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Abstract- The effect of histamine on lung cAMP metabolism in normal and Bordetellu pertussis-vac-
cinated mice was investigated. Histamine was shown to elevate lung cAMP in both types of animals
in a dose-dependent manner. Pertussis-vaccinated mice, however. showed a marked shift to the left
in the histamine dose-response curve. The EDs, for normal and pertussis-vaccinated mice was 80
and 0-25 mg/kg respectively. The histamine-induced rise in cAMP was maximum | min after injection
and diminished thereafter. The effect of histamine on pulmonary cAMP may be mediated indirectly,

as it occurred in vivo but not in ritro.

Vaccination of certain strains of mice with whole
cells, or cell fractions. of the bacterium Bordetella per-
tussis induces in those animals an increased sensitivity
to histamine [1-3]. This hypersensitivity to hista-
mine is one observation that led to the suggested use
of the pertussis-vaccinated mouse as an animal model
for the study of bronchial asthma [4]. The biochemi-
cal basis of this histamine hypersensitivity is un-
known. However, the ability to mimic the pertussis
effect with acute administration of agents such as pro-
pranolol and dichloroisoproterenol [5.6] led to the
speculation that a beta-adrenergic blockade may be
involved [4]. Investigations of spleen adenosine
3.5-monophosphate (CAMP) metabolism in normal
and pertussis-vaccinated mice has supported that con-
cept [7. 8]. Histamine-induced death in pertussis-vac-
cinated mice is preceded by cyanosis and rapid la-
bored breathing suggestive of possible respiratory im-
pairment. Because histamine is a potent constrictor
of bronchial smooth muscle [9] and because recent
evidence suggests that it may act in part through
cAMP [10, 117, the present investigation was under-
taken to evaluate the cffects of histamine on cAMP
metabolism in lungs of normal and pertussis-vac-
cinated mice. A preliminary report of these studies
was given at the 1974 meeting of the Federation of
American Societies for Experimental Biology [12].

MATERIALS AND METHODS

Animals. Female CFW mice (20-24 g) were ob-
tained from Carworth Animal Farms, New York,
N.Y., USA. caged in groups of six to ten, and fed
ad lib.

Sensitization. Merthiolated suspensions of B. pertus-
sis (4 x 10'° cells/ml, Eli Lilly & Co., Indianapolis,
Ind., U.S.A)) were diluted 1:2 in sterile, pyrogen-free
physiological saline. The diluted vaccine (0-5 ml) was
injected intraperitoneally (i.p.) in a single dose to sen-
sitize the mice. The animals were sacrificed 5 days
after vaccination.

Challenge and collection of sumples. Histamine di-
phosphate was dissolved in pyrogen-free physiologicul
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saline before each experiment. Mice received the indi-
cated doses of histamine base in a volume of 0025
ml/g. i.p. Control animals received an equivalent vo-
lume of saline. The animals were killed by cervical
dislocation after a sharp biow to the base of the skull,
unless otherwise indicated [13]. After sacrifice, the tis-
sues were removed. frozen rapidly between blocks of
dry ice and subsequently analyzed for cAMP content.

Extraction and measurement of ¢cAMP. In most of
the studies. CAMP extraction was accomplished by
the procedure described by Armstrong et «l. {14], mo-
dified by the addition of an aluminum oxide (0-25
g/ml for 30 min) adsorption step between Tris neu-
tralization and application to the Dowex 2 column
[15]. After lyophilization and reconstitution in 100
mM acetate buffer (pH 4:0), cAMP was determined
by the method of Gilman [16], modified by the usce
of charcoal to adsorb out free [*H]-cAMP as de-
scribed by Brown er ol. [17]. Radioactivity was as-
sayed in Bray's counting solution in a Beckman liquid
scintillation system [18]. In some studies. cAMP ex-
traction and determination were performed using the
procedures outlined by Robison er «l. [19] with com-
parable results.

