central Illinois. (i) We recaptured a sig-
nificantly smaller proportion of the yel-
low-painted control moths (Table 2). (iii)
We found that the control moths were
more often and more severely injured
than the experimental moths (Fig. 2),
and that much of this injury can be at-
tributed to attacks by birds. We believe
that the most plausible interpretation of
our results is that the black-painted
moths were protected by their resem-
blance to the toxic B. philenor and that
the yellow-painted moths were more fre-
quently attacked because of their resem-
blance to the palatable and nonmimetic
yellow form of the tiger swallowtail.
J. G. STERNBURG
G. P. WALDBAUER
M. R. JEFFORDS
Department of Entomology, University
of Hlinois, Urbana 61801
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Selective Display of Histamine Receptors on Lymphocytes

Abstract. Histamine, acting on histamine type 2 receptors, increases intracellular
cyclic adenosine monophosphate (AMP) and thus modulates the immunologic func-
tions of lymphocytes. Lymphocyte cyclic AMP levels were used to follow the devel-
opment of histamine receptors. The B lymphocytes have no functional histamine re-
ceptors. As T lymphocytes “‘mature’’ in immunologic function—from thymocytes to
cortisone-resistant thymocytes to splenic T lymphocytes—their response to hista-
mine increases. The response of these subpopulations of lymphocytes to isoprotere-
nol is the inverse of the histamine response. It is suggested that the changing display
of histamine receptors plays an important part in the control of immunologic re-

sponses.

Histamine is a low-molecular-weight
hormone, widely distributed in mamma-
lian tissues, and is released from storage
sites by immunologic and other stimuli
(1, 2). The activities of histamine are me-
diated through two specific receptors
which can be distinguished by the com-
petitive effects of specific histamine type
1 or histamine type 2 antagonists. Stimu-
lation of histamine type 1 receptors
causes a variety of well-recognized
“‘pro’’-inflammatory events. At higher
concentrations histamine mediates sever-
al ‘‘anti-inflammatory”’ effects via hista-
mine type 2 receptors (2).

Lymphocytes and other inflammatory

204
Splenic T cells

15+
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lymphocytes

Cortisone-resistant
thymocytes

3]

Cyclic AMP (pmole/107 cells)
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0 1077 1076 1075 1074 10-3
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cells have specific receptors for a wide
variety of hormones (3), including hista-
mine. Histamine inhibits the in vitro cy-
tolytic (tumor destroying) activity of al-
loimmunized effector T spleen cells, and
this effect is paralleled by an increase in
cyclic adenosine monophosphate (AMP)
levels in lymphocytes. Both effects are
blocked by the histamine type 2 antago-
nists burimamide and metiamide, sug-
gesting that histamine acting through spe-
cific histamine type 2 receptors activates
adenylate cyclase, and that the resulting
increase in intracellular cyclic AMP
leads to the inhibition of cytotoxic activi-
ty (4). Histamine can inhibit other lym-

Fig. 1. Young adult age-matched C57B1/6
mice were divided into three groups. For prep-
aration of cortisone-resistant thymocytes, one
group of mice received an intraperitoneal in-
Jjection of 10 mg of cortisone acetate suspen-
sion (Merck). Twenty-four hours later, these
mice were killed. Thymocytes were also ob-
tained from a second group (untreated mice).
The cell yield in cortisone-resistant thymus
glands was approximately 1 x 107 (that is, 5
percent of the cell yield in thymuses of un-
treated mice). A third group of mice was used
as a source of spleen cells. The spleen cells
were treated with ammonium chloride to re-
move red blood cells and were then either
filtered through glass wool to deplete adherent
cells (14) (splenic lymphocytes), or filtered
through glass wool and then incubated for 45

