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We have examined the mechanism of action of the If-] interferon (IFN) regulatory locus. This locus controls
the level of circulating IFN produced in inbred mice in response to intravenous injection of Newcastle disease
virus. Mice carrying the If-lh (high) allele show circulating IFN levels 10- to 15-fold higher than those carrying
the If-i' (low) allele. In this report we show that induced splenocytes from If-ih and If-11 mice produce IFN at
levels which are in the same proportions as those found in the circulation. Higher levels of IFN-specific mRNA
were observed in splenocyte populations from If Ih animals. This was due to increased transcription of IFN
genes. At the same time, the high- and low-producing populations showed no significant difference in the
number of IFN mRNA-containing cells. We conclude that the effect of If-] in the spleen is to control the levels
of transcription of the IFN genes in individual induced splenocytes.

The interferons (IFNs) are the products of a family of
inducible genes which are ubiquitous to all vertebrates and
which possess varied and potent biological effects on cul-
tured cells or animals (40). In general, the IFNs are subdi-
vided into the type I or viral IFNs and the type II, immune
(or y) IFNs, according to the nature of induction. The type I
IFNs are further subdivided into a and ,B. In humans this
subdivision into antigenically distinct subtypes is reinforced
by the fact that the production of IFN-a and IFN-1 is
segregated, with different cell types producing predomi-
nantly one or the other (40). In contrast, cultures of murine
cells as a rule produce both IFN-a and IFN-,B (9, 15). The
use of recombinant DNA technology has shown that the
IFN-a genes constitute a family made up of a large number
of highly homologous genes both in humans (3) and in mice
(25, 28, 38). One human IFN-P gene has been well defined
(17, 41), but evidence for other human IFN-1 genes exists
(26, 36, 37, 42). In the mouse, cDNAs corresponding to the
IFN-P13 have also been cloned and have been shown to
represent a single copy gene (24).

Generally speaking, uninduced cells or organisms do not
secrete detectable levels of IFN (40). After exposure to an

inducer, typically a virus or a double-stranded RNA, IFN
production can occur both in tissue culture and in the animal
(40). The onset of IFN production is due to transcriptional
activation of the IFN genes (34). Several groups have
characterized induction-regulatory elements in the 5' flank-
ing regions of the human IFN genes (18-20, 33, 43, 44). Both
indirect, and recently direct, evidence for a role for trans-
acting transcription factors in the induction mechanism has
been obtained (19, 44).

Regulation of IFN production occurs at another level
besides the on-off regulation of induction/repression. In-
deed, the levels of production of IFN in the mouse are

regulated by a series of factors. These include age (7),
hormones (30, 35), and the genotype (7-14). This last is of
particular interest. It has been found that different inbred
mouse strains produce high or low levels of circulating IFN
in response to various inducers (7-14). The loci involved in
regulating this response have been called the If loci and have
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been studied extensively from the viewpoint of classical
genetics (7-14). The response to different inducers is regu-
lated by independently segregating loci (12). The level of
IFN in the circulation of mice in response to Newcastle
disease virus (NDV) is regulated by the locus If-] (7-14).
Two alleles have been described: If-I and If-i', correspond-
ing to high and low levels of circulating interferon, respec-
tively. In mice carrying the If-ih allele (e.g., the C57BL/6
strain), circulating IFN levels after intravenous injection of
NDV are 10- to 15-fold higher than in strains which carry the
If-i' allele (e.g., the BALB/c strain) (7-14). Recombinant
inbred and congenic strains for If-i have been obtained (11),
and these mice have been used to assign If-i to murine
chromosome 3 (31).
As is often the case for regulatory loci, the lack of

information on the site of action of If-] has hampered the
development of further studies. The cells of the lymphatic
system are largely responsible for IFN production after
intravenous injection of viruses (13) and can be carriers of
the If-i phenotype (13). For this reason we decided to
examine the action of If-] in the spleen.
The mechanism of action of a regulatory locus such as If-i

could of course be due to any of many different possibilities.
Higher IFN levels in If-ih mice could be due to greater
specific activity of IFNs translated from equivalent amounts
of IFN-specific mRNA. On the other hand, higher levels of
such mRNA could be present in the high-producing animals.
These levels could in turn be controlled transcriptionally or

posttranscriptionally. Finally, the effect could be due to
differences in the number of IFN-producing cells (which we
call a cellular mechanism) or to higher levels of production
per cell (which we call a molecular mechanism).

