an amplifier.
A conical plastic face mask with an opening in the top was
fixed to the head of the guinea pig, and the expiratory flow
rate was measured via this mask using a respiratory flow
control box (RY 1118, Nihon Koden, Japan) and a differ-
ential transducer (TR-602T, Nihon Koden). The expiratory
flow rate was measured by removing only the amplitude of
vibration with the same 30 Hz components as generative
pressure waves through the amplifier (RMP-6008, Nihon
Koden). The respiratory resistance (cm H,O/1/s) was, there-
fore, calculated from the pressure in the chamber and the
expiratory flow.

2.4. Sensitization

Guinea pigs were sensitized by Terashi’s method (Terashi
et al., 1988). Briefly, we made on acrylic antigen-inhalation
system, in which four guinea pigs could be exposed to
antigen equally. Using this system, guinea pigs inhaled ne-
bulized 1% ovalbumin produced by an ultrasonic nebulizer
once a day for 10 min, and for 10 consecutive days. In
addition, they inhaled 1% ovalbumin for 5 min twice every
seventh day after sensitization. All guinea pigs showed
immediate allergic airway responses and their respiratory
resistance reached more than twice the baseline value on the
9th or 10th day after ovalbumin inhalation. On the basis of

OA Inhalation (10mg/mi) OA exposure for OA exposure for

5 min / day the first time the second time
OA Inhalation (10mg/ml)
10 min / day booster booster
+ * day17 day24 day31 day38

dayl day10

Fig. 1. Experimental protocol for sensitization to ovalbumin (OA) of guinea
pigs. LMWH: Low-molecular-weight heparin; P-L-G: Poly-L-glutamic
acid; P-L-L: Poly-L-lysine.
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Fig. 2. Experimental protocol for the effects of charge interaction on airway
responsiveness after methacholine inhalation by ovalbumin (OA)—sensi-
tized guinea pigs. LMWH: Low-molecular-weight heparin; P-L-G: Poly-L-
glutamic acid; P-L-L: Poly-L-lysine; Dx: Dextran.

these findings, they were judged to be sensitized. Non-
sensitized guinea pigs inhaled saline instead of 1% ovalbu-
min.

2.5. Experimental protocol in the study of the effects of
polyelectrolyte substance on bronchoconstriction induced
by antigen exposure

Guinea pigs received the first antigen exposure, 2%
ovalbumin inhalation for 10 min, on the 31st day, which
was 1 week after the booster, and received the second
antigen exposure on the 38th day.

To elucidate the effects of inhalation of polyelectrolyte
substances, guinea pigs inhaled saline for 6 min 1 h before
antigen exposure on the 31st day, and inhaled saline (n=14),
low-molecular-weight heparin (n = 15), poly-L-glutamic acid
(n=11), poly-L-lysine (n=7) or dextran (n=6) 1 h before
antigen exposure on the 38th day (Fig. 1). Low-molecular-
weight heparin, poly-L-glutamic acid, poly-L-lysine and
dextran were dissolved in saline and prepared at the final
concentrations of 10, 5, 5 and 10 mg/ml, respectively.

In experiments with oral dalteparin, we divided the
guinea pigs into two groups at random. Guinea pigs in
group A (n=15) received tap water from the 25th day to the
31st day and water containing dalteparin from the 32nd day
to the 38th day. The guinea pigs in group B (n=0) initially
received dalteparin water and then tap water in reverse order
to group A. Dalteparin was dissolved in tap water and
prepared at a final concentration of 25 U/ml. We performed
ovalbumin provocation on the 31st day and the 38th day in
both groups.

To prevent fatal bronchoconstriction, we injected 10 mg/
kg of pyrilamine maleate, a histamine H; receptor antago-
nist, intraperitoneally at 30 min before antigen exposure.

Guinea pigs inhaled 2% ovalbumin for 10 min after
measurement of baseline respiratory resistance. We meas-
ured respiratory resistance at 1,2, 3,4, 5,6, 7, 8,9, 10, 15
and30 minandat1,2,3,4,6,7,8, 10, 11, 12 and 24 h after
antigen exposure. When the respiratory resistance showed an
increase greater than 100% of the baseline within 1 h after
ovalbumin exposure, the increase was judged to reflect the
immediate response. Since non-sensitized guinea pigs did
not show an increase greater than 30% of the baseline
respiratory resistance from 4 to 24 h after antigen exposure,
increases greater than 30% of the baseline respiratory resist-
ance during this period were judged to be the late response.