In vitro experiments. Chopped lung preparations
were prepared and incubated as described by Palmer
[10. 11]. Normal and pertussis-vaccinated mice were
killed and their lungs removed and placed in cold
(4) Krebs Ringer bicarbonate buffer (pH 7-4) con-
taining glucose (1-8 mg/ml). The tissue was washed
to remove excess blood and chopped on a Mecllwain
tissue chopper into I-mm cubes. The tissue fragments
were washed three times and then preincubated at
37 in a Dubnoff metabolic shaker incubator for 45
min. The incubation fluid was changed two times dur-
ing this period. Sumple gassing with an O, CO5 mix-
ture (95 : 5) was maintained throughout all the above
operations. At the end of the preincubation period,
the test agents, dissolved in the same buffer, were ad-
ded and the incubation was continued for an ad-
ditional 15 min. The incubation was terminated by
acidification (0-4 N final concentration) with perchlor-
ic acid and homogenization of the total contents of
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Table 1. Effect of histamine on cyclic AMP levels in tissues of normal and pertussis-vaccinated mice*

Normal Normal + Pertussis Pertussis -

Tissue control histamine control histamine
Spleen 103 + 09 88 + 12 67 + 1-1 64 + (06
Heart 47 + 07 64 + 07 534+ 08 65 + 04
Abdominal

muscle 92+ 06 93 + 06 &7 £ 05 106 + 07
Kidney 67 + 0% 91 + 13 80+ 15 93 + K
Skeletal

muscle 45 + (02 S8+ 04 66 + 12 75 = 07
Small intestine 176 + 19 136 + 07 211 + 25 130 + 05
Liver 45+ 06 57+ 03 62+ 03 73 + 03
Lung 153 4+ 13 79 4+ 1'5 127 + 10 287 4+ 24

* Mice received 25 mgikg of histamine base (as the diphosphate salt) i.p. 20 min prior to sacrifice. The animals

were killed by enclosure in a chloroform-saturated environment followed by cervical dislocation. Values of ¢cAMP
are expressed as pmoles:mg of protein £ S E. M. and represent the mean of 12 determinations. Cyclic AMP was
extracted and measured by the method of Robison ¢r {197,

the incubation vessel in a Polytron tissue homogen-
izer. Cyclic AMP was determined as described above.
Cell-free adenylate cyclase activity measurements
were performed using the procedure of Thompson et
al. [20].

Protein determination. Protein was determined by
the method of Lowry et al. [21] using bovine serum
albumin fraction V as standard.

Reagents. Histamine diphosphate. epinephrine-HCL
cAMP, theophylline and Dowex 2 (100-200 mesh)
were purchased from Sigma Chemical Co.. St. Louis,
Mo., US.A.: [*H]JcAMP from Schwarz/Mann, Oran-
geburg, N.Y., USA.: aluminum oxide (neutral, ac-
tivity grade Ij from M. Woelm, West Germany: and
the remainder of the chemicals from Fisher Scientific
Co., Pittsburg, Pa. U.SA.

RESULTS

Tissue cAMP levels after pertussis vaccination and,
or histamine challenge. Cyclic AMP levels were deter-
mined for a number of tissues after pertussis vaccina-
tion and:or histamine challenge. The results shown
in Table | reveal that the normal resting cAMP con-
tent of the tissues examined ranged from 45 pmoles:
mg of protein in liver and skeletal muscle to 17-6
pmoles;mg of protein for small intestine. Histamine
challenge of normal animals clicited no significant
alteration in the cCAMP content of any of the tissues
examined except small intestine where a significant
(P < 0-05) drop in cAMP content was observed. Per-
tussis vaccination caused no significant alteration in
the cCAMP content of any of the tissues examined ex-
cept spleen [7.8]. The combination of pertussis vac-
cination and histamine challenge clicited no alter-
ations in cAMP content of any of the tissues exam-
ined except lung, where an approximate 100 per cent
increase from 133 + -3 to 287 + 24 pmoles;mg
of protein occurred. This latter value was significantly
different by the Student r-test {P < 0-05) from lung
CAMP levels observed under other experimental con-
ditions,