In the present report we have addressed the problem of
the mechanism of If-i action in one target organ, the spleen.
We conclude that splenocytes from If Jh mice show higher
levels of transcription of IFN mRNA and that the numbers
of IFN-producing cells in If.)" and If-i' spleens are equiva-
lent.

MATERIALS AND METHODS

Animals, cell lines, and virus stocks. Male mice of the
C57BL/6, BALB/c, and HW81 (B6.C H-28c; If-i) (7, 11)
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lines, aged from 5 to 6 weeks, were obtained from the
Jackson Laboratory, Bar Harbor, Maine.
L cells were grown in Eagle minimal essential medium

supplemented with 10% fetal bovine serum. Vesicular sto-
matitis virus, Indiana strain, was propagated on L cells, and
titers were determined by plaque assay on the same cells.
The Kumarov strain of NDV was propagated on primary or

secondary cultures of chicken embryo fibroblasts after the
virus was seeded at approximately 1 PFU/cell. Titers of
NDV were determined by plaque assay on secondary cul-
tures of chicken embryo fibroblasts.
IFN inductions and titrations. For in vivo inductions,

200-RI volumes of Eagle minimal essential medium, contain-
ing approximately 108 PFU of NDV, were injected into the
extraorbital sinus of mice. Sera and spleens were taken 6 h
after infection.

For the preparation of splenocyte suspensions, spleens
were removed and dissected onto a Millipore filter support
(AP 32; 75-mm diameter). The filter support was discarded,
and the suspension was centrifuged and washed twice in
Eagle minimal essential medium without fetal bovine serum.

Isolated single-cell suspensions of splenocytes were in-
fected at a multiplicity of infection of 100 PFU/cell. Virus
was left in contact with the cells for 2 h, removed, and
replaced with Eagle minimal essential medium.
IFN titrations were carried out by the method of cyto-

pathic effect reduction in L-cells infected with vesicular
stomatitis virus as previously described (4).

Isolation and analysis of RNA. RNA from splenocytes was

isolated either by the guanidine hydrochloride method de-
scribed previously (39) or by the method of Murphy et al.
(32). For the preparation of polyadenylated RNA, total RNA
preparations were passaged twice through oligo(dT)-cel-
lulose (type 7, Pharmacia).
For Northern (RNA) blot analysis, RNA samples were

fractionated on 1.5% agarose gels containing 4 mM methyl-
mercury hydroxide (1). RNA was transferred by capillarity
to Pall Biodyne membranes. Hybridizations and washes
were done by the methods of Coulombe and Skup (4).

Probes used were pM33, which contains a cDNA for the
mouse IFN-P1 (MuIFN-1l) gene (24), kindly provided by Y.
Higashi and Y. Kawade, and pMIF1204, which contains a

cDNA of the MuIFN-_x2 gene (25). These plasmids were

labeled with [32P]dCTP by nick translation (4).
RNase protection mapping of mRNA was essentially as

described by Zinn et al. (43). The probe was a 32P-labeled
cRNA complementary to the MuIFN-3 mRNA. This probe
was synthesized using the MuIFN-P, (24) cDNA recloned
into plasmid pGEM-1 (Promega Biotec) linearized with
HindlIl and transcribed with the T7 RNA polymerase (27,
29). Hybridizations (to 2 ,ug of polyadenylated RNA) were
carried out at 45°C for 17 h, and RNase digestion was for 1
h at 30°C.