2.6. Experimental protocol in the study of the effects of
polyelectrolyte substance on the non-specific bronchocon-
striction induced by methacholine inhalation

Six hours before the methacholine inhalation challenge
test, ovalbumin-sensitized guinea pigs inhaled saline for 6
min on the 31st day, and inhaled saline, low-molecular-
weight heparin (n=15), poly-L-glutamic acid (n=15), poly-L-
lysine (n=9) or dextran (n=6) similarly on the 33rd day.
Low-molecular-weight heparin, poly-L-glutamic acid, poly-
L-lysine and dextran were dissolved in saline and prepared at
final concentrations of 5, 2.5, 2.5 and 2.5 mg/ml, respectively.

To clarify whether the pretreatment with inhaled low-
molecular-weight heparin could inhibit airway hyperrespon-
siveness induced by poly-L-lysine inhalation (n=15), oval-
bumin-sensitized guinea pigs inhaled saline for 6 min twice
6 and 7 h before methacholine challenge on the 31st day.
They inhaled low-molecular-weight heparin for 6 min at 7 h
before and poly-L-lysine for 6 min at 6 h before methacho-
line challenge on the 33rd day.

The baseline respiratory resistance was measured after
saline inhalation for 2 min, and doubled concentrations of
methacholine (0.25—-32 mg/ml) were nebulized and inhaled
by the guinea pigs. Each dose was inhaled for 30 s and peak
respiratory resistance was determined during the following 2
min. Increased concentrations of methacholine were deliv-
ered until the respiratory resistance reached more than twice
the baseline value (Fig. 2). The dose of methacholine re-

Table 1
Serial changes in Rrs after antigen exposure of sensitized guinea pigs treated with inhaled saline, P-L-L and dextran are expressed in percent of change in Rrs
1 min 2 min 5 min 10 min 2h 4h 8 h 12h 24 h Peak IR Peak LR
Saline at the 31st day n=14 383 +£208 178+40 163+£23 230+41 61+17 94+29 54+19 64+£20 37+£19 538+198 12030
Saline at the 38th day 320+ 74 178 £54 174+34 250+46 66+17 66+17 46+35 65+36 38+15 496+79 120 + 44
Saline n=7 200 =4l 16846 162+59 206+93 70+£26 52423 57+17 59+25 34+14 305+78 92 +23
P-L-L 676 + 188" 290+56 320+77 212456 77+19 13+6 23+19 22+19 20+19 786+ 150" 45+15
Saline n=6 478+ 161 293+62 296+61 173+42 65+18 13+£6 39+18 45+8 66+15 715+72 77+ 24
Dextran 357 £ 94 256+45 300+68 186+31 4015 11+9 38+20 51+7 62+19 652+48 77 28

The results are means + S.E.M. P-L-L: Poly-L-lysine. IR: Immediate response. LR: Late response. Rrs: Respiratory resistance.

# P<0.05 compared with control (saline).
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Fig. 3. Serial change in Rrs after antigen exposure of sensitized guinea pigs
treated with inhaled LMWH (O) and with inhaled saline (®). Inserted figure
shows percentage changes in Rrs up to 15 min after antigen exposure.
#P<0.01 compared with LMWH. *P<0.05 compared with LMWH.
LMWH: Low-molecular-weight heparin; Rrs: Respiratory resistance.

quired to increase respiratory resistance to twice its baseline
value was used to determine the methacholine concentration
provoking a 100% increase in respiratory resistance from
baseline (PC100).

In non-sensitized guinea pigs, methacholine challenge
tests were carried out twice at 48-h intervals (Ist day and
3rd day). The pretreatment with saline or polyelectrolyte
substances (saline: n=4, low-molecular-weight heparin:
n="7, poly-L-glutamic acid: n=6, poly-L-lysine: n=>5, dex-
tran: n=>5) was administered on either day at random.
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Fig. 4. Effects of inhaled LMWH on peak Rrs in IR and LR after antigen
exposure in sensitized guinea pigs. LMWH: Low-molecular-weight heparin;
Rrs: respiratory resistance; IR: Immediate as response; LR: Late response.

