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ABSTRACT When the content of cyclic AMP (cAMP)
was compared in livers of a series of congenic mouse strains
differing at the H-2 locus, significant variation in concentra-
tion of cAMP per unit wet weight was found among strains,
and also for animals of a given strain with increasing age.
For a given age, from 8 to 22 weeks, cAMP levels in liver of
H-2a and H-2b genotype animals were significantly higher
than that in liver of H0-2 type animals. This difference was
seen whether the H-2 gene was on the genetic background of
strain C57BL/10, C3H, or A. Levels of cAMP in livers of H-2d
animals were between those of H-2a and H-2k animals.

The Histocompatibility-2 (H-2) gene complex contains the
major histocompatibility system of the mouse (1, 2). In addi-
tion to genes determining transplantation antigens, the ge-

netic control of several physiological processes, especially
immune responses, has been linked with this complex (2, 3).
H-2 linked genes determining the level of secondary im-
mune response to synthetic polypeptides, and the degree of
response to low doses of native antigen and to alloantigens
have been described. Genetically controlled response to in-
fection with several leukemia viruses is also linked to the
H-2 region (4-8). The linked traits include susceptibility to
primary infection and severity of an established infection;
they may not be due to immune response against the viruses.
Still more general physiological traits appear to be affected
by H-2 region genes. Steroid-sensitive organ weights and the
level of plasma complement and steroids all appear to de-
pend to some extent on H-2 genotype, and characteristic
values for these systems segregate with H-2 in F2 and
backcross animals (9-11).
Some progress has been made in mapping genes responsi-

ble for H-2-associated physiological effects; at least three of
them lie within the H-2 complex. Studies with recombinant
H-2 mice have shown that the Ir-i gene controlling response

to synthetic antigens and the genes controlling the immune
response to allogeneic myeloma proteins, Ir-IgA and Ir-IgG,
can be separately localized within H-2, between H-2K and
Ss-Slp regions (12, 13). The region carrying these three Ir
genes most probably contains an even larger number of dis-
tinct Ir genes (13). The factor affecting resistance to Gross
virus leukemogenesis has been located in the K-end of the
H-2 complex, but it has not been further separated from
known genes of the region.
The immune response genes have been discussed in terms

of a system of many linked Ir genes, the products of which
serve as antigen receptors on T cells (2). However, consid-
ering all H-2-linked genes, including classical transplanta-
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tion antigens, and the more recently described Ia antigens
(14), it appears that a common property of H-2 complex
genes is their effect on the cell plasma membrane. All of the
antigens determined by the complex, including Ss protein,
appear in the surface membranes of some cells (15), while
all of the other genes of the complex appear to affect recep-
tor-ligand associations at the cell surface (although in the
case of Hom-1, the gene affecting plasma steroid levels, the
effect may be one step removed from the phenotype mea-
sured).
We might expect that still other processes involving inter-

actions at the cell surface are affected by H-2 genotype, ei-
ther because many genes affecting membrane phenotypes
lie within the complex, or because a relatively small number
of genes exert a wide range of effects on membrane func-
tion. The present paper demonstrates an association of H-2
genotype with levels of liver cyclic AMP, a mediator of the
action of many polypeptide hormones (16, 17). The data
suggest that H-2-associated genes control levels of cAMP
metabolic enzymes, or else exert some general modifying ef-
fect on hormone binding to cells.

MATERIALS AND METHODS
Cyclic [3H]AMP (24-30 Ci/mmol) and [8-'4C]ATP (40-50
Ci/mol) were obtained from New England Nuclear Corp.
Unlabeled ATP and cAMP, Tris (Sigma 7-9), 3':5'-cyclic nu-
cleotide phosphodiesterase (beef heart, 0.388 unit/mg of
protein, contaminated with 0.00142 unit of 5'-nucleotidase
per mg of protein) were obtained from Sigma Chemical Co.
AG-1-X2 resin was obtained from Bio-Rad Laboratories. Bo-
vine serum albumin, Fraction V, was obtained from Miles
Laboratories.

Inbred mice of strains C57BL/lOSgSn, B1O.A, B10.BR,
B1O.D2 (new), A/J, AKR, C3H/DiSn, C3H/HeJ, and
C3H.SW were obtained from the Jackson Laboratory, Bar
Harbor, Me. They were held in our animal house under a
constant lighting schedule for periods of 3 days to 15 weeks
before use.

