Table 1. Pattern of plug formation by aa and 4%a males.

Genotype Plugs on days after placement with the male (No.)

; Female Day 3 (and and later
Male (and number) Day 1 Day 2 percentage) Day 4 Day 5
aa aa(51) 11 13 19(37%) 4 4

aa Ava(134) 28 27 50(37%) 22 7

Ava aa(125) 26 25 28(22%) 18 28

Ara Ava(52) 12 15 11(21%) 7 7
Table 2. Statistical analysis of number of fe- The lethal yellow (A?/) gene in

males remaining unfertilized at the end of
each day.

End of ;

Item Day 2 day 3 Day 4
;(:lal x2 (df:3) 3.20 10.86* 9.18%
aa QQ 1.25 0.56 0.40
Ava QQ 1.18 52 3T
Between Q@ (df:2) 2.43 1.08 71
Within @ @ (df:1) 0.77 9.78% 8.41%
e 3 4 .87 4.47 4.38
Ava 3 24 91 4.68 4.59
Between ¢ & (df:2) 1.78 9.15% 8.97*
Within & & (df:1) 1.42 1.71 0.21
#=P = .01 to .02. TP < .01 IP = .02 to

.05.

10 days the females were checked daily
for the presence of vaginal plugs. Con-
ditions of the experiment were kept
constant from one series to the next,
and data from several consecutive runs
were pooled for analysis.

The data (Table 1) were analyzed
by means of a x? test on the number
of females remaining unfertilized in
each category each day; the expected
numbers were calculated from the ini-
tial group and from the number re-
maining unfertilized at the end of each
day; presence of the Whitten effect
would cause significant departure from
randomness of the number of females
fertilized on the 3rd day. Partitioning
of y? (Table 2) showed deviations from
randomness at the .01 level “within fe-
males” and “between males” on days
3 and 4; there were no significant de-
viations “between females” or “within
males.” In matings of aa males with
both genotypes of females, a higher
proportion were fertilized on day 3
and a smaller proportion on day 4 than
in matings of A%a males with either aa
or A%a females. Thus estrous synchrony
was induced by aa males but not by
AYa males and was not influenced by
the genotype of the females.

Among females that mated during
the experiment, 94 percent of those
placed with aa males mated during the
first 4 days, while only 80 percent of
those placed with A%a males mated
during this period (y* = 156, P <
.001).
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heterozygous state affects hair pigmen-
tation, fat and cholesterol metabolism,
development of spontaneous and in-
duced tumors, and normal growth (4).
In the YS/ChWf strain, reproductive
function is also affected by this gene
(3). Because of higher embryonic mor-
tality, litter size is smaller in A% fe-
males mated with aa males than in
the reciprocal matings. Yellow females
mated to yellow males produce, on the
average, only half as many litters as
(1.3:2.5) and cease production at an
earlier age (18.0:23.7 weeks of age
at birth of last litter) than when mated
to nonyellow males.

These data indicate that, in the
YS/ChWf strain, yellow (A%a) males

do not elicit synchronous estrus in
females previously kept in groups, while
nonyellow (aa) males do so regularly.
The genotype of the female (aa or
Ava) does not significantly affect this
phenomenon. The Whitten effect is be-
lieved to be caused by the olfactory
stimuli provided by a mature male (7).
Possibly A4%a males differ significantly
from aa males in the production of the
odoriferous substance concerned and,
consequently, do not provide sufficient
olfactory stimulation to influence the
estrous cycle to a measurable extent.
ANDRZEJ BARTKE*
GEORGE L. WOLFF
The Institute for Cancer Research,
Philadelphia, Pennsylvania 19111
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Mechanism of a Reaction in Vitro Associated with

Delayed-Type Hypersensitivity

Abstract. The cell type responsible for inhibition by antigen of migration in
vitro of peritoneal exudate cells obtained from tuberculin-hypersensitive guinea
pigs was studied. Exudate populations were separated into component cell types,
the lymphocyte and the macrophage. Peritoneal lymphocytes from sensitive
donors were the immunologically active cells in this system, the macrophages.
being merely indicator cells which migrate. Sensitized peritoneal lymphocyte pop-
ulations, upon interaction with specific antigen in vitro, elaborated into the me-
dium a soluble material capable of inhibiting migration of normal exudate cells.