Transcription in isolated nuclei. Isolated single-cell suspen-
sions of splenocytes were induced for 2 and 4 h, nuclei were
isolated, and nascent transcripts were elongated essentially
as described by Greenberg and Ziff (21), except that 0.5 mM
MnCT2, 2.5 mM dithiothreitol, and 2 U of RNasin per ml
were present in the reactions. The labeled nascent tran-
scripts were isolated by the method of Groudine et al. (22)
except that the unincorporated nucleotides were removed by
centrifugation through a Sephadex G-50 column.

Labeled transcripts were suspended in the hybridization
buffer at 42°C and hybridized to Pall Biodyne filters carrying
5 jig of plasmids for 72 h at 42°C. Hybridization and washes
were done by the method of Hannigan and Williams (23).

Filters were exposed to Kodak XAR-5 film with Cronex
Lightning-Plus intensifying screens (Du Pont) for autoradi-
ography. Multiple exposures of the filters were taken and
were quantified by densitometry (GS 300 densitometer,
Hoefer Scientific Instruments). All signals observed corre-
sponded to transcription which was largely sensitive to
cx-amanitin.

In situ hybridization. Probes for in situ hybridizations were
3H-labeled cRNAs synthesized using the MuIFN-P, (24) and
MuIFN-a,2 (25) cDNAs recloned into plasmid pGEM-1 (Pro-
mega Biotec), linearized with BgIII, and transcribed with the
RNA polymerases of bacteriophages SP6 or T7 (27, 29).
Samples of 50 Il of suspension at a concentration of 108

cells per ml were put onto slides, rapidly air dried, fixed with
Carnoy fixative (methanol-acetic acid, 3:1), and air dried for
at least a further 2 h after dehydration.

Hybridizations were by the method of Cox et al. (5).
Hybridization buffer was 50% formamide-0.3 M NaCI-10
mM Tris hydrochloride (pH 8)-i mM EDTA-1x Denhardt
solution (16)-500 ,ug of yeast tRNA per ml-10% dextran
sulfate. Probe concentration was 0.2 to 0.3 pg/ml per kilo-
base of probe complexity.

Hybridizations were carried out in moist chambers for 36
to 48 h at 42°C.

Slides were washed twice in 2x SSC (lx SSC is 0.15 M
NaCI plus 0.015 M sodium citrate) at room temperature (30
min per wash), four times with 2x SSC at 65°C (15 min per
wash), and twice with 0.1x SSC at 650C (15 min per wash).

After washes, slides were dehydrated with two treatments
of 10 min each with 70% ethanol and two treatments with
95% ethanol, all at room temperature. Dehydrated slides
were dipped in Kodak Nuclear Track NTB emulsion type 2
and stored at 4°C in the dark.

After development, slides were stained with Giemsa and
mounted.

RESULTS

If-] action in splenocytes. The first question that we ad-
dressed was whether or not IFN production in the spleens of
inbred mice was regulated by the If-I locus. For this pur-
pose, mice of the C57BL/6, BALB/c, and HW81 lines (the
latter a congenic line which carries the If-I1 allele of BALB/c
mice on a C57BL/6 genomic background; 11) were injected
intravenously with NDV. IFN levels were determined in the
sera and in the culture fluids of isolated splenocytes from the
infected mice. The expected difference in IFN levels be-
tween the If-I` and the If-f mice was obtained (Table 1).
Splenocytes removed from the infected mice continued to
produce IFN for some time, and those of high-producer mice
made more, in roughly the same proportions as found for
circulating IFN. The HW81 congenic mice behaved in
exactly the same way as their BALB/c counterparts, indi-
cating that the difference in levels of IFN produced by
spleens is indeed due to Ifl-.

Similar results were obtained when the splenocytes of
uninfected mice were induced in vitro with NDV (Table 1).
Although higher titers were obtained for both strains, the
cells from C57BL/6 mice produced roughly 10-fold more
IFN than did those from BALB/c mice.
The differences in the levels of IFN produced by the

animals which carry the different If-f alleles are not due to a
shift in the kinetics of the induction. IFN accumulated in the
sera of the high- and low-producing animals with an identical
time course (Fig. 1A). This corresponds to the results of the
group of De Maeyer (10). A time course of IFN production
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TABLE 1. IFN titers in sera and in culture media of spleen cell
suspensions from mice inoculated intravenously with NDV (in

vivo) or from spleen cell suspensions induced with NDV (in vitro)