2.7. Statistics

Values concerning the serial changes in respiratory
resistance in ovalbumin-sensitized guinea pigs after antigen
exposure are expressed as the geometric means + geometric
standard error of the means (S.E.M.). The other values are
expressed as the geometric means *+ geometric standard
deviations (S.D.). Comparisons between two groups were
performed using a two-way analysis of variance (ANOVA)
with repeated measures or Student’s paired -tests. Changes
in respiratory resistance during allergen challenge were ana-
lyzed by a two-way ANOVA with repeated measure. Peak
immediate response, peak late response and PC100 values
were compared using Student’s paired #-tests. A P-value
<0.05 was considered to be significant.

3. Results

3.1. The effects of polyelectrolyte substances on the bron-
choconstriction induced by antigen exposure

There were no significant differences in respiratory resist-
ance changes between the first antigen exposure (31st day)
and the second exposure (38th day) (Table 1). Furthermore,
there were no significant differences in the peak respiratory
resistance in the immediate response (peak immediate
response) and the peak respiratory resistance in the late
response (peak late response) between the first and the second
antigen exposure. Fig. 3 shows the effects of low-molecular-

(%)
700

(%)
6001

6001

500

4001

300

15 (min)

Percent of change in Rrs

200

T ]

0 0.5 1234 678 101112 24 (hour)

Fig. 5. Serial changes in Rrs after antigen exposure of sensitized guinea pigs
treated with inhaled P-L-G (O) and with inhaled saline (®). Insert shows
percentage changes in Rrs up to 15 min after antigen exposure. #P<0.01
compared with P-L-G. * P<0.05 compared with P-L-G. P-L-G: Poly-L-
glutamic acid; Rrs: Respiratory resistance.



T. Yahata et al. / European Journal of Pharmacology 434 (2002) 71-79 75

(%) (%)
3000- NS 400+ p<0.0s

25001
3001

2000
& 2001

1500 ;

1004

10001
500 l o]

G J

After saline After P-L-G
inhalation  inhalation

Peak Rrs in IR
Peak Rrs in LR

T T
After saline  After P-L-G
inhalation  inhalation

Fig. 6. Effects of inhaled P-L-G on peak Rrs in IR and LR after antigen
exposure in sensitized guinea pigs. P-L-G: Poly-L-glutamic acid; Rrs: Res-
piratory resistance; IR: Immediate response; LR: Late response.

weight heparin inhalation on the bronchoconstriction induced
by antigen exposure. Pretreatment with low-molecular-
weight heparin significantly inhibited the increase in respi-
ratory resistance induced by antigen exposure compared with
the effect of pretreatment with saline. Significant inhibitory
effects on bronchoconstriction were seen at 1,2, 3, 4,5, 6,7
and 9 min (immediate response), and 4, 7, 8, 10, 11, 12 and 24
h (late response). Furthermore, pretreatment with low-molec-
ular-weight heparin significantly decreased both the peak
immediate response and the peak late response after antigen
exposure compared with the effect of pretreatment with saline
(Fig. 4). Fig. 5 shows the effects of poly-L-glutamic acid
inhalation on the bronchoconstriction induced by antigen
exposure. Pretreatment with poly-L-glutamic acid also sig-
nificantly inhibited the increase in respiratory resistance
induced by antigen exposure compared with the effect of
pretreatment with saline. Significant inhibitory effects on
bronchoconstriction were seen during both the immediate
response and late response phases. Pretreatment with poly-L-
glutamic acid had a significant inhibitory effect on the peak
late response, but not on the peak immediate response (Fig.
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Fig. 7. Effects of oral dalteparin on peak Rrs in IR and LR after antigen
exposure in sensitized guinea pigs. Rrs: Respiratory resistance; IR:
Immediate response: LR: Late response.

Table 2

Log PC100 in sensitized guinea pigs and control guinea pigs treated with
saline, with P-L-G, with P-L-L and with dextran, and that in sensitized
guinea pigs treated with saline twice and with P-L-L after LMWH
inhalation

Sensitized guinea pigs  Control guinea pigs

Saline _ .
at the 31st day 0.29+0.50 0.15+0.35
Saline NS NS
=8 =4
at the Brd day " O 042033 (179 L0.124030
. p— + — +
Saline peoos[ 04303 0.13£0.49
=8 =6
P-L-G =8 | ossr036 "7 L 029+0.38
. — + — +
Saline pegos] 0435036 Lo 0492029
=9 =5
P-L-L =L on0x02s ™ Loossos7
Saline-Saline NS —0.25+0.36
(n=5)
LMWH-P-L-L L 0.28+0.50
Saline NS [C048%070 (o 0.28+0.40
(n=6) (n=5)
Dextran L_0.44+0.36 0.35+0.54

The data are expressed as means + S.D. PC100: The provoking methacho-
line concentration causing a 100% increase from baseline in Rrs. P-L-G:
Poly-L-glutamic acid. P-L-L: Poly-L-lysine. LMWH: Low-molecular-
weight heparin. Rrs: Respiratory resistance.