The nature of delayed-type hyper-
sensitivity remains a problem for two
reasons. The cell type or types which
effect the delayed-type reactions are
not established with certainty (/), and
the biochemical basis of the response
is almost completely unknown. In or-
der to approach these problems under
defined conditions, a great deal of work
has been directed towards developing
methods for studying delayed-type hy-
persensitivity in vitro (2). The discov-
ery (3) that migration of cells from
splenic explants from hypersensitive
guinea pigs was specifically inhibited
by antigen has served as the basis for
a quantitative assay (4) which is anti-
gen-specific, reproducible, and apparent-

ly independent of the antibody re-
sponse. In this method, peritoneal exu-
date cells are allowed to migrate from
capillary tubes onto cover slips in small
culture chambers, and the area of cell
migration is measured. The migration
of exudate cells obtained from hyper-
sensitive guinea pigs is markedly in-
hibited by the presence in the medium
of specific antigen. This inhibition of
migration seems characteristic of cells
from animals with delayed-type hyper-
sensitivity, since exudate cells obtained
from nonhypersensitive animals immu-
nized to produce only circulating anti-
body are not inhibited by antigen (4, 5).
In addition, the results obtained from
this assay in vitro correlate well in
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other respects with observations of de-
layed-type hypersensitivity in vivo, in
that killed cells, cell extracts, or living
cells whose protein synthesizing capac-
ity has been inhibited fail to effect the
reaction (5, 6).

In this system a very small number
of exudate cells, obtained from hyper-
sensitive animals, admixed with exudate
cells from normal animals was suf-
ficient, in the presence of antigen, to
produce inhibition of migration of the
total cell population (5). This observa-
tion led us to question which cell type
was immunologically active in view of
the facts that (i) the peritoneal exudate
is the most active cell source in pas-
sively transferring delayed-type hyper-
sensitivity in vivo (6), and (ii) peritoneal
populations contain both macrophages
(~ 75 percent) and lymphocytes (~
15 percent). Both cell types have been
implicated as mediators of delayed-type
hypersensitivity (7). We, therefore, de-
vised means for separating and puri-
fying both peritoneal lymphocytes and
macrophages from hypersensitive
guinea pigs and determined which was
immunologically active in the system
in vitro.

Hartley guinea pigs (600-800g) were
sensitized to tuberculin by the injec-
tion of Freund’s adjuvant (3.3 mg of
H37Ra mycobacteria per milliliter,
Difco) as follows: 0.1 ml into each
foot pad and 0.6 ml into nuchal mus-
cles. After an interval of at least 3
weeks, these animals were tested in-
tradermally with 10 ug of tuberculin
purified protein derivative (PPD), and
those exhibiting delayed reactions of 15
mm or more were used as cell donors
(7). For purposes of separating cell
types, peritoneal exudates were in-
duced by intraperitoneal injection of
sterile 2.5 percent starch gel in saline,
72 hours before harvesting the cells;
in other experiments, exudates were
produced either with starch or by in-
jection of 25 ml of sterile paraffin oil
48 hours before obtaining cells. The
general method for separating peri-
toneal macrophages from lymphocytes
was as follows. Peritoneal exudate cells
were aseptically collected in cold hepari-
nized Hanks’ solution; they were then
washed and suspended in Eagle’s mini-
mal essential medium containing 15
percent normal guinea pig serum
(NGPS). The cells were then cultured
for 2 hours at 37°C in 10 percent
CO, in air (16 X 10% cells in each
100-mm glass or plastic petri dish),
during which time most of the macro-
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phages attached and spread on the cul-
ture surface. The nonadherent cells,
mostly lymphocytes, were suspended by
gently shaking the plates, and they
were removed with the suspending me-
dium. To obtain isolated lymphocytes,
cells which did not become attached
at the first plating were replated in
fresh medium for a second incubation
period. After three to four cycles of
incubation and resuspension, the re-
maining nonadherent cells consisted of
more than 90 percent lymphocytes. For
isolation of macrophages, the original
plates from which free lymphocytes
had been removed were incubated again
in fresh medium for 4 to 24 hours,
and the nonattached cells were re-
moved by moderately vigorous shak-
ing of the plates. The attached cells
were then released from the glass sur-
face by treatment for 6 to 12 min-
utes with ethylenediaminetetraacetate
(1:5000, Grand Island Biologicals) and
were found to be 99.4 to 99.8 percent
macrophages.