Source of IFN Titersa

BALB/c serum ................. 240, 768, 480
C57BL/6 serum ................. 4,800, 7,680, 9,600
HW81 serum ................. 240, 720, 720

BALB/c spleen (in vivo) ................. 24, 36, 18b
C57BL/6 spleen (in vivo) ................. 192, 384, 576b
HW81 spleen (in vivo) ................. 12, 18, 24b

BALB/c spleen (in vitro) ................. 4,800, 9,800, 2,400c
C57BL/6 spleen (in vitro) .................48,000 36,000, 24,000'

a All titers are in laboratory units. In this system 1 U corresponds to 1 IU
as measured by reference MuIFN preparation no. G-002-904-511. Each figure
is the average from three mice of each strain.

b Titers were determined after 16 h in culture. In all cases, the titer at the
time incubation was begun was <6.

Titers were determined after 6 h of induction. NDV stock used was a new
one which yields higher responses.

by splenocytes induced in vitro (Fig. 1B) also shows that the
induction occurred with similar kinetics, although the
C57BL/6 IFN seemed to be degraded more rapidly, leading
to a less significant difference at late times.

Levels of IFN-specific mRNA in the spleen. Figure 2 shows
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FIG. 1. Kinetics of accumulation' of MuIFN. (A) Six mice were
injected with 200 p.1 each of NDV for each point. (B) Cell suspen-
sions were prepared from spleens of 15 mice. The suspensions were
infected with NDV, and supernatants were collected at the times
indicated. Symbols: 0, C57BL/6 mice; 0, BALB/c mice. Insets
show the kinetics of accumulation of IFN for BALB/c mice on a
different scale.
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FIG. 2. Northern blot analysis of poly(A)+ RNA from the
spleens of NDV-induced mice. Lanes: 1, 5 jig of RNA from
C57BL/6; 2, 5 ,Lg of RNA from BALB/c; 3, 5 ,ug of RNA from HW
81; 4, 0.5 ,ug of RNA from NDV-induced c243 cells. (A) Probe was
nick-translated pMf33; (B) probe was nick-translated pMIF1204. The
markers were PstI-digested pBR322 (4.3 kilobases) and Taql-di-
gested pUC8 (1.4, 0.7, and 0.5 kilobases).

Northern blots of poly(A)+ RNA from spleens of the same
animals used to obtain the data in the first part of Table 1. In
no case was any signal obtained when RNA from the spleens
of uninduced animals was used (data not shown). The signal
obtained with both MuIFN-P,B (Fig. 2A) and MuIFN-a2 (Fig.
2B) specific probes was much stronger for the high-pro-
ducing C57BL/6 mice than for either the BALB/c or the
HW81 strain. This indicates that the effect of If-] in the
spleen is to cause higher levels of IFN-specific RNA in If-lh
than in If-l' mice. The identity of the results obtained from
HW81 or BALB/c mice confirms that we are indeed dealing
with If-i and not some other IFN regulatory locus.

In the splenocytes which were induced in vitro, the levels
of IFN-specific mRNA were also higher in the cells from the
high-producing If-Ih mice throughout the length of the in-
duction (Fig. 3). Kinetics of accumulation were again simi-
lar, and the maximal accumulation occurred at 3 h after
induction. With longer exposures, signals became detectable
at 6 and 9 h of induction (data not shown), and the difference
between the high-producing C57BL/6 mice and the low-
producing BALB/c mice was maintained.

Analysis of IFN-specific gene transcription. To determine
whether the difference in the accumulation of IFN-specific
mRNA between C57BL/6 mice and BALB/c mice is due to a
higher transcriptional level of the IFN genes in the former,
we performed nuclear run-on transcription experiments with
nuclei isolated from induced splenocytes.
The relative transcription rate of the MuIFN genes (Fig. 4)

was three to five times higher in the nuclei of induced
splenocytes of C57BL/6 mice than in those of BALB/c mice.

