(7). Tt is possible that a similar sequence
of events operates in cells other than
lymphocytes.
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Microcirculation of the Spleen: An Open or Closed Circulation?

Abstract. By injecting plastic microspheres of a specific size (3 to 4 micrometers)
into the circulation and following their movement and distribution in the spleen, it
was revealed how blood travels from the arterial capillaries to the venous sinuses.
This method demonstrated that both open and closed circulation exist in the spleen
and that about 90 percent of the blood takes the open route of circulation in the

normal unanesthetized rabbit.

Although the microcirculation of the
spleen is central to its function as a blood
filter, the intermediary vascular con-
nection between the arterial capillary
and the venous sinus has remained a sub-
ject of debate for the last 100 years.
Three major theories about intermediary
splenic circulation exist: (i) The open cir-
culation theory states that the arterial
capillaries open directly into the cordal
meshwork of the red pulp and the blood
is then forced into the venous sinuses
(Z); (i) the closed circulation theory
states that the arterial capillaries connect
directly to the venous sinuses (2); (iii) the
third theory holds that both open and
closed circulation exist in the spleen (3).
These differences in interpreting the na-
ture of splenic circulation suggest that
the methods for previous studies may
have been inadequate, since both mor-
phological observation of fixed spleen

and direct observation of the living
spleen produce conflicting results and
are unable to settle the question. In addi-
tion, the ambient temperature of the ex-
teriorized spleen, anesthesia, and manip-
ulation of the spleen during experimenta-
tion affect the organ’s microcirculation
“). We now describe a new method for
studying the splenic circulation. This
method demonstrates that both open and
closed circulation exist in the spleen, and
that about 90 percent of the blood takes
the open route in normal unanesthetized
rabbits. This method does not require di-
rect observation of the vascular connec-
tion between the arterial capillary and the
venous sinus and avoids invasive ma-
nipulation of the spleen and anesthesia.
Blood cells in the spleen pass through
the reticular meshwork of the cords and
pores (the interendothelial spaces) of the
sinus wall. These pores measure be-
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tween 0.5 and 2.5 um (5). It was postu-
lated that any rigid microspheres that
were slightly larger than the pore and
were introduced into the splenic circula-
tion would not be able to pass through
the sinus wall from the sinus into the
cord or vice versa. Such microspheres
would appear in the cords only if they
traveled by open circulation, and would
appear in the sinuses only if they trav-
eled by closed circulation. If both open
and closed circulation existed in the
spleen, microspheres would appear in
the cords as well as in the sinuses.
Therefore, it was feasible to determine
how blood traveled from the arterial cap-
illaries to the venous sinuses by in-
troducing rigid microspheres into the cir-
culation and studying their distribution
in the spleen at appropriate times. Since
the microspheres were distributed to the
capillary beds according to the blood
flow (6), the relative blood flow to the
open and closed circulation could be de-
termined by enumerating the micro-
spheres within and without the sinuses at
appropriate times after their introduction
into the circulation.

This method requires (i) injection of
microspheres of suitable size into the
bloodstream, (ii) termination of the
blood flow upon the arrival of the micro-
spheres in the spleen, and (iii) prepara-
tion of histological sections of the splenic
tissue for studying microsphere distribu-
tion in the spleen. The ideal size of the
microsphere was 3 to 4 um (7). Such mi-
crospheres are small enough to travel in
the capillaries and the cordal meshwork
of the spleen, yet are large enough to be
prevented from passing through the
sinus wall. Unanesthetized New Zealand
White rabbits weighing between 3.5 and
4 kg were injected in the marginal ear
vein with 3 x 10® carbonized plastic mi-
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Table 1. Distribution of plastic microspheres
(3 to 4 um) in the red pulp of rabbit spleen
between the time of injection of microspheres
into the ear vein and termination of heartbeat.
For each spleen, 2000 to 3000 microspheres
were counted from random tissue sections,
and the percentage of the microspheres in the
cords and the sinuses was calculated. Five
rabbits were in each time group.