To test the activity of the purified
macrophage populations obtained from
hypersensitive  donors, macrophages
(2.5 x 106/0.1 ml) suspended in me-
dium 199 containing 15 percent serum
(NGPS-199) were drawn into capil-
lary tubes and centrifuged at 125g for
2 minutes. Tubes were cut at the cell-
medium interface, and duplicates were
placed in one chamber (8) filled with
NGPS-199 alone; another set was
placed in a second chamber filled with
medium containing PPD (20 pg/ml).
The activity of purified lymphocytes
from the same exudates was also tested.
Since lymphocytes alone do not migrate
from the tubes, the activity of this
cell type was tested by adding the
sensitized lymphocyte populations to
exudate cells or to purified macrophage
populations from unsensitized (normal)
guinea pigs. Controls consisted of the
same cell mixtures in chambers with-
out PPD, and the normal exudate cells
in chambers with PPD. Areas of cell
migration were determined from projec-
tions of photomicrographs of the cham-
bers taken at 24 and 48 hours.

The degree of inhibition in three
experiments is shown in Table 1.
Migration was not inhibited in the
control chambers, by definition. His-
tologic examination of cells from
migration chambers revealed that the
macrophages remained viable even
though their migration was inhibited.
It is therefore apparent that, in this
system, migration of the peritoneal

Table 1. Percentage inhibition (mean = S.E.)
by tuberculin (PPD) of migration in vitro
of various peritoneal cell populations pre-
pared from tuberculin-hypersensitive guinea
pigs. The percentage of inhibition of migra-
tion is equal to

area of migration in
experimental chamber

100 — — X 100
area of migration in
control chamber

Sensitized Inhibition
lymphocyte of migration (%)
addition
(%) 24 hr 48 hr
Exudates (from sensitized animals)*
None 59 = 8.0 45 = 9.8
Macrophages (from sensitized animals)*
None 0+ 4.0
Exudates (from normal animals)®t
10 56 = 69 55+5.1
2 41+ 7.4 47 = 5.0
0.6 22 =119 27+ 6.9
0.3 0+ 6.8 229

#* Control: migration of same cells in medium not
containing PPD. 1 Additional control: migra-
tion of normal exudate cells in medium contain-
ing PPD.

macrophage is not itself directly affect-
ed by antigen, but merely serves as an
indicator of the immunological activity
of the sensitized peritoneal lympho-
cyte.

That the presence of a very few
sensitized lymphocytes resulted in mi-
gration inhibition of normal macro-
phages suggested that this specific in-
hibition = was mediated indirectly
through the elaboration by the lympho-
cytes of a soluble material. To investi-
gate this possibility, portions of puri-
fied peritoneal-lymphocyte populations
from tuberculin-hypersensitive donors
were cultured in the presence or ab-
sence of PPD. Twenty hours later, the
cells were removed by gentle centrifu-
gation, and the cell-free supernatants
of the cultures were further clarified
by centrifugation at 1000g for 15 min-
utes. Peritoneal-exudate cells obtained
from normal donors were resuspended
in portions of these supernatants, cen-
trifuged in the capillary tubes as de-

- scribed, and placed in chambers which

were then filled with the remainder
of the same supernatant fluids. Super-
natants from sensitized lymphocytes in-
cubated in the presence of PPD pro-
duced marked inhibition of migration
of normal exudate cells (Table 2,
Fig. 1). On the other hand, superna-
tants from a variety of control prepara-
tions invariably failed to cause migra-
tion inhibition. These included: (i) su-
pernatants from normal lymphocytes in-
cubated with or without PPD (not
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Table 2. Effects of culture supernatants from
sensitized lymphocytes on the migration of
normal peritoneal exudate cells (means =+
S.E)).