6). Pretreatment with inhaled poly-L-lysine significantly
increased respiratory resistance only at 1 min, whereas it
significantly decreased respiratory resistance only at 12 h
after antigen exposure compared with the effect of pretreat-
ment with saline. Pretreatment with poly-L-lysine signifi-
cantly enhanced the peak immediate response, but not the
peak late response (Table 1). There were no significant dif-

2.07 2.07
p<0.05 p<0.05
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Fig. 8. Log PC100 in control guinea pigs and sensitized guinea pigs treated
with saline and with LMWH. PC100: The provoking methacholine
concentration causing a 100% increase from baseline in Rrs; LMWH:
Low-molecular-weight heparin; Rrs: Respiratory resistance.
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ferences in the serial changes in respiratory resistance after
antigen exposure between pretreatment with inhaled dextran
or saline. Dextran did not have a significant effect on either
the peak immediate response or the peak late response (Table

1.

3.2. The effects of oral dalteparin on the bronchoconstric-
tion induced by antigen exposure

Pretreatment with oral dalteparin significantly inhibited
the increase in respiratory resistance induced by antigen
exposure at 8 and 10 min and 6, 7, §, 10, 11, 12 and 24 h
compared with the effect of pretreatment with tap water
alone. Oral dalteparin completely suppressed the late
response, but only partially suppressed the immediate
response. Fig. 7 shows the effects of oral dalteparin on the
peak immediate response and the peak late response.

3.3. The effects of polyelectrolyte substances on the non-
specific bronchoconstriction induced by methacholine
inhalation

Since there were no significant differences in the airway
responsiveness to methacholine between the 31st and the
33rd day (Table 2), we confirmed the reproducibility of the
methacholine challenge test.

Fig. 8 shows the effects of low-molecular-weight heparin
inhalation on the airway responsiveness to methacholine.
Low-molecular-weight heparin significantly inhibited the
airway responsiveness to methacholine in both sensitized
guinea pigs and non-sensitized guinea pigs.

The effects of inhalation of poly-L-glutamic acid, poly-L-
lysine alone, poly-L-lysine after low-molecular-weight hep-
arin and dextran on the airway responsiveness to methacho-
line are summarized in Table 2. Poly-L-glutamic acid
significantly inhibited the airway responsiveness to meth-

2.01 2.0
0.0:
154 ,L| 151 I%S
1.0 1.01
§ ° o § :ﬁ
Q Q
& 057 2742 g 051
o0 o0 — 2%
0.0 Z 0.0
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control guinea pigs OA-sensitized guinea pigs
Fig. 9. Log PC100 in control guinea pigs and sensitized guinea pigs treated
with saline and with P-L-G. PC100: The provoking methacholine
concentration causing a 100% increase from baseline in Rrs; P-L-G:
Poly-L-glutamic acid; Rrs: Respiratory resistance.

acholine in sensitized guinea pigs, but had no significant
effects in non-sensitized guinea pigs. Although poly-L-lysine
significantly enhanced the airway responsiveness to meth-
acholine in both sensitized and non-sensitized guinea pigs,
the airway hyperresponsiveness induced by poly-L-lysine
was significantly suppressed after pretreatment with inhaled
low-molecular-weight heparin 1 h before poly-L-lysine inha-
lation in sensitized guinea pigs. Dextran had no significant
effects on the airway responsiveness to methacholine in
either sensitized or non-sensitized guinea pigs (Fig. 9).