Time Percentage of Micro-
(sec- microspheres* in spheres
nds) - counted
o Sinuses Cords (No.)
8-9 8613 91413 12,074
15-18 2512 97512 12,460

*Mean * standard deviation.

crospheres (3 to 4 um) in 0.5 ml of sa-
line. At either 8 to 9 seconds or 15 to 18
seconds after the microsphere injection,
blood flow and heartbeat were stopped
by injecting an overdose of pentobarbital
into the marginal vein of the other ear
@&). The spleens were removed and pro-
cessed for histological studies (9). The
microspheres were readily identified in
histological sections and were found in
the cords as well as in the sinuses (Fig.
1).

The relative distribution of the micro-
spheres in the cords and the sinuses at
succeeding intervals after microsphere
injection was determined (Table 1).
About 91 percent of the microspheres
were localized in the cords, and 9 per-
cent were in the sinuses of rabbits whose
heartbeats were stopped at 8 to 9 sec-
onds (/0); however, only 2.5 percent of
the microspheres were found in the si-
nuses in the rabbits whose heartbeats
were stopped at 15 to 18 seconds. These
results demonstrate that (i) both open
and closed circulation exist in the spleen,
(i) about 90 percent of the blood passing
through the spleen of a normal unanes-

« S
. ® Fig. 1. Distribution of
plastic microspheres
(3 to 4 um) in the red
pulp of rabbit spleen.
Microspheres  were
injected into the ear
vein 15 seconds be-
fore termination of
the heartbeat. (A)
s One microsphere (ar-
row) is shown in the
lumen of the sinus.
(B) Four micro-
spheres are scattered
in the cord. Abbrevi-
ation: S, sinus (X
800).

thetized rabbit takes the open route, and
(iii) microspheres entering the spleen
through open circulation are trapped in
the cords while those that use closed cir-
culation leave the spleen. A small num-
ber of microspheres were still observed
in the sinuses 15 to 18 seconds after the
microsphere injection. This may be due
to the fact that a portion of the blood
passing through the spleen may remain
in its sinuses for various periods of time,
as was observed by Knisely 2).

Our microsphere method for studying
the intrasplenic microcirculation can be
used to determine whether there are any
changes in the intrasplenic micro-
circulation in pathological spleens, and
to correlate the nature of the circulation
with certain pathological states.
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Serologically Defined (SD) Locus in Cattle

Abstract. Using cytotoxic serums obtained from multiparous cows or by alloimmu-
nization, we have detected 11 lymphocyte antigens controlled by codominant alleles
at a serologically defined locus called BoLA-A (bovine lymphocyte antigens). This
locus, along with the lymphocyte defined loci previously reported, establishes the

existence of a major histocompatibility system of cattle.

Major histocompatibility — systems
(MHS) have been defined in at least 11
mammalian species (/). In every species
that has been studied extensively, these
systems have consisted of loci producing
at least two kinds of lymphocyte anti-
gens: those which are detected by cyto-
toxic antiserums [serologically defined
(SD)], and those detected by mixed lym-
phocyte culture tests [lymphocyte de-
fined (LD)]. Recently, our laboratory de-
scribed two LD loci in cattle (2) and we
now present data describing an SD locus
called BoLA-A (bovine lymphocyte anti-
gens). These loci together define the
MHS in cattle.

A modification of the two-step cyto-
toxicity test (3) was used for typing fresh
peripheral blood lymphocytes isolated
by gradient centrifugation with Ficoll-
Hypaque (density, 1.075). Two micro-
liters of undiluted antiserum and approx-
imately 1500 lymphocytes were trans-
ferred by pipette into Terasaki plates

Table 1. Segregation ratios of alleles at the A
locus of the BoLA system in cattle sire fami-
lies. We used a total of 60 heterozygous sires;
each provided data for two alleles.