Animals of C57BL/lOSgSn (H-2b), B1O.A (H-2a), B1O.BR
(H-2k), and BlO.D2 (H-2d) strains differ from each other
only at the H-2 locus of the IXth linkage group (18), chro-
mosome 17 (19), having otherwise the common genetic
background of strain C57BL/lOSgSn. Similarly, C3H/DiSn
(H-2k) C3H/HeJ (H-2k) and C3H.SW (H-2b) have a C3H
genetic background in common; C3H.SW differs from the
other two in H-2. Sets of strains, whose members reject
grafts from other members of the set due to single histocom-
patibility gene differences are said to be congenic resistant.

Crosses of congenic resistant strains (B10 X B1O.BR),
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(B10.A X B10.BR) and (B10.D2 X B10.BR) were bred in our
animal house to produce first generation (F1) and second
generation (F2) mice. The latter animals were H-2 typed as
b/b, b/k, k/k, d/d, or d/k by cytotoxicity with specific anti-
H-2b, anti-H-2k, and anti-H-2d sera (20).
Assay of cAMP. cAMP was measured by the method of

Gilman (21) using a cAMP-binding protein extracted from
bovine skeletal muscle. In this assay a known amount of ra-
diolabeled cAMP is displaced from the binding protein by
unlabeled cyclic nucleotide in a tissue extract. Assay data ob-
tained as displacement of radioactivity from the binding
protein are converted to absolute values of cAMP per sample
by comparing displacement obtained with standard cAMP
solutions.
A single preparation of binding protein eluted from

DEAE-cellulose was used for all experiments reported here.
Its behavior in a standard assay was unchanged over 3 years
insofar as samples used during this time gave identical slopes
in our assay system, and remained sensitive to the same lev-
els of standard cyclic AMP, 2.5 nM to 0.1 MM. This range of
sensitivity was achieved by addition of a protein kinase in-
hibitor and bovine serum albumin to the assay system (22,
24). These proteins stabilize cAMP-binding protein com-
plexes, and hence extend the sensitivity of the assay to the
level indicated above (21, 23). The assay was not linear
below 2.5 nM cAMP, even in the presence of inhibitor; this
accords well with the reported binding constant for the pro-
tein and cAMP, 2.8 X 109 liters/M (24).

Extraction of Liver cAMP. Animals were killed by cervi-
cal dislocation. Their livers were excised in less than 30 sec,
and frozen in liquid nitrogen; livers were stored in a -70°
freezer for 1-4 days before processing. Each frozen liver was
weighed, taken to a cold room, and homogenized with a
Waring Blendor in 9 ml of cold trichloroacetic acid or per-
chloric acid. After removal of precipitated protein by cen-
trifugation trichloroacetic acid was extracted with ether,
while perchloric acid was neutralized with KOH. The potas-
sium perchlorate that remained soluble after centrifugation
in the second procedure did not interfere with further steps
in the extraction.

Liver extracts were next taken to dryness by blowing air
over them while they were immersed in a 450 water bath.
After drying, the extracts were reconstituted in 5 ml of dis-
tilled water. To each were added 0.5 ml of 0.3 N ZnSO4 and
0.5 ml of 0.3 N Ba(OH)2. The mixture was chilled in ice for
15 min,-after which the precipitate was centrifuged down
(1000 X g for 10 min) and discarded. This step was found, as
has been reported, to remove interfering nucleosides and nu-
cleotides (25).
A tracer amount of [3H]cAMP was added during homoge-

nization to allow computation of recoveries after extraction
and purification. The radiochemical purity of this marker
was estimated before and after the procedure by electropho-
resis in 1% sodium borate buffer, followed by chromatogra-
phy in 95% ethanol-ammonium acetate (70:30) (26). Recov-
ery of cAMP estimated by counting a portion of the extract
averaged 60%, with values for individual extractions form-
ing a normal distribution around this mean.