Time of the histamine-induced ¢cAMP accumulation
in luny. To study the relationship between time after
histamine challenge and lung ¢cAMP elevation. ani-
mals were sacrificed at various time intervals after

an 8 mg kg i.p. injection of histamine. Figure | shows
that the increase in ¢cAMP seen in pertussis-vac-
cinated mice was greater at 1 min after histamine in-
jection and diminished throughout the remainder of
the observation period. A similar rapid initial rise and
subsequent decline could be seen in normal animals
but was much less pronounced.

Effect of histumine dose on ¢cAMP accumulation in
lung. Normal and pertussis-vaccinated mice received
doses of histamine ranging from 0-13 to 64 mgkg.
Two min later they were killed and the lung cAMP
content was determined. It is apparent from these re-
sults (Fig. 2) that the dose-response curve for vac-
cinated mice has been shifted to the left with a change
in the FDsq from 80 to 025 mg/ke.

Effect in vitro theophylline. histumine and epineph-
rine on ¢cAMP accumulation. The results of additions
of these agents in rvitro to the chopped lung prep-
arations are summarized in Table 2. Tissues from
both normal and pertussis-vaccinated mice responded

Pertussis Treated
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cAMP (pmoles/mg PROTEIN)
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Fig. 1. Effect of histamine on cAMP content of lung tissue
in normal and pertussis-vaccinated mice. Animals received
8 mg/kg of histamine base. At the times indicated, they
were killed and lung cAMP was determined. The values
are expressed as pmoles/mg of protein. Each point rep-
resents the mean +S. E. M. 12 determinations. Key: (@)
normal animals: and (A) pertussis-vaccinated animals.
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Fig. 2. Effect of varying doscs of histamine on the cAMP
content of lung tissue from normal and pertussis-vac-
cinated mice. The animals were killed 2 min after ip.
administration of histamine. Values are expressed as pmo-
les/mg of protein + S. E. M. of 12 determinations. Key:
(®) control animals: and (&) pertussis-vaccinated animals.

to theophylline (3 mM) with approximate 150 per
cent increases in cAMP. Neither tissue type res-
ponded to histamine (5 x 10° M), The addition of
both theophylline and histamine acted synergistically
in increasing CAMP levels in both tissue types by 250
per cent. Addition of epinephrine (5 x 1077 M)
caused a marked increase in cAMP in both tissue
types. The same pattern of histamine and epinephrine
stimulatory effects were seen when cell-free homo-
genates were measured for adenylate cyclase activity
(Table 3).

DISCUSSION

The current studies demonstrate that pertussis vac-
cination leads to a significant alteration in cAMP
metabolism in lung tissue. While pulmonary cAMP
levels of both normal and pertussis-vaccinated mice
increase after histamine administration. the responses
are quantitatively different. Pertussis-vaccinated mice
respond to much lower doscs of histamine. This in-
creased sensitivity is most apparent from the 30-fold
shift of the D5, from approximately 80 to 025
mg/kg. In pertussis-vaccinated animals. the maximal
stimulated levels remained unchanged but were
reached with a fraction of the dose required in normal
animals. Further. this accumulation of ¢cAMP was
shown to be a very rapid and rclatively short-lived

Table 3. Adenylale cyclase activation in vitro with hista-
mine or epinephrine®

Normal Pertussis

Control 174 + 25 202 + 10
Histamine

(107 M) 164 + 4 181 + 11

(10 M) 167 + 31 165 + 10

107+ M) 172+ 7 173+ 1
Epinephrine

(10 M) 308 + 80 329 + 26

(1075 M) 377 + 90 364 + 21

(10 + M) 442 + 29 395 + 26
NaF

(10 * M) 808 + 74 709 + 33

* Values are expressed as pmoles cAMP formed/min/mg
of protein. Each value is the mean + S. E. M. of four
determinations.