Number Ratio of
Allele of (+)to
sires (—) offspring*
1 4 17:15
2 18 62:59
3 12 48:40
4 0 N.T.t
Snt 7 30:32
5b% 11 53:50
6n 10 29:40
6b 8 29:26
7 S 22:15
8 5 33:34
10 4 11:16
null 12 39:36

*None of the ratios was significantly different from
the expected 1:1 (P > .1). tNot tested. Although
there were no sires carrying allele 4, its segregation
was studied in dam-calf pairs. §The n refers to a
narrow and b to a broad specificity.
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containing one drop of mineral oil per
well. After 30 minutes at 22° = 2°C, 5 ul
of undiluted rabbit serum were added as
a source of complement. Trypan blue
was added after an additional 30 minutes
of incubation. Finally, formalin was add-
ed and cytotoxicity was recorded as pos-
itive if 50 percent or more of the lympho-
cytes were killed. All tests were set up in
duplicate; the concordance between the
results in these duplicate tests was great-
er than 90 percent.

Over 1600 serums were tested against
a standard panel of cattle lymphocytes
and against several sire families (dams,
their calves and, when available, sires).
A serum was selected as a typing reagent
only if it gave a clear-cut and narrow
spectrum of reactivity. Of the 67 serums
selected, over half were from Holsteins;
42 were from multiparous cows, 21 were
produced by alloimmunization with lym-
phocytes, and 4 were obtained from co-
lostrum. Most of the serums were oli-

gospecific. Each serum was assigned to
one of 11 serologically distinct groups on
the basis of its reactivity pattern with the
lymphocytes from over 900 cattle be-
longing to 60 sire families.

Each of the 11 antigens defined by
these groups of serums was studied for
segregation (allelism) in sire families of
half sibs. As shown in Table 1, each anti-
gen behaved as if it were controlled by
an autosomal codominant gene. Of the
55 possible heterozygous combinations,
we were able to study 27, all of which
showed 1:1 segregation. While we have
not directly tested every pair of antigens
for allelism, all 11 appear to be con-
trolled by alleles at a single locus, be-
cause we have seen segregation of all 11
putative alleles from at least one of the
others. We have called this locus the
BoLA-A locus.

Table 2 shows the gene frequency dis-
tribution among 931 cattle in five dairy
breeds. The breeds show marked dif-
ferences; in particular, some breeds ap-
pear to have at least one allele in a signif-
icantly higher frequency than any other
breed; for example, Holstein, 6b; Jersey,
7; Guernsey, 6n; and Ayrshire, /. The
frequencies given in Table 2 may not be
completely representative of the dif-
ferent breeds because of the limited num-
ber of sires used in each breed and the
relatively small number of herds from
which the samples were drawn ). It is
clear that the BoLA-A locus is highly
polymorphic and exhibits a high degree
of heterozygosity. In the two most stud-
ied breeds, Holstein and Brown Swiss,
the frequency of null alleles (antigens not
detectable with our antiserums) is .097
and .087, respectively.

Table 2. Gene frequencies determined by direct gene counting (¢) in five cattle breeds for the

alleles at the BoLA-A locus.

Breeds
Allele
Holstein ]gr‘;)l»:: Jersey Guernsey Ayrshire
1 .097 = .011* .019 = .005 .013 = .007 .005 = .005 197 = .048
2 .201 = .015 222 = 017 .042 = .013 0 .088 = .034
3t
4 .022 = .005 008 = .004 142 = .023 0 .059 = .029
Sni .185 = .014 .038 = .008 .052 = .015 .109 = .023 .029 = .020
5bi 120 = 012 134 £ 014 .017 = .008 .032 = .013 0
6nf .008 = .003 .053 = .009 162 = .024 257 = .032 .093 = .035
6b% 110 = .012 .006 = .003 .021 = .009 .005 = .005 0
7 .055 = .008 .003 = .002 131 = .022 .037 = .014 0
8t
10 .004 = .002 110 = .012 0 .016 = .009 .015 = .015
null .097 = .011 .087 = .011 207 = .026 .220 = .030 245 = 052
Sires/total 25/368 17/316 7/118 7/95 4/34

*Standard error = [p(1 — p)/2N]"? where p is the gene frequency and N is the number of individuals.
1These gene frequencies were not estimated because early in these studies only multispecific typing serums
were available. This accounts for the fact that the sum of the gene frequencies within each breed does not add

up to one. $See Table 1.
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