G protein on their surfaces can, in the
absence of other virus proteins, be used
to investigate the ability of VSV G pro-
tein to cause membrane fusion. Fusion
was observed at low pH and in the
absence of any other virus-specific pro-
teins. The formation of polykaryons re-
quired that G protein be anchored at the
cell surface and was specifically inhibit-
ed by monoclonal antibodies to G pro-
tein.
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Immunologically Induced Alterations of Airway

Smooth Muscle Cell Membrane

Abstract. Active and passive sensitization, both in vivo and in vitro, caused
significant hyperpolarization of airway smooth muscle cell preparations isolated
from guinea pigs. An increase in the contribution of the electrogenic Na* pump to
the resting membrane potential was responsible for this change. Hyperpolarization,
as induced by passive sensitization, was not prevented by agents that inhibit specific
mediators of anaphylaxis but was abolished when serum from sensitized animals was
heated. The heat-sensitive serum factor, presumably reaginic antibodies, appears to
be responsible for the membrane hyperpolarization of airway smooth muscle cells

after sensitization.

A number of respiratory diseases, in-
cluding bronchial asthma, are character-
ized by an increased bronchoconstrictive
response to numerous stimuli such as
histamine or methacholine inhalation.

The physiological factors underlying this
so-called airway hyperreactivity are
poorly understood. One idea is that fun-
damental changes may occur in the ex-
citability and contractile properties of

the airway smooth muscle itself (/). We
showed that, in guinea pigs, sensitization
with ovalbumin is associated with hyper-
polarization of airway smooth muscle
and that this hyperpolarization is, in
turn, related to an increase in the contri-
bution of the electrogenic Na™ pump to
the resting membrane potential. Further,
hyperpolarization of the airway smooth
muscle could be produced by passive
sensitization in vitro and was not pre-
vented by agents that inhibit mediators
of anaphylaxis. However, heating serum
obtained from sensitized animals pre-
vented the change in resting membrane
potential. These findings suggest that the
airway response induced by sensitization
to antigen involves a direct interaction
between specific serum antibodies and
the airway smooth muscle cell mem-
brane. Thus, in addition to the role of the
vagal reflex (2), release of mediators
from mast cells (3), and possible alter-
ation of specific membrane receptors (4),
changes in airway smooth muscle mem-
brane can be responsible for the phe-
nomenon of airway hyperreactivity.
Segments of the middle portion of tra-
chea isolated from male guinea pigs of
the Camm-Hartley strain were studied in
a temperature-controlled chamber as de-
scribed (5). Single smooth muscle cells
of tracheal muscle were impaled with
glass microelectrodes made of borosili-
cate glass filled with 3M KCI and having
a tip potential less than 10 mV and
resistance of 80 to 90 megaohms. The tip
potential and the resistance of each elec-
trode were measured after each impale-
ment. Successful impalement of a cell
was indicated by a prompt negative de-
flection of the oscilloscope trace and
maintenance of a steady potential (within
5 mV) for at least 10 seconds (6). Simul-
taneously with the measurement of rest-
ing membrane potential (E,,), the isomet-
ric force developed by tracheal segments
was measured by means of a special

Table 1. The effect of active sensitization, active sensitization and resensitization, passive in vivo and in vitro sensitization on the resting
membrane potential of guinea pig airway smooth muscle cells, and the response of airway smooth muscle preparations to ovalbumin, ouabain
(107°M) and K*-free solution. Values are means * standard error; N.R., no response; N.D., not done.

Peak response to ovalbumin Eyn (mV)
Condition E, (mV) E Peak After After
( m%) isometric 107°M K*-free
force (g) ouabain solution
Controls -61.3 £ 0.5 N.R N.R. —49.3 = 0.6 —50.7 = 0.4
Active sensitization -72.7 = 0.6* -56.3 £ 0.3 3.8 £0.3 -51.8 £ 0.5 -51.9 = 0.6
Active sensitization and re- —78.1 £ 0.5*% -53.7 £ 0.8 7.8 0.4 -49.9 * 0.9 -51.4 £ 0.5
sensitization
Controls -60.5 = 0.4 N.R. N.R. N.D. N.D.
Passive sensitization in vivo —69.5 £ 0.3* ~512 % 1.3 53 +1.1 -50.5 £ 0.8 N.D.
Controls -60.7 * 0.6 N.R. N.R. —495 £ 5§ N.D.
Passive sensitization in vitro —68.5 £ 0.4* ~53.0 £ 0.9 4.7 £ 0.7 -50.2 £ 0.6 N.D.