minutes at 37°C in nylon wool columns (/4), and the effluent, nonadherent cells were obtained
(T cell-enriched splenic lymphocytes, designated ““splenic T cells’’). All cell preparations were
then resuspended to 2 x 107 viable cells per milliliter and incubated for 10 minutes with or
without histamine. Intracellular cyclic AMP was assayed as described in the text. The
percentage of immunoglobulin (Ig) positive cells (that is, B cells) was estimated by direct
immunofluorescence staining by rhodamine-conjugated goat antiserum to mouse Fab frag-
ments. The preparation and properties of this antiserum have been described (21). Unfraction-
ated spleen cells contained 55 percent of Ig-positive cells, while T cell-enriched spleen cells
contained 19 percent Ig-positive cells. Similar results were obtained in a total of four experi-
ments with cortisone-resistant thymocytes, and in a total of three experiments with spleen cells
that were passed through nylon wool. (o) T cell-enriched splenic lymphocytes; () splenic
lymphocytes; (o) cortisone-resistant thymocytes; (=) thymocytes of normal mice. Each point
represents the mean + standard deviation of quadruplicate determinations.
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phocyte functions, such as antibody se-
cretion (5, 6) and (via histamine type 2
receptors) MIF (migration inhibition
factor) secretion, and antigen- or con-
canavalin A—induced proliferation (7, 8).

The ability of histamine to ‘inhibit cy-
tolysis varies with the time of the prima-
ry immune response; that is, inhibition is
only 6 percent on day 8 and increases to
45 percent on day 18 (9). The progressive
increase in inhibition is probably due to
the appearance of a subpopulation of ef-
fector cells bearing histamine receptors.
This suggests the possibility that hista-
mine receptor-bearing cells represent a
subpopulation of ‘‘more mature’’ T cells.
Using histamine-induced cyclic AMP ele-
vation as a marker for functional hista-

mine receptors, we investigated the rela-
tion between these receptors and matura-
tion of T lymphocyte subpopulations.
We also examined the differences in re-
sponses between T and B lymphocytes
(10). Our data indicate that T cell-en-
riched spleen cells and cortisone-resist-
ant thymocytes have histamine recep-
tors, while other thymocytes and splenic
B lymphocytes do not.

Young adult male C57B1/6 mice (Jack-
son Laboratories) were killed by cervical
dislocation, and spleen, thymus, and
lymph nodes were isolated. Suspensions
of single cells were prepared by sieving
into minimal Eagle’s suspension medium
(Grand Island) containing 10 percent fe-
tal calf serum (Microbiological Asso-

Table 1. Cyclic AMP responsiveness to histamine and isoproterenol of spleen, thymus, and
lymph node cells. Single cell suspensions were prepared from spleens; thymus glands; and in-
guinal, axillary, and submandibular lymph nodes, from groups of at least eight mice. The viable
cell yield per spleen was = 108, per pooled lymph nodes it was = 108, and per thymus it was
=2 X 108, The cell viability in all preparations was 85 to 90 percent, as determined by erythro-
sin B exclusion. Cells (2 X 107/ml) were incubated for 10 minutes at 37°C with or without drugs,
and the cyclic AMP levels were determined. Similar effects were observed in seven other experi-
ments. Results are expressed as the mean * standard deviation of quadruplicate cultures.

Cyclic AMP (pmole/107 cells)

Source of

cells No drug Histamine Ratio* Isoprotere- Ratio*
(10-4M) atio nol (10-°M)

Experiment 1

Spleen 44 + 0.6 154 =19 3.5 16.5 = 1.9 3.8

Lymph node 1.5+ 18 27.0 + 2.0 2.3

Thymus 2.2 +0.3 2.5+ 1.0 1.1 79.4 £ 14.0 36.1
Experiment 2

Spleen 58+ 1.6 13.5+ 1.9 2.3

Lymph node 128 £ 5.2 21.3 £ 4.0 1.7

Thymus 3.3+0.8 3.4 x0.6 1.0
Experiment 3

Spleen 7.2+ 1.3 14.2 = 3.0 2.0

Lymph node 144 = 2.9 29.1 = 1.6 2.0

Thymus 33+ 1.1 3.6 1.6 1.1

*Ratio of cyclic AMP in cultures containing histamine or isoproterenol to that in drug-free cultures.