4. Discussion

The present findings showed that low-molecular-weight
heparin and poly-L-glutamic acid, which are anionic poly-
electrolyte substances, inhibited the bronchoconstriction
induced by antigen exposure and the airway responsiveness
to methacholine, while poly-L-lysine, a cationic polyelec-
trolyte substance, induced airway hyperresponsiveness to
methacholine, an effect which was suppressed by pretreat-
ment with inhaled low-molecular-weight heparin. We have
shown previously that pretreatment with inhaled low-molec-
ular-weight heparin inhibits both the immediate response
and the late response induced by antigen exposure and
decreases the percentage of eosinophils in bronchoalveolar
lavage fluid and the number of infiltrated eosinophils in the
airway wall (Maeda et al., 1995). Although there have been
several studies of the anti-inflammatory and anti-allergic
properties of heparin, and of the inhibitory effects of heparin
on the immediate bronchoconstriction elicited by antigen
exposure and airway hyperresponsiveness, we believe this is
the first study showing that low-molecular-weight heparin
inhibits the late response after antigen exposure.

In preliminary experiments, most of the sensitized guinea
pigs died of asphyxiation within 10 min after antigen
exposure if a histamine antagonist was not injected before
antigen exposure. Therefore, we performed preliminary
experiments in which pyrilamine maleate was injected at
concentrations of 1, 2, 5, 10, 20 or 50 mg/kg before antigen
exposure, and used 10 mg/kg for the present study, as this
was the minimal concentration providing a survival rate
greater than 80%. Therefore, this concentration was consid-
ered insufficient to completely antagonize the effects of
released histamine. Thus, the immediate response in our
animal model was considered to be due to histamine, leu-
kotrienes and prostaglandins.

As indicated above, because most of the sensitized
guinea pigs died of asphyxiation within 10 min after antigen
exposure if pyrilamine maleate was not injected before
antigen exposure, histamine may play an important role in
the immediate response in our animal model. Moreover, in
our animal model there is an increase in the percentage of
eosinophils in bronchoalveolar lavage fluid and an increase
in the number of infiltrated eosinophils in the airway wall
(Maeda et al., 1995). In light of these experimental results,
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allergic airway inflammation in our animal model may be
similar to that in human asthma.

In the present study, both inhaled low-molecular-weight
heparin and inhaled poly-L-glutamic acid significantly
inhibited the immediate response and the late response,
and weakened wheezes in sensitized-guinea pigs after anti-
gen exposure. The effects of these anionic polyelectrolyte
substances may be due to neutralization of chemical medi-
ators and the eosinophil cationic granuloprotein by these
anionic substances. In addition, low-molecular-weight hep-
arin inhibited the immediate response more strongly than
poly-L-glutamic acid did. Previous studies indicated that
low-molecular-weight heparin acts as a competitive inhib-
itor of inositol 1,4,5-triphosphate (IP5) receptors in mast
cells (Ghosh et al., 1988; Lucio et al., 1992) and has an
inhibitory effect on histamine release preventing mast cell
degranulation (Ahmed et al., 1997). IP; is one of the second
messengers involved in stimulus-secretion coupling in mast
cells, and it has been demonstrated that heparin inhibits mast
cell-mediated reactions (Lucio et al., 1992). Ahmed et al.
(1994) suggested that heparin prevents antigen-induced
bronchoconstriction and airway hyperresponsiveness by
inhibiting IP3;-dependent mast cell mediator release. The
inhibitory effects of poly-L-glutamic acid on the late
response were equivalent to those of low-molecular-weight
heparin. It was suggested that anionic polyelectrolyte sub-
stances neutralized chemical mediators and eosinophil cat-
ionic granuloproteins such as MBP, eosinophil cationic
protein and eosinophil peroxidase and diminished epithelial
edema and dysfunction, and that consequently the late
asthmatic response was inhibited. Recently, Ahmed et al.
(2000) demonstrated that only ultralow-molecular-weight
heparins caused a dose-dependent inhibition of the anti-
gen-induced immediate and late asthmatic response and
postantigen airway hyperresponsiveness, whereas low-
molecular-weight heparins were ineffective. The discrepan-
cies between their and our results may be caused by the
difference in the dose of low-molecular-weight heparin
administered. In their experiments, low-molecular-weight
heparins (1.25 mg/kg) were dissolved in 3 ml of bacterio-
static injection water and administered into the trachea as an
aerosol over 15—-20 min. The guinea pigs inhaled low-
molecular-weight heparin (about 240 mg/kg) by mean of
an ultrasonic nebulizer in our study. We administered higher
doses of low-molecular-weight heparin than Ahmed et al.
The inhibition of IP; binding to its receptors by heparin is
molecular weight-dependent, and the inhibitory activity
decreases as the size of the heparin chain is reduced below
18 monosaccharide units (Tones et al., 1989). Whereas 10-
to 14-monosaccharide fractions had substantially lower
activity, the 8-monosaccharide fractions (mol. wt. <2500)
had none. Ahmed et al. (2000) focused on the antiallergic
and anti-inflammatory activities of heparin-derived oligo-
saccharides and speculated that these activities might be
inversely related to the chain length (mol. wt. <2500), as
was found to be the case in the inhibition of elastase activity