*P < 0.001 compared to control.
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Table 2. The effect of passive sensitization on the resting membrane potential of guinea pig
airway smooth muscle cells in the absence and presence of specific mediator inhibitors of
antigen-antibody reaction and disodium cromoglycate (DSCG). Response of tracheal prepara-
tions to 0.1 percent ovalbumin. ETYA is 5,8,11,14-eicosatetraynoic acid (Roche); FPL 55712
is sodium 7-3-(4-acetyl-3-hydroxy-2-propylphenoxy)-2-hydroxypropoxy-4-oxo-8-propyl-4H-1-
benzopyren-2-carboxylate (Fisons). Values are means *+ standard error; N.R., no response.

Peak response to ovalbumin

Condition E. (mV)
E, (mV) Isometric force (g)

Controls -60.7 = 0.3 N.R. N.R.
Passive sensitization in vitro ~68.5 * 0.7 155 £ 0.8 5.7 + 0.6

With diphenhydramine (1075M) —-68.7 £ 0.2 15.3 £ 0.2 5.0+0.2

With methysergide (10~°M) —68.2 £ 0.3 142 £ 0.5 3.7+0.6

With indomethacin (107°M) -69.4 £ 0.5 18.4 £ 0.2 7.7 £0.4

With ETYA (107°M) -68.1 £ 0.4 143 + 0.7 4.1+ 0.6

With FPL 55712 (107°M) -679 13 59 +0.2 1.9 £ 0.4

With DSCG (2 mg/100 ml) -68.3 + 0.8 12.7 + 0.5 3.8 +0.4

metal holder on which a pair of micro—
strain gauges was attached (5). In the
first part of these studies, four experi-
mental groups were investigated: (i) ani-
mals sensitized to ovalbumin and pertus-
sis vaccine (5); (ii) animals sensitized to
ovalbumin and resensitized for 2 weeks
(5); (iii) animals passively sensitized in
vivo (7); and (iv) airway smooth muscle
preparations passively sensitized in vitro
(7, 8). Table 1 shows the value of E,, for
each group studied and the correspond-
ing control groups. The E; of normal
airway smooth muscle cells was —61.3
+ 0.5 mV (standard error) (464 cells).
Fourteen days after sensitization of ani-
mals to ovalbumin and pertussis vaccine,
the value of E,, increased to a mean of
—72.7 = 0.6 mV (583 cells; P < 0.001).
In a separate series of experiments in
which the guinea pigs were sensitized
with ovalbumin only, we found a similar
increase in E;, (—72.4 = 0.4 mV; 380
cells). In the group of resensitized ani-
mals (after the third resensitization), E,,
increased to —78.1 = 0.5 mV (328 cells).
Passive sensitization in vivo was induced
with two intraperitoneal injections of se-
rum obtained from resensitized animals
given within a period of 48 hours. Con-
trol animals received normal serum in a
similar period. As compared to controls,
which had a mean E_, of —60.5 = 0.4
mV, the E,, of the passively sensitized
airway smooth muscle increased to
—69.5 = 0.3 (350 cells; P < 0.005). Pas-
sive sensitization in vitro of airway
smooth muscle preparations from both
guinea pigs and rabbits was done with an
Austen technique (8). Preparations of
airway smooth muscle were incubated
with serum (final dilution, 1:10) obtained
from resensitized animals (9). After 2
hours of incubation at 37°C and repeated
washing of the chamber, the E,; of these
passively sensitized airway smooth mus-
cle cells was —68.5 = 0.4 mV (250 cells)
for guinea pigs and —68.2 = 0.8 mV (200
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cells) for rabbits. Control cells (exposed
similarly to normal serum) had an E,, of
—60.7 = 0.6 mV for guinea pigs (200
cells) and —60.1 = 0.9 mV for rabbits
(150 cells). After ovalbumin, all actively
and passively sensitized tissues devel-
oped a contractile response and were
depolarized (see Table 1).