Table 2. Effect of antiserum to thy 1.2 antigen, in the presence of complement, on histamine- or
isoproterenol-induced increases in cyclic AMP. Groups of ten C57BL/6 mice were killed by cer-
vical dislocation, and spleen cells were obtained. Spleen cell suspensions (2 x 107 cells per mil-
liliter) were incubated with a 1 to 10 dilution of normal mouse serum or antiserum to thy 1.2, and
a 1 to 20 dilution of rabbit serum (as a source of complement) for 45 minutes at 37°C. The cells
were washed, and their viability was assessed by erythrosin B exclusion. They were then resus-
pended (2 X 107 viable cells per milliliter) and incubated with or without drug; cyclic AMP was
then assayed. The results are expressed as the mean = standard deviation of quadruplicate
cultures. Similar results were obtained in two other experiments.

Cyclic AMP (pmole/107 cells)

Drug N | mou um Antiserum*

ormal mouse seru to thy 1.2

None 48+ 1.9 52+ 1.1
Histamine, 107°M 123+ 2.8 43 = 1.7
Histamine, 10~*M 13.9 £ 4.2 4.9 +2.0
Histamine, 10~5M 11.9 = 3.6 56 +23
Isoproterenol, 10~°M 16.5 + 2.6 14.3 £ 0.5

*Antiserum to thy 1.2 antigen was obtained from Dr. H. Shin (this experiment) and R. C. Kuppers and Dr. C.
S. Henney. These antiserums were prepared in AKR mice by immunization with C3H thymuses. The proper-
ties of these antiserums have been described (22). In our experiment, when 2 X 107 spleen cells were in-
cubated with a 1 to 10 dilution of antiserum to thy 1.2 (in the presence of complement) for 45 minutes at 37°C,
25 to 30 percent of the spleen cells were lysed, as determined both by release of label from *'Cr-labeled spleen
cells, and by erythrosin B exclusion. :
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ciates). The spleen cells were treated
with NH,C] (2 minutes, room temper-
ature) to lyse red blood cells (/7). Cells
(2 x 107) were incubated in 1-ml reaction
mixtures with or without histamine (Sig-
ma) or isoproterenol (Sigma) for 10 min-
utes at 37°C in a mixture of 5 percent
CO, and 95 percent air. The cell suspen-
sions were centrifuged, and the super-
natant was discarded. The cell pellet was
suspended in 0.5 ml of 5 percent tri-
chloroacetic acid, and frozen until as-
sayed (4). Cyclic AMP was determined
by the method of Brown et al. as pre-
viously modified for lymphocyte prepara-
tions (12). This is a competitive binding
assay, in which *H-labeled cyclic AMP
(New England Nuclear) and a crude cy-
clic AMP-binding protein from bovine
adrenal gland are used. Histamine and
isoproterenol solutions were freshly pre-
pared immediately before use.

The effects of histamine and isopro-
terenol on the cyclic AMP responsive-
ness of various lymphoid organs are illus-
trated in Table 1. The incubation time
was 10 minutes, which induces maximal
responsiveness in spleen cells. Hista-
mine induces a twofold to fourfold in-
crease in intracellular splenic cyclic
AMP ¢, 9). Lymph node cells have high-
er basal cyclic AMP levels, but also re-
spond to histamine with a twofold to
threefold increase in cyclic AMP. The
thymocytes, however, have lower base-
line cyclic AMP levels and fail to re-
spond to histamine with a significant in-
crease in cyclic AMP. These cells do,
however, have functional adenylate cy-
clase, since the augmentation of cyclic
AMP induced by isoproterenol in thymo-
cytes is greater than that induced by
this agonist in spleen cells (Table 1, ex-
periment 1).

Cortisone-resistant thymocytes consti-
tute the most “‘mature’’ T cells of this or-
gan in that they can proliferate in re-
sponse to phytohemagglutinin or serve
as helper cells for antibody formation, ca-
pabilities which thymocytes as a group
lack (13). In order to determine whether
these cells have histamine receptors, the
cyclic AMP responsiveness to histamine
of cortisone-resistant (Fig. 1) and control
thymocytes were compared. Histamine
at concentrations of 10~7 to 1073M failed
to augment cyclic AMP in thymocytes
from untreated mice but induced a signifi-
cant increase of cyclic AMP in cortisone-
resistant thymocytes, with a maximal in-
crease noted at approximately 107°M
(Fig. 1).