response. The maximum response was seen as early
as | min after histamine administration and
diminished rapidly thercafter. This may be an impor-
tant consideration when attempting to correlate these
changes with histamine-induced shock and death.
Animals appear relatively unaffected at 1-2 min after
histamine administration. a period when cAMP levels
are highest. but appear to be in a pronounced state
of shock after 15-20 min, a period coincident with
a return in pulmonary cAMP levels to near normal.
This might suggest that either the two events (elevated
lung cAMP and death) are unrelated causally or the
initial rise in cAMP sets off a chain of events which
can persist and produce death after cAMP levels have
returned to near normal.

While it is obvious from these data that cAMP
metabolism is significantly altered in lungs of pertus-
sis-vaccinated mice. there is no evidence presented
here which is incompatible with the suggestion that
¢GMP rather than cAMP could be involved in hista-
mine-induced shock and death in pertussis-vaccinated
mice [22]. It is possible that the increase in cAMP
might occur as part of a homeostatic adjustment in
response to histamine administration. Bourne et al.
[23] have demonstrated that histamine causes an in-
crease in leukocyte cAMP and have suggested that
this may function as a negative feedback mechanism
to limit further release of histamine and thus limit
the inflammatory process. According to this concept,
the increase in pulmonary cAMP may be the result
of an attempt to avoid death, rather than a contribut-
ing cause of it.

Table 2. Effects in ritro of theophylline. histamine and cpinephrine on chopped lung
fragments from normal and pertussis-vaceinated mice*

Normal Pertussis
Control 147 + -8 (16) D+ 11(12)
Theophylline 374 - 434 208 + 48 (4)
Histamine 136 4+ 2:0(12) 119 + 1:2(6)
Theophylline +
histamine 495 + 67 (4) 395 + 70 (4)
Epinephrine 1179 + 181 (8)

902 + 80 (14}

* Values are expressed as pmoles cAMP/mg of protein + S. E. M. Theophylline

5

concentration was 3 mM while histamine and epinephrine were each $ x 107% M.
The numbers in parentheses represent the number of determinations.
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Polson ¢t ul. [22] failed to observe these striking
differences in cAMP metabolism between normal and
pertussis-vaccinated mice. From our data it can be
seen that the reasons for this could have been their
selection of a dose of histamine (70 mg'kg) and time
after administration (5 and 10 min) which were not
conducive to detection of the difference.

The cell type(s) in the lTung responsible for the in-
creased CAMP cannot be deduced from the current
studies. However. a reasonable candidate would be
cells of the lymphoid scrics shown to infiltrate the
lungs of pertussis-vaccinated mice in large numbers
[247. This would certainly be consistent with the
hypothesis that the increased cAMP s the result of
histamine acting in a negative feedback capacity to
limit its own release. Failure to observe a similar his-
tamine effect on ¢cAMP in spleens of these animals,
which also undergo a marked increase in lymphoid
cell content. does not detract from this idea. since
there is no evidence that the cell types accumulating
mn lung and spleen are similar cither morphologrcally
or functionally.

The failure of the administration of histamine in
vitro to induce cAMP accumulation in cither chopped
lung or cell-free homogenates suggests that a direct
interaction between histamine and the enzymes regu-
lating cAMP  metabolism  (adenylate  cvelase and
phosphodiesterase) is not involved. This raises the
possibility that histamine may be acting through
some as vet umdentified intermediate. Failure to
demonstrate a difference in the effect of epinephrine
in vitro on CAMP metabolism in normal and pertus-
sis-vaccinated mousc lung suggests that cpinephrine
may not be that intermediate as has been suggested
[22,25]. However. more extensive studies both in vivo
and in ritro with a wide range of catecholamines
as well as agonists and antagonists are needed to
clucidate their role if any in this phenomenon.
Another class of compounds which require cvaluation
in this regard are the prostaglandins, most cspecially
those of the E and F series. which have been shown
o regulate smooth muscle tone [26-28], modulate
the inflammatory response [29]. and influence ¢cAMP
metabolism 28 30].