Determination of numbers of IFN-producing cells in popu-
lations of induced splenocytes. Higher levels of transcription
of IFN genes in the splenocyte populations obtained from
C57BL/6 mice could be due to a higher number of IFN-
producing cells in this population or to higher levels of
transcription per IFN-producing cell. We carried out in situ
hybridization experiments with cRNA probes corresponding
to the MuIFN-, gene to compare the number of splenocytes
producing IFN mRNA. The first experiments were carried
out on tissue slices. Positive cells were found only in spleens
of induced animals with the appropriate probes (data not
shown), but quantitation of the number of positive cells was
difficult.
To get a better quantitation of the results obtained by in

situ hybridization, hybridizations were carried out on sple-
nocytes isolated as a cell suspension from spleens of normal
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FIG. 3. Kinetics of accumulation of MuIFN-P,B mRNA in sple-
nocytes itduced in vitro. RNase mapping with 2 ,ug of polyadenyl-
ated RNA from splenocytes at the times indicated postinfection was
carried out as described by Zinn et al. (44). The probe was a
32P-labeled cRNA complementary to MuIFN-13 mRNA. Numbers at
the top indicate time in hours. The signal obtained corresponds to
the predicted 680-nucleotide band. The negative controls were
tRNA (25 jig) and 0.5 ,ug of poly(A)+ RNA from uninduced L cells
(NI) mixed with the probe. The positive control was 0.5 jig of
poly(A)+ RNA from L cells induced with NDV (I) (8 h of induction).
Markers are the 1-kilobase DNA ladder from Bethesda Research
Laboratories.

and NDV-infected mice and on splenocytes isolated from
uninfected mice and induced in vitro with NDV (Fig. 5). In
no case were positive cells obtained when the splenocytes
were isolated from uninduced animals. However, significant
numbers of positive cells were found when splenocytes were
induced, either in vivo or in vitro. Hybridization with labeled
RNA of the same polarity as the mRNA or with RNA
containing nonspecific (X-phage) sequences never yielded
signals (data not shown). The results of analysis of a large
number of cells of both the BALB/c (If-i') and C57BL/6
(Iflh) strains are shown in Fig. 6. The insets confirm that no
cells that could be classified as positive were obtained in the
uninduced populations. In induced populations the total
number of TEN-positive cells from C57BL/6 and BALB/c
mice was not significantly different, and the number of highly
positive cells was obviously greater in the population from
If Ih mice. Comparison of Fig. 6A and 6B shows that If-i
action was equivalent both in vivo and in vitro.

levels obtained corresponded to those expected for the
genotype of the donor (13). If-i is also expressed in perito-
neal macrophages (10). Here we have shown that IFN
production in splenocytes is also controlled by this locus
(Table 1) after both in vivo and in vitro induction. The
differences observed are not due to shifts in kinetics (Fig. 1)
in either case, and the results with the HW81 congenic line
(11) confirm that the effect is indeed due to If-l. Thus If-]
action in cells of the lymphatic system seems to be a general
phenomenon. The group of De Maeyer has reported that
mouse embryo fibroblasts from C57BL/6 and BALB/c mice
produce identical amounts of IFN in response to NDV (10),
and we have obtained the same result (data not shown). This
indicates that the If-i phenotype is not expressed in all cell
types.

Examination of the levels of IFN mRNA in the spleen
cells of the induced animals showed that they correlated well
with the levels of IFN activity (Fig. 2). The same result was
found for RNA from splenocytes induced in vitro (Fig. 3).
Thus the differences in levels of IFN activity are in all
probability due to a real physical difference in the amount of
IFN produced from an increased amount of translatable
message. The difference in the levels of IFN-specific mRNA
in splenocytes of induced C57BL/6 and BALB/c mice is due
to increased transcription in the former, as shown by run-on
transcription (Fig. 4).
The question of whether or not a larger number of IFN-