We next compared the response of the
relatively mature cortisone-resistant
thymocytes to unfractionated spleen
cells (Table 1) and to splenic lympho-
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cytes and splenic T cells (/4). Whereas
the level of cyclic AMP induced by hista-
mine in the total splenic lymphocyte pop-
ulation was slightly greater than that ob-
served in cortisone-resistant thymo-
cytes, the level induced in splenic T cells
was much greater (Fig. 1). The shape of
the dose-response curve of splenic lym-
phocytes, T cell-enriched splenic lym-
phocytes, and cortisone-resistant thymo-
cytes was similar, with maximal augmen-
tation of cyclic AMP at 107 to 10™*M
histamine. This response curve is similar
to that for histamine type 2 receptor—-me-
diated inhibition of cytotoxic activity of
splenic effector T cells (9).

The enhanced response to histamine
of preparations enriched in T cells sug-
gested that, of the total spleen cell popu-
lation, only T cells had histamine recep-
tors. This suggestion was confirmed
when spleen cells were depleted of T
cells by treatment with a mouse antise-
rum to thy 1.2 antigen (previously called
‘‘anti-@’’ antiserum) in the presence of
rabbit complement. (The remaining cells
consisted predominantly of B cells, as
well as “‘null’’ cells and macrophages.)
Histamine did not augment the cyclic
AMP of these B cell-enriched (T cell-de-
pleted) populations (Table 2). This unre-
sponsiveness was not due to nonspecific
damage by immune complexes or by fac-
tors released from the dead cells, for the
B cell preparations retained their respon-
siveness in terms of augmented cyclic
AMP on isoproterenol challenge. The re-
sponsiveness to histamine and isopro-
terenol of spleen cells treated with nor-
mal mouse serum in.the presence of rab-
bit complement was similar to that of
untreated spleen cells (compare Table 2
and Table 1).

Our observations suggest that imma-
ture T lymphocytes, thymocytes, and
splenic B lymphocytes do not have hista-
mine receptors (/5). We cannot rule out
the possibility, however, that these cells
have histamine receptors that fail to acti-
vate adenylate cyclase. This possibility
can be examined only by direct binding
assays, and these, up to now, have been
unsuccessful (16). Our data are, how-
ever, more compatible with the sugges-
tion that as T lymphocytes mature they
develop histamine receptors. By direct
binding assays with radioactively labeled
hormones, other hormone receptors
have been shown to develop in vitro dur-
ing differentiation (/7). In vivo, insulin
receptor density may change, and func-
tional beta-adrenergic receptor activity
may disappear during aging (I8). These
observations all suggest that hormone re-
ceptors are not randomly distributed on
cells.
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Fallah et al. (6) have reported that dai-
ly addition of histamine to in vitro prima-
ry cultures inhibits IgM plaque-forming
cell responses to red cell antigens. It is
therefore possible that, in contrast to im-
mature splenic B cells, antigen-stimulat-
ed B cells do possess histamine recep-
tors. In support of this Melmon et al. (5)
have reported that plaque formation of
spleen cells from immune mice was inhib-
ited by histamine, suggesting that a ma-
ture plasma cell possesses histamine re-
ceptors that mediate inhibition of anti-
body secretion. The responsiveness to
histamine by B cells from hyperimmune
mice remains to be determined (19).

It appears that histamine receptor dis-
play is associated with the ‘‘maturation’
of mouse thymus-derived lymphocytes,
in that there is a progressive increase in
histamine responsiveness from thymo-
cytes to cortisone-resistant thymocytes
to splenic T cells. In contrast, isoprotere-
nol induces a greater augmentation of cy-
clic AMP in thymocytes than in spleen
and lymph node T cells, and an inter-
mediate degree of augmentation in corti-
sone-resistant thymocytes (Tables 1 and
2) (20). Our results suggest that differ-
entiation of T cells is accompanied by
complex changes in hormone receptor
display, with a loss of beta-adrenergic
receptors and a parallel appearance of
histamine receptors. Since immune
events—thatis, immediate hypersensitiv-
ity reactions—result in release of hista-
mine at concentrations corresponding to
the effects we describe, and since hista-
mine has marked modulatory effects on
both cell-mediated and humoral immuni-
ty, the changes in histamine receptor dis-
play with maturation of T cells is of ma-
jor importance in the attempt to under-
stand the development in vivo of the
immune response.
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