After the above steps, extracts contained the equivalent of
200-400 mg of tissue wet weight per ml. They were then as-
sayed at five or more dilutions using a minimum of two
samples after each dilution. To measure variation in binding
during the assay, dilutions of a standard solution of cAMP
were intercalated every 50 samples (five animals) and as-
sayed for cAMP content. Large numbers of extracts were as-
sayed once again, several months later, to ensure reproduc-

ibility of results. Altogether the data shown for mouse livers
resulted from more than 9000 individual determinations.
Assay Procedure. To 200 Al of 50 mM sodium acetate

buffer, pH 4.0, were added 1 pmol of [3H]cAMP (9-10,000
cpm, depending upon the specific activity of the prepara-
tion), 50,ul of a mixture containing binding protein (18-25
Ag), kinase inhibitor (22 Mg), and bovine serum albumin (167
Mg), and 10-100 ,l of liver extract or cAMP standard solu-
tion. The amount of binding protein used was sufficient to
bind % to % of the added [3H]cAMP. The mixture was incu-
bated between 3 and 15 hr at 40; binding was found to be
maximal by 3 hr and to remain constant for 24 hr. After in-
cubation, samples were diluted with 1.5 ml of potassium
phosphate buffer (20 mM), pH 6.0, and filtered through pre-
washed Millipore filters (HAWP, 0.45 ,um pore size). The fil-
ters were then washed with 5 ml of the same buffer, dried at
90°, and immersed in scintillation fluid, and their radioac-
tivity was determined. If known amounts of cAMP were
added to aliquots of an extract previously measured in the
assay, and the cAMP levels were again determined, the new
values approximated well the original value plus the amount
of added cAMP. For example, 1.8 pmol of cAMP/10 Ail
added to an extract containing 1.65 pmol of cAMP/10 Ml
gave 3.3 pmol of cAMP/10 Ail when reassayed.

Validation of cAMP Measurements. Treatment of ex-
tracts with phosphodiesterase, as described (26), reduced by
more than 90% the cAMP detectable in the binding protein
assay. Several substances either enhance or diminish the
binding of cAMP by skeletal muscle protein. The majority of
these interfering compounds were readily precipitated by
Ba(OH)2-ZnSO4 treatment without loss of cAMP (25).
Under certain conditions, it has been reported that treat-
ment with Ba(OH)2-ZnSO4 converts ATP present in extracts
to cAMP (27, 28). This nonenzymatic conversion occurs
much faster at room temperature than at 0-40. For this rea-
son, treatment of extracts was conducted in ice, following,
never preceding, the evaporation step described above. No
conversion of ATP to cAMP was found using the extraction
procedure described above. In one experiment, a 1000-fold
excess of [14C]ATP was added together with the [3H]cAMP
tracer to each of 10 liver homogenates. cAMP was separated
from half of each extract by absorption to and elution from
AG-1-X2 ion exchange resin (27), and then dried and treated
with Ba(OH)2-ZnSO4 while the other half was treated only
with Ba(OH)2-ZnSO4. No difference in cAMP content could
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FIG. 1. Assay for cAMP. See text for details. Assay mixture
contained 0-10 pmol of unlabeled cAMP, X; 10-50 gl of B1O.A tis-
sue extract, 0; or 20-100 ,g of B1O.BR tissue extract, 0.
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Table 1. Levels of liver cAMP in mice of various strains, sexes, and ages

pmol of cAMP/mg of liver wet weight
H-2

Strain and sex type 7-8 Weeks 11-12 Weeks 15 Weeks 17-18 Weeks 19-22 Weeks

B1O.A (d) a 0.70 ± 0.04 1.52 ± 0.39 1.98 ± 0.17
1.88 ± 0.25 1.38 ± 0.28

C57BL/10 (e) b 0.61 ± 0.04* 1.23 ± 0.10 1.32 ± 0.32 1.34 ± 0.22
0.76 ± 0.03t 1.34 ± 0.02 1.40 ± 0.30

1.20 ± 0.22
BMO.D2(M ) d 0.59 ± 0.02 1.02 ± 0.12 1.42 ± 0.20

1.30 ± 0.38
B1O.BR (c3) k 0.52 ± 0.02 0.96 ± 0.12 1.00 ± 0.19 0.83 ± 0.13

0.80 ± 0.14 0.88 ± 0.14
C3H.SW(9) b 1.04 ± 0.10t 1.30 ± 0.22 1.70 ± 0.21
C3H/HeJ (9) k 0.70 ± 0.03t 0.97 ± 0.21 1.02 ± 0.16
A (d) a 1.48 ± 0.37 1.71 ± 0.20
AKR(d) k 0.83 ± 0.24 -

Each value is the mean of 10 animals and is given k standard deviation.
* 7 weeks.
t 8% weeks.
t 9% weeks.

be determined for AG-I-X2-treated and -untreated frac-
tions. Although 5% of the added ATP remained in samples
not eluted from a column, this in turn could be absorbed to a
fresh AG-1-X2 column.