Inhibition of

Lymphocytes migration (%)
cultured in*
24 hr 48 hr
Medium alone 0 0
Medium alone; PPD
added after :
removal of cells 15 = 4.6 7*+6.0
Medium with PPD 62 + 3.1 5156

* Purified peritoneal lymphocytes (7 to 10 X 109
obtained from tuberculin-hypersensitive guinea
pigs were cultured in 1.5 ml 15-percent NGPS-
199 for 20 hours in Leighton tubes with or with-
out PPD (25 ug/ml).

shown in table); (ii) supernatants from
sensitized lymphocytes incubated ei-
ther without PPD or with a hetero-
logous antigen (such as, coccidiodin,
9); and (iii) supernatants in which sen-
sitized lymphocytes had been incubat-
ed overnight without PPD, but to
which PPD had been added after re-
moval of the lymphocytes. In addi-
tion, supernatants of peritoneal-lympho-
cyte preparations from guinea pigs
which had been immunized to produce
high titers of circulating antibody, but
no delayed-type hypersensitivity (/0), to
bovine serum albumin (BSA), PPD, or

Fig. 1. Photomicrographs of actual cham-
bers, showing migration of normal peri-
toneal exudate cells in supernatants from
20-hour cultures of purified peritoneal
lymphocytes obtained from tuberculin-
hypersensitive guinea pigs. Chambers con-
tained supernatants of cells cultured in:
(A) medium alone; (B) medium contain-
ing coccidiodin (25 wg/ml); (C) medium
alone, PPD (25 ug/ml) added after re-
moval of the lymphocytes at 20 hours;
(D) medium containing PPD (25 ug/ml).
(x 8)
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ovalbumin (OA) were not inhibitory,
in the presence or absence of antigen,
to the migration of normal exudate
cells. These controls indicate that the
inhibitory substance is elaborated only
by cells from guinea pigs with delayed-
type hypersensitivity, and not by cells
from normal animals or from guinea
pigs producing circulating antibody.
Furthermore, sensitized lymphocytes
only produce the inhibitory material
when stimulated by specific antigen.

The nature of the inhibitory material
in the supernatant is unknown, but it
may be a protein. David (//) demon-
strated that antigen-induced inhibition
of migration of sensitized whole exu-
date populations did not occur when
puromycin, an inhibitor of protein syn-
thesis, was added to the medium. In
confirmation of this, sensitized lympho-
cytes, whose synthesis of RNA and pro-
tein had been blocked by prior treat-
ment for 30 minutes with mitomycin
C at 50 ug/ml (6), no longer yielded
inhibitory material in the supernatant.
Moreover the migration-inhibiting fac-
tor is not dialyzable.

Also, under certain conditions, mi-
gration of normal macrophages could
be inhibited simply by antigen and
specific antiserum. Immune serums were
collected from guinea pigs immunized
with BSA or OA to produce circulat-
ing antibody as before (10), and, in
addition, antiserums to PPD were ob-
tained from animals stimulated with
Freund’s adjuvant, that were repeated-
ly tested with PPD until strong Arthus
reactions were obtained. When normal
exudate cells were suspended and al-
lowed to migrate in medium 199 con-
taining 15 percent of the immune
serum and respective antigen (BSA
and OA, 60 ug/ml and 125 pg/ml;
PPD, 25 ug/ml), clear inhibition of
migration resulted.

Our experiments indicate that inhibi-
tion of migration of macrophages in
vitro is mediated by the sensitized
lymphocyte through the elaboration of
a soluble material produced only in
the presence of specific antigen. At least
three possibilities can be proposed to
explain this reaction in vitro, none in
contradiction to what is known about
delayed hypersensitivity in vivo. One
possibility is that the reaction is pro-
duced by an ordinary circulating anti-
body and is not unique to delayed-
type hypersensitivity, even though in-
hibition of migration has not been
found with cells or supernatants de-
rived from antibody-producing guinea

pigs. A second mechanism would be
that the interaction of sensitized
lymphocytes and specific antigen causes
the release by the cells of some phar-
macologic agent which suppresses mi-
gration of macrophages without killing
them. A third mechanism is that the
sensitized lymphocyte, only upon con-
tact with specific antigen, may be in-
duced to elaborate an antibody-like sub-
stance which becomes adsorbed to tar-
get cells in the form of antigen-antibody
complexes and thereby produces the ef-
fect. If this last hypothesis were true,
this in vitro system would provide new
means of elucidating the mechanism of
delayed-type hypersensitivity.

BARRY R. BLoOM

BoYCE BENNETT
Department of Microbiology and
Immunology and Department of
Pathology, Albert Einstein College
of Medicine, New York 10461
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