Acknowledgements  This research was supported by a
crant (HL-18250) {rom the U.S. Public Health Service. |
am grateful to Ms Elizabeth Norris and Mrs. Susie Rubit
for technical assistance. and to Drs. G. Alan Robison and
I'homas I, Burks for helpful discussions.

e b

4. A. Szentivanyi. J.

"

0.

IS
16.

IR.
Y.

20.

o) Curry and FoCo Lowelll J.
. G C. Palmer. Biochim. biophys. Acta 252, S61 (1971).
. G CoPalmer. Biochem. Pharmae, 21, 2907 (1972,

. ROAL Ortez. Fedn. Proc. 33, 586 (1974).

. H. Kimura, E. Thomas and F. Murad. Biochim. hio-

. B. L. Brown, R.

. O. H. Lowry, N. I Roscbrough, A,

RICHARD A. ORTEZ

REFERENCES

1. A. Parfentijev and M. A, Goodline. /. Pharniac. exp.
Fher. 92, 411 (1948).

- LS. Kind. Bact. Rer. 22, 173 {1958).

I Munoz and R. K. Bergman. Buaer. Rero 320 103
11968).

HHergy 42, 203 (1968).

R. G. Townley, 1. L. Trapani and A, Ssentivanyi. J.
Alergy 39, 177 (1967).

A Szentivanyi. S. Katsh and R. G Townley Jo Hlergy
41, 107 (196XK).

. R.A. Ortez. T. W, Kicin and A. Szentivanyi. J. Hlergy

45, 11 (1970

. RUA Ortez. DL Seshachalam and AL Szentivanyi. Bio-

chen Pharmace.. 240 1297 (1975),
Hlergy 19,9 (194K).

phys. Acta 343, 519 (1974},

KoL Armstrong. L ED Stoufler. R G Van Inwegen.

W. 1. Thompson und G. A, Robison. J. hiol. Chen.
249, 4226 {1974).

J. Ramachandran. Analvi. Biochem. 43, 227 11971,
AL G, Gilman, Proc. natn. Acad. Seio U851, 67,
{19701,

305
P. Ekins and J. D. M. Albano, Adr.
Cyelic Nucleotide Res. 20 25 (1972).

G. A, Bray, ctnalvt. Biochem. 1, 279 (19600,

G. AL Robison, R0 W, Butcher and . W, Sutherland.
Cyelic AMP.p 456 Academic Presse New York (1971
W I Thompson, R H. Williams and SooAL Lattde.
Archs Biochem. Biophys, 1589, 206 (1973),

. Farr and R.
I Randall, J. biol. Chem. 193, 265 (1951).

_ 1B, Polson. |, ). Krzanowski and A, Szentivanyt. Res.

Commun. Chem. Path. Pharmac. 9, 243 (1974,

23, H. R. Bournce. L. M. Lichtenstein and K. 1. Mchmon,

. H. M. Guirgis and R. G. Towniey. J.

J. Immun. 108, 695 (1972).
{lergy clin, Tim-
mun. 49, 95 (1972).

25, A. A Mathe. S. K. Puri and L. Volicer. Life Sci 15,

1917 (1974).

. M. E. Rosenthale. A. Dervinis. AL L0 Begany, M. Lupi-
dus and M. I Gluckman. Fxperientia 26, 1119 (19701

CHO O ) Collier and W, 1 F. Sweatman. Nature. Lond.
219, 864 (1968).

. B Murad and H. Kimura, Biochin. biophys.
275 (1974).

.G Weissmann, P Dukor and R B, Zurier. Natoe
New Biol 231, 131 (1971).

CFoAC Kuehl Jr. 1 Lo Humes, Vo I Cirio and B
A Ham, Ade. Cyelic Nucleotide Res. 1, 493 (1972).

Tota 343,