Statistical Analysis. Fig. 1 shows an assay of standard
cAMP and of two liver extracts. In this analytical dilution
assay (29) displacement of bound [3H]cAMP by unlabeled
cAMP is compared for a standard solution of the nucleotides
and for the extracts. Though not shown in the figure, the
assay was valid over the range 2.5 nM to 0.1 ,uM cAMP.

Data obtained from measurements of tissue extracts at
several dilutions were fitted to a straight line by a method of
least squares. The line obtained was tested for lack of linear-
ity by a goodness of fit test (30). After fitting, coviriance
analysis (31) was used to test the criterion that no constituent
of the sample other than its endogenous cAMP content had
an effect on the measurements. When this criterion was met,
as is required for analytical dilution assays, the sample and
standard lines obtained were parallel to each other. In addi-
tion, this analysis was used to determine whether all stan-
dards in one assay were equal. If the conditions of parallel-
ism and constant standards were met, then the analysis fur-
ther indicated differences in liver cAMP content among
strains compared. For convenience, data were normalized to
liver wet weight, since liver protein/total wet weight did not
differ among the four C57BL/10-based congenic strains.
The above analysis tested whether differences existed

among a group of strains, but did not indicate which strains
differed from each other. For individual comparisons an ad-
ditional test was required. This test, the Duncan multiple
range test, is very much like a Student's t-test for single two-
way comparisons, but includes provisions necessary when
multiple individual comparisons are made (32). This test was
done using a FORTRAN program, BMD07V, of the UCLA
Computing Facility to determine individual strain differ-
ences among parental and F1 and F2 generations.

RESULTS
Cyclic AMP Levels and H-2. Values of cAMP per mg wet

weight of liver are tabulated for animals of the congenic re-

sistant strain series C57BL/10, B10.A, B1O.D2, and B10.BR
(Table 1). Data are also included for animals of strain
.C3H/HeH and C3H.SW, another pair of congenic resistant
strains, as well as some values for AKR and A/J mice. The
data show a clear trend of increase in endogenous cAMP lev-
els with increasing age, in the range of approximately 7-12
weeks of age, with a subsequent plateau to about 18 weeks.
Animals older than 22 weeks were not investigated. Prelimi-
nary experiments (not shown) gave no indication of sex dif-
ference in cAMP for a given strain.
The data points for animals with various H-2 regions on

the C57BL/10 background fell on four distinct curves, three
of which are shown in Fig. 2. B10.A mice had the highest
levels of liver cAMP and B1O.BR the lowest. The lines for
B1O and BlO.D2 were not statistically significantly different
from one another and that for B1O.D2 is not shown. The
cAMP values determined on 56 animals of the C3H/HeJ-
C3H.SW pair, differing from each other at H-2, but derived
independently of the C57BL/10-based strains, fell on lines
for BlO.BR and C57BL/10, respectively. Similarly A (H-2a)
mice had higher levels of liver cAMP than did AKR (H_2k)
animals, and the values for the former strains plotted on the
B1O.A curve while the value for the latter fell on the B10.BR
curve. Thus higher levels of liver cAMP were associated
with H-2a and H_2b than with H-2k genotypes, regardless of
the genetic background on which these alleles were carried.
H-2 genotype mice had intermediate levels between H-2b
and H-2k mice.

Multiple range tests done separately for each age group
bore out the differences indicated when entire curves were
compared. As indicated by the curves, significant differ-
ences were only detected with animals older than 8 weeks of
age.