producing cells in If-f1 mice could account for the higher
levels of IFN gene transcription observed was answered by
in situ hybridization on isolated splenocytes. In all cases in
the induced population, no significant difference in the
number of cells producing IFN-specific mRNA was found
when BALB/c and C57BL/6 mice were compared. Cells
obtained from C57BL/6 mice showed higher signals than did
those obtained from the BALB/c mice. In these experi-
ments, we have concentrated on obtaining, as far as possi-
ble, the maximum number of positive cells to compare their
numbers. Thus exposure times were such that the overall
tendency was for the C57BL/6 cells to show a distribution
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DISCUSSION
In this report, we have investigated the site and mode of

action of the If-] IFN regulatory locus. We have identified
the spleen as a site of action and shown that in this organ the
effect of the If-] locus is to cause greater or lesser levels of
IFN mRNA in splenocytes for the high- and low-producing
alleles, respectively. These differences in mRNA levels are
at least in part due to transcriptional regulation.

It had been shown previously (13) that transplantation of
bone marrow cells from If-jh or If-i' mice into irradiated rats
restored the ability of the rats to produce IFN. The IFN

BALB/c C57BL/6 BALB/c C57BL/6

2 HOURS 4 HOURS

FIG. 4. Relative rate of transcription of the IFN genes in isolated
nuclei from induced splenocytes. Nuclei from approximately 2 x 107
cells were prepared from isolated splenocytes from C57BL/6 and
BALB/c mice at 2 and 4 h after induction with NDV. Results were
quantitated by densitometry, and all results were standardized to the
level of transcription of RNA corresponding to ribosomal protein
L27' (2), which can be considered as a housekeeping gene. The
relative transcription rates of IFN genes in the induced nuclei were
evaluated by the subtraction of the basal level observed in the
uninduced nuclei (30 to 40% of the ribosomal protein L27').
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FIG. 5. In situ hybridizations on isolated splenocytes. (A) NDV-infected and (B) uninfected C57BL/6 mice; (C) NDV-infected and (D)
uninfected BALB/c mice; (E) in vitro NDV-infected and (F) uninfected C57BL/6 mice; (G) in vitro NDV-infected and (H) uninfected BALB/c
mice. Hybridizations were for 48 h at 42°C with 10 ng of 3H-labeled MuIFN-P1 cRNA (specific activity, 6.5 x 107 Cpmlp.g). Autoradiographic
exposure was for 25 days. Bars, 25 p.m.

which was shifted towards cells with more silver grains, but
this was not necessarily in proportion to the ratio in mRNA
levels. In sum, we interpret our results as meaning that in the
spleens of If-1 and If-Pl' mice roughly equal numbers of cells
respond to NDV by producing IFN; thus the cells from the

high-producing animals transcribe higher levels of IFN
mRNA.

If-1 acts in trans. This is evident as the structural genes for
both IFN-a and IFN-p are on chromosome 4 (6, 25, 28),
whereas the If-f locus has been mapped genetically to
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FIG. 6. Analysis of silver grain distribution in isolated spleno-
cytes. (A) Cells removed from NDV-infected mice. (B) Cells re-

moved from normal mice and subsequently infected in vitro with
NDV. Insets represent uninfected cell populations for both cases.

Symbols: Solid bars, C57BL/6; open bars, BALB/c. At least 400
cells were counted for each set.

chromosome 3 (31). We have also found that an X-linked
gene which is coinduced with IFN is regulated by If-] (B.
Coulombe, L. Daigneault, D. Skup, and B. R. G. Williams,
manuscript in preparation). Furthermore, De Maeyer-
Guignard and co-workers have shown, using mice congenic
for chromosome 4, that the origin of the structural genes is
not important for If-] regulation (14). The fact that If-] acts
in trans to exert a direct effect on transcription indicates that
the If-i product may be a specific transcription factor or

some other factor involved in IFN induction.
In conclusion, we have shown that the mode of action of

the If-i regulatory locus is through a molecular event.

Individual IFN-producing cells in spleen transcribe higher
levels of IFN-specific mRNA in If-qh mice. This fact, in
conjunction with the findings that splenocytes induced in
vitro produce high levels of IFN and that this production is
regulated by If-i, will now permit study of the molecular
mechanisms of If-i action.
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