(Redini et al., 1988). In our study, however, low-molecular-
weight heparin significantly inhibited the antigen-induced
immediate response, the late response and airway hyper-
responsiveness to methacholine. Therefore, it is assumed
that the “cationic—anionic interaction” is important, as are
heparin-derived oligosaccharides, to the mechanism of anti-
allergic activity of heparin.

In the present study, both low-molecular-weight heparin
and poly-L-glutamic acid suppressed airway responsiveness
to methacholine. These protective effects may be due to the
ability of both compounds to reverse antigen-induced dys-
function of muscarinic M, receptors in guinea pigs (Fryer
and Jacoby, 1992, 1993).

Barker et al. (1991) showed that inhaled polyglutamic
acid inhibited bronchoconstriction and airway hyperrespon-
siveness to methacholine after intratracheal instillation of
MBP, whereas Sasaki et al. (1993) reported that the intra-
venous administration of polyglutamic acid did not signifi-
cantly affect PAF-induced airway hyperresponsiveness to
histamine. It was suggested inhalational administration had
a more potent inhibitory effect on bronchoconstriction and
airway hyperresponsiveness after antigen exposure than
intravenous administration. Preuss and Page (2000) reported
that inhaled polyglutamic acid failed to inhibit antigen-
induced bronchoconstriction and airway hyperresponsive-
ness to histamine. The discrepancies between their and our
results may be caused by the difference in molecular-weight
of polyglutamic acid. The molecular-weight of polyglutamic
acid used in their study was 50000—100000, whereas ours
was 14300. Barker et al. (1991) demonstrated that the
negative charge of poly-L-glutamic acid was stronger as
the molecular-weight increased, and that a high-molecular-
weight poly-L-glutamic acid had a more potent ability to
inhibit MBP, eosinophil cationic protein and poly-L-arginine
toxicity to K562 cells in vitro. The possibility remains that
there is a molecular-weight appropriate for inhibitory effects
of poly-L-glutamic acid following inhalation, and that this
may be related to not only the strength of the negative
charge, but also to the diffusion of aerosolized poly-L-
glutamic acid in the airway. It was shown in the present
study that poly-L-glutamic acid did not suppress airway
responsiveness to methacholine in non-sensitized guinea
pigs, while low-molecular-weight heparin suppressed air-
way responsiveness to methacholine in non-sensitized
guinea pigs. The former finding is compatible with a pre-
vious study (Coyle et al., 1993a), whereas the latter is con-
tradictory to the findings of previous studies. Although the
mechanism of the latter finding remains unexplained, the
possibility remains that low-molecular-weight heparin can
directly affect airway smooth muscle (Johnson et al., 1995;
Ceyhan and Celikel., 1995).

Our aim was to study the inhibitory effects of oral low-
molecular-weight heparin because low-molecular-weight he-
parin showed inhibitory effects superior to those of poly-
L-glutamic acid in the present study, and we had not been
aware of reports of the effects of oral low-molecular-weight
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heparin. Therefore, we performed experiments with daltepa-
rin, which is a commercially available low-molecular-weight
heparin. It was shown in the present study that oral dalteparin
significantly inhibited the late response, but not the imme-
diate response after antigen exposure. Although it has been
demonstrated that inhaled dalteparin inhibits the immediate
asthmatic response and airway hyperresponsiveness induced
by antigen exposure (Ahmed et al., 1997), it is not yet known
whether oral dalteparin affects the immediate and late asth-
matic responses after antigen exposure. Sue et al. (1976)
demonstrated that heparin was absorbed from the gastro-
intestinal tract, and that the absorption was poor when
heparin was ionized. This poor absorption may be one of
reasons for the reduced effect of oral dalteparin compared
with inhaled dalteparin. New agents to aid the absorption of
heparin in the gastrointestinal tract and to prevent its migra-
tion into the airways may hold the key to the possible future
therapeutic use of oral heparin.