Breeding Experiments. Reciprocal F1 hybrids were made
between B1O, B1O.A, B1O.D2, and B1O.BR animals. Some of
these hybrids were used for determination of liver cAMP,.
while others were mated to give an F2 generation. Animals
of this generation were H-2 typed and their livers were ex-
tracted for cAMP determination. The data for age-matched
animals are summarized in Fig. 3 together with the data for
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FIG. 2. Effects of age and H-2 genotype on levels ofcAMP per
mg of liver wet weight for various strains of mice. Data for B10, 0;
C3H.SW, *; A.BY, v, AKR, o; B10.BR, 0; and C3H/HeJ mice, o,
were plotted as a function of age. Similar data are plotted for
B10.A, A, and A/J, A, mice on a line above that for B10, and
C3H.SW. The lines shown are fitted by curvilinear regression tech-
nique. Bars indicate standard deviations. Overall, as tested by cur-
vilinear covariance, there were very significant differences among
the strains: F(5,286) = 31.715 with Fo.oos (5, 120) - 3.3499. The ad-
justed means for all ages 4 the standard error were: C3H/HeJ =
0.75 L 0.06; B10.BR = 0.78 : 0.04; B10 = 1.18 4 0.04; C3H.SW =
1.22 A 0.07; and B10.A = 1.44 I 0.05. A multiple range test at the
1% level of confidence indicated no difference in cAMP levels of
B10.BR and C3H/HeJ, but showed that these levels were signifi-
cantly lower than B1O.D2, B10, C3H.SW, and B10.A. B1O.D2, B10,
and C3H.SW mice have, in turn, lower levels of cAMP than B10.A
animals. A/J and AKR animals were not included in this analysis
because of the limited number of measurements available, but
these animals had cAMP levels identical with B10.A and B10.BR,
respectively.

individual parental strain animals; statistical details are
given in the legend to this figure. Three points appear from
these results. First, cyclic AMP levels of F2 mice segregate
with H-2 type, and in H-2 homozygotes their average is well
within the range for cAMP in parental strain animals. Sec-
ond, the cyclic AMP high H-2 genotypes are dominant over
cyclic AMP low genotypes. Thus H-2b/H-2k animals have
levels of cAMP similar to those of b/b homozygote whether
in F1 and F2 animals [values were determined for (B10/
B10.Br)F1 (b/k) and (B10.D2/B10.Br)F1 (d/k) and (B1O.A/
B10.Br)F1 (a/k) animals as well as for the b/k and d/k F2
shown in Fig. 4]. Finally, H-2d/H-2k heterozygotes, whether
F1 or F2 animals, are anomalous. These offspring of two
cAMP low strains have hepatic levels of cAMP as high as
those of the H-2a strains A/J and B1O.A.

DISCUSSION
The use of congenic resistant mouse strains allowed us to
state with a fair degree of certainty that the measured dif-
ferences in basal level of cAMP per mg wet weight among
strains were associated with the H-2 chromosome complex.
Furthermore, the associations were not masked by the ge-
netic background, since nearly equal values for liver cAMP
were determined for animals with H-2 regions on three dif-
ferent genetic backgrounds, C57BL/10, C3H, and A.
The reason for increase in cAMP levels with age is not as

apparent, though some precedent for this observation is
found in observations on changes in enzyme levels with age
in rodent liver (33). These changes and the one that we ob-
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FIG. 3. Segregation of cAMP basal levels in liver with H-2 in
parental strain and F2 mice. Data shown are for F2 generations of
several independent (B10 X B1O.BR), and (B1O.D2 X B1O.BR)
matings. F2 mice were genotyped (see Materials and Methods) as
either H-2k/H-2k (= k/k), H-2b/H-2k (= b/k), H-2b/H-2b (= b/b,
H-2d/H-2k (= d/k), or H-2d/H-2d (= d/d). Values for individual
parental strain mice are also shown for comparison. These gen-
otypes are identified in the figure by the abbreviated notation
shown in parentheses. The adjusted means I the standard devia-
tion for the F2 mice shown were: (H-2k/H-2k)F2 = 0.91 k 0.20; (H-
2b/H-2k)F2 = 1.26 I 0.18; (H-2b/H-2b)F2 = 1.32 I 0.40; (H-2d/H_
2k)F2 = 1.62 4 0.34. Statistics for parental strains are in the "11-
12 week" column of Table 1.

serve do not appear to be due to a change in cellular compo-
sition of the liver. Though hepatic parenchyma cells consti-
tute approximately 65% of all liver cells by number, they
make up 90% of the liver volume, and presumably about
this percentage of tissue weight. The proportion of paren-
chymal and other cells does not change from birth to several
years of age (34).