To test whether specific antibodies
were involved in passive sensitization,
we exposed airway smooth muscle prep-
arations from normal guinea pigs and
rabbits to serum from sensitized guinea
pigs and rabbits, respectively, in which

reaginic antibodies were inactivated (in- .

cubation of serum for 2 hours at 60°C)
(7). Passive in vitro sensitization with
this treated serum did not increase the
E,, of rabbit airway smooth muscle cells,
and these tissues did not show contrac-
tile responses to ovalbumin. In the air-
way smooth muscle preparations from
guinea pigs, a passive in vitro sensitiza-
tion with a heated serum partially inhibit-
ed both an increase in the E, and the
contractile response to ovalbumin
(P < 0.001). In guinea pigs, sensitization
usually produces two types of reaginic
antibodies, immunoglobulins G and E
(IgG and IgE), whereas in rabbits, only
IgE is detected (10). Of these two types
of antibodies, only IgE is heat sensitive
(10). Thus, our data suggest that in guin-
ea pigs both IgE and IgG may cause an
increase in E_, whereas in rabbits,
changes in E,, are related to the presence
of IgE only.

Since E;, depends on both active and
passive ion transport, we performed ex-
periments to determine the contribution
of the electrogenic Na* pump to E, in
normal and sensitized airway smooth
muscle preparations. This was done by
measuring the membrane potential be-
fore and after the pump was inhibited
with ouabain (107°M) or K*-free solu-
tion (I1). All tissue from actively sensi-
tized animals and from actively sensi-

tized and resensitized animals, as well as
tissue sensitized passively in vivo and in
vitro, showed marked potentiation of the
contribution of the electrogenic Na*t
pump to the E,, of airway smooth muscle
cells (Table 1). Thus, the increase in E,
after sensitization appears to be due to
an increase in the contribution of the
electrogenic Na* pump.

It is possible that sensitization-in-
duced hyperpolarization is produced by
mediators released from mast cells (3, 7).
Alternatively, a direct interaction of spe-
cific antibodies and airway smooth mus-
cle cell membrane may result in mem-
brane hyperpolarization. To test these
possibilities, passive sensitization in Vvi-
tro was done in the presence of specific
inhibitors of mediators of anaphylaxis
before E, was measured. Selection of
doses of these specific antagonists was
based on the data of Coleman (12), who
showed the efficacy of these concentra-
tions in mediator release in guinea pigs.
The addition of diphenhydramine (a his-
tamine H, receptor antagonist), methy-
sergide (an antagonist of serotonin), in-
domethacin, and ETYA (5,8,11,14-eico-
satetraynoic acid), both prostaglandin
and leukotriene synthesis inhibitors,
FPL 55712 (an antagonist of the slow-
reacting substance) and disodium cro-
moglycate (an agent that stabilizes the
membrane of mast cells), to the incuba-
tion medium did not inhibit the increase
in the resting membrane potential of air-
way smooth muscle cells (Table 2). This
fact suggests that the release of one or
more mediators of anaphylaxis is not
responsible for the hyperpolarization of
the cells that follows passive sensitiza-
tion in vitro. However, treatment of air-
way smooth muscle preparations with
these compounds modified both the de-
gree of depolarization and the contrac-
tion induced by ovalbumin. Treatment of
the preparations with methysergide,
ETYA, FPL 55712, and disodium cro-
moglycate decreased the magnitude of
the contractile response, suggesting the
possible participation of serotonin, pros-
taglandins, leukotrienes, or other media-
tors released from mast cells in this
response. In contrast, treatment with
indomethacin potentiated both contrac-
tile and electrical responses, a finding
reported earlier by others (13).

These experiments suggest that the
membrane hyperpolarization observed
in sensitized airway smooth muscle is
probably not due to the release of media-
tors from mast cells or other inflamma-
tory cells. Most of the mediators of ana-
phylaxis would be expected to cause a
depolarization rather than hyperpolari-
zation of smooth muscle cells (/4). Fur-
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thermore, the presence of sodium cro-
moglycate, which stabilized the mem-
brane of mast cells, did not influence the
observed hyperpolarization. However,
the role of mediators such as vasoactive
intestinal peptide or substance P was not
tested.