The present findings showed that inhaled poly-L-lysine
significantly affected neither the immediate nor the late
response after antigen exposure, while inhaled poly-L-lysine
elicited a significant increase in airway responsiveness to
methacholine in both sensitized and non-sensitized guinea
pigs. Pretreatment with inhaled low-molecular-weight hep-
arin before poly-L-lysine exposure suppressed the airway
hyperresponsiveness induced by poly-L-lysine in sensitized
guinea pigs. These findings were compatible with those of
previous studies (Shirotani et al., 1999; Uchida et al., 1996)
and may be attributed to the charge interaction (Gleich et al.,
1974). We speculate that the major mechanisms responsible
for the increased response to methacholine following pre-
treatment with poly-L-lysine may be airway epithelial dys-
function and damage induced by cationic proteins. Epi-
thelial denudation and infiltration of inflammatory cells
were seen when we dissected the lungs of non-sensitized
guinea pigs 12 h after inhalation of poly-L-lysine or poly-L-
arginine, which is also a cationic protein. Pretreatment with
cationic protein may neutralize and remove negative charges
on the airway epithelial cell surface. Chang and Voelkel
(1989) reported that neutralization and/or removal of surface
negative charges would promote the adhesion of inflamma-
tory cells to the lung microvascular endothelial surface,
allowing an increased area of direct contact between other
injurious species and endothelial cells, and that cationic
compounds might further stimulate the release of proteolytic
enzymes and oxidants from neutrophils. The same would
apply to epithelial cells. In an intact guinea pig tracheal tube
preparation in vitro, perfusion of the luminal surface with
polycations increased responsiveness to intraluminally, but
not to extraluminally, applied methacholine, directly dem-
onstrating that cationic peptides may indeed induce airway
hyperreactivity by changing the epithelial layer (Coyle et al.,
1993b). Moreover, there is increasing evidence that cationic
proteins can exert a cytotoxic effect on airway epithelial
cells and also alter airway functions through ‘“non-cyto-
toxic” mechanisms. In addition, cationic proteins appear to

activate sensory nerves (Coyle et al., 1994), to liberate
bradykinin (Shirotani et al., 1999; Coyle et al., 1995), and
to enhance parasympathetic neurotransmission (Costello et
al., 1997). Recently, Meurs et al. (1999) suggested that the
enhanced sensitivity to intraluminal methacholine in poly-L-
arginine-treated airways may reflect an enhanced epithelial
permeability for the agonist due to disruption of the dif-
fusion barrier, and that a deficiency of nitric oxide, which is
one of the epithelium-derived relaxing factors, was involved
in polycation-induced airway hyperreactivity. One possible
mechanism of polycation-induced nitric oxide deficiency
could be polycation-induced inhibition of the cellular uptake
of L-arginine by cationic amino acid transporters, as indi-
cated in rat and guinea pig alveolar macrophages and
tracheal epithelial cells (Hammermann et al., 1999). More-
over, it has been shown that the presence of heparin together
with cationic proteins blocked the inhibitory effect of cat-
ionic proteins on L-arginine uptake (Hammermann et al.,
1999).

We showed that inhaled dextran did not significantly
affect either bronchoconstriction after antigen exposure or
airway responsiveness to methacholine in both sensitized and
non-sensitized guinea pigs. Coyle et al. (1993a) reported that
instillation of dextran sulfate increases airway responsive-
ness, and that this may be related to the well-documented
ability of dextran to elicit mast cell degranulation (Ankier et
al., 1968). However, our neutral dextran showed no signifi-
cant effects. It is suggested that this ability of dextran to elicit
mast cell degranulation is less important than the charge
interaction in the present experiments.

We believe this is the first study to investigate the effects
of anionic polyelectrolyte substances, except heparin and
cationic polyelectrolyte substances, on serial bronchocon-
striction for as long as 24 h after airway challenge with
antigen. The findings of the present investigation showed
that the “cationic—anionic interaction” may play an impor-
tant role in the immediate and late asthmatic responses and
airway hyperresponsiveness in bronchial asthma. How
charge interaction contributes to the pathophysiology of
bronchoconstriction in bronchial asthma needs further in-
vestigation.
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