Tests with F2 animals from crosses of (BiO X B1O.BR),
(B1O.D2 X B1O.BR), and (B1O.A X B1O.BR) point to a domi-
nant genetic factor or factors affecting cAMP levels in liver
identical or closely associated with the H-2 complex. They
also fail to show segregation of any other genetic locus that
may have been included when our congenic resistant strains
were created. Finally, the crosses rule out environmental ef-
fects, since they were all done in a single breeding room.
The fact that B1O.A mice, which are suspected (H-2d/H-

2k) recombinants, had higher liver cAMP levels than either
of the haplotypes from which the recombinant arose, indi-
cates that at least two genes are needed to produce higher
levels of liver cAMP. This hypothesis is strongly supported
by the finding that the F1 hybrid between strains with low
levels of liver cAMP, B1O.D2 and B1O.BR, had liver cAMP
levels as high as B1O.A or A/J animals. Since the suspected
crossover for B1O.A mice occurred between Ir-IgG and Ss-
Sip (35), it further appears that both ends of the H-2 region
are involved in controlling cAMP levels in liver.

Variation in cAMP levels in liver is thus another quantita-
tive trait apparently linked to the major histocompatibility
complex of the mouse. To our knowledge, it is one of the
few traits so linked that is clearly involved in more processes
than those of the immune system. Liver, though it contains
some lymphocytes, is not primarily an organ of immune re-
sponse. It is, however, a tissue in which numerous hormones
converge on a variety of cells, modifying their metabolism
via the effector cyclic AMP (36). Ivanyi et al. (9, 11) and
Hinzova et al. (10) demonstrated an association of H-2 with
functions broader than the immune response by showing
that H-2 affected weight of steroid-sensitive organs and lev-
els of complement and plasma steroids. These authors also
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suggested that H-2 region genes had more general effects
than on the immune response alone. Both this work and our
own raise two questions about the 1H-2-linked genetic con-
trol of cell physiology. First, what is the level or point of
control and second, what are the implications of this control
in whole animals? The answers to the second question are
liable to be long in coming, but three mechanisms for genet-
ic control of cAMP levels, which represent cell responses to a
wide variety of hormones, come immediately to mind. Two
of these would involve differences in activity of adenylate
cyclase, the enzyme synthesizing cAMP from ATP, or in 3':
5'-cAMP phosphodiesterase, the cAMP degrading enzyme.
Both of these enzymes, although internal to the cell surface,
are membrane-associated (37, 39). Differences in their activ-
ity would suggest that genes acting on the cytoplasmic side
of the cell surface cluster in the H-2 complex. A third possi-
bility is that the differences in levels of cAMP observed are a
direct consequence of the effect of H-2-linked genes on the,
binding of hormones and other molecules to the cell surface.
H-2-linked genetic control of surface interactions could be
exercised in two ways. First, genes determining variant con-
figurations of polypeptide hormone receptors may be pres-
ent in the H-2 complex. We would expect that there are at
least five of these genes in the region, corresponding to the
number of hormones shown to stimulate adenylate cyclase
independently (see ref. 38). A second, somewhat less
straightforward possibility is that antigenic products of the
1-2 complex modify the interaction of hormones and other
ligands with their specific receptors. H-2 antigens are mo-
bile in the plane of the plasma membrane (40), and probably
outnumber hormone receptors in liver and lymphoid cells;
their human homologue, HL-A, is present in approximately
50-fold excess over insulin receptor on lymphoid cells (41-
43). A receptor surrounded by H-2 antigens might, because
of weak interaction with them, have an altered affinity for
hormone.

All of the control points suggested here are at the level of
*the liver cell's response to hormones. Clearly further points
of control might be found, ranging from blood levels of hor-
mones stimulating the liver cells, to the utilization of cAMP
by protein kinases, or to its export into the blood. Further ex-
periment on liver cell and homogenate preparations will be
required to resolve the possibilities listed here.
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