Stimulation of the electrogenic Na*
pump could occur through binding of
antibodies or circulating immunocom-
plexes to the cell membrane. This could
increase membrane permeability for so-
dium with a consequent stimulation of
the electrogenic Na* pump. This possi-
bility is consistent with the observation
that a receptor-ligand type of interaction
between immunocomplexes and poly-
morphonuclear leukocytes also leads to
hyperpolarization (/5). In macrophages,
the Fc receptor is a ligand-dependent
sodium channel (/6). After binding of
specific reaginic antibodies on Fc recep-
tors, an increase in Na* influx was ob-
served, followed by an increase in Na*-
and K" -dependent adenosinetriphospha-
tase activity and consequent increases in
the resting membrane potential of mac-
rophages (16). Thus, the alteration in the
Na™* gradient which occurs as a result of
membrane permeability for Na® may
lead to the increase in the calcium influx
through the Na‘'-Ca’?" exchange. This
may cause the airway smooth muscle to
be more responsive to stimulation. Fur-
thermore, the binding of specific anti-
bodies on the membrane may result in an
increase in Ca®"-activated K™ conduc-
tance (16).

Calcium flux across rat mast cell mem-
brane is promoted by cross-linking IgE
receptors (/7). In addition, the interac-
tion of circulating immunocomplexes
with complement during sensitization
could activate complement (/8) with the
possible formation of the anaphylatoxin
component of complement, C5a. It has
been indeed shown (/9) that C5a and the
synthetic bacterial factor analog fMet-
Leu-Phe can induce a hyperpolarization
of macrophages or polymorphonuclear
leukocytes primarily by stimulation of
the electrogenic Na* pump. Finally, the
alteration in function of some receptors,
such as beta receptors, that occurs after
sensitization may increase the electro-
genic Na* pump activity. Antibodies to
beta receptors may be present in the
serum of patients with bronchial asthma
).

It can be argued that alteration of the
resting membrane potential is related to
the use of pertussis vaccine. However,
in a separate series of experiments, guin-
ea pigs were sensitized with ovalbumin
only, and we observed a similar increase
in the resting membrane potential. Fur-
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thermore, in our studies, rabbits were
sensitized with ovalbumin only.

In addition to the other factors that are
involved in the mechanism of airway
hyperreactivity—including the activa-
tion of the vagal reflex (2), the release of
mediators from mast cells and other cells
(3, 8), and alteration of specific recep-
tors—this study showed that sensitiza-
tion caused a direct alteration of airway
smooth muscle membrane. It is of inter-
est that an alteration of the cell mem-
brane, including. the activation of the
electrogenic Na* pump, was shown re-
cently to exist in vascular smooth muscle
of animals with systemic hypertension
(20).

M. SOUHRADA
J. F. SOUHRADA
John B. Pierce Foundation Laboratory,
Yale University, New Haven,
Connecticut 06519
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Neural Mechanisms of Sound Localization in an

Echolocating Bat

Abstract. The mustache bat emits a three-harmonic echolocation pulse. At the
external ear, large interaural intensity differences are generated only when a sound
originates within a limited area of two-dimensional space, and this area is different
for each pulse harmonic. As a consequence, the external ear generates pronounced
bindural spectral cues containing two-dimensional spatial information. This infor-
mation is encoded in the inferior colliculus by neurons tuned to one of the harmonics
and sensitive to interaural intensity differences.

Many mammals, particularly noctur-
nal species that rely heavily on audition,
can resolve the horizontal and vertical
spatial coordinates of a sound source
with precision. It is generally accepted
that horizontal sound location is deter-
mined through a binaural comparison of
arrival time, phase, and intensity dispari-
ties (/). Less is known of the mecha-
nisms underlying vertical sound localiza-
tion, but psychoacoustic studies in hu-
mans suggest that spectral cues may play
an important role (2). For example, we
tend to associate higher frequencies with
an elevated sound source. Such studies
suggest that sound frequency contains
inherent spatial information (3).

Spectral cues are generated by the

frequency-dependent directional proper-
ties of the external ear (4-6). Maximum
acoustic energy reaches the tympanum
when a sound originates along the
“‘acoustic axis’’ of the external ear (7).
The angles of the acoustic axis, relative
to the tympanum, change with frequency
(6). Different frequencies are therefore
perceived as loudest when they originate
at different points in space, hence their
spatial attributes. It follows, then, that
the ear will modify the power spectrum
of a broadband sound as a function of
sound location. The perceived power
spectrum will also differ at the two ears
as a function of location, creating binau-
ral spectral cues. Such cues permit a
simultaneous comparison of interaural

725





