
20 Y Reiss, M. C Seabra, J. L. Goldstein, M. S 
Brown, Methods A Companion to Methods En- 
zymoi 1, 241 (1990). 

21. J Faust and M Kr~eger, J. Biol Chem 262, 1996 
(1987), C M Kim, J L Goldste~n, M. S Brown, 
/bid 267, 231 13 (1 992). 

22 J H Reese and W A Maltese, Moi Ceil Bio- 
chem. 104, 109 (1991) W A Maltese, FASEB J 
4, 331 9 (1 990). 

23 Y.  taka^, K Ka~buchi, A K~kuch~, M Kawata, int 
Rev Cytoi 133, 187 (1992). 

24 H C R~lllng, E Breunger, W W. Epste~n, P. F. 
Crain, Science247, 318 (1990), C C. Farnsworth, 
M H Gelb, J A. Glomset, ibid., p. 320 

25 C C Farnsworth, S L Wolda, M. H Gelb, J A 
Glomset, J Biol Chem 264, 20422 (1989). 

26 J R Feram~sco et ai , Nature 314, 639 (1 985); D 
Bar- sag^, F McCorm~ck, R J Milley, J. R. Fera- 
mlsco, J. Ceil. Physiol Suppi 5, 69 (1987) 

27. M R. Smith, S. J DeGud~c~bus, D W Stacey, 
Nature 320, 540 (1986), L A Fe~g and G M. 
Cooper, Moi Cell Bioi 8, 3235 (1988); D W 
Stacey, L A Feig, J B G~bbs, ibid 11, 4053 
(1991) 

28 M Hara et ai., Proc. Nati. Acad Sci U S  A 90, 
2281 (1993) 

29 D van der Pyl e t a / ,  J Antibiot. 45, 1802 (1992), 
S Omura, D van der Pyl, J Inokoshi, Y Taka- 
 hash^, H Takash~ma, /bid 46, 222 (1993), K 
Sh~om~ et ai , /bid , p 229 

30. J. B G~bbs etai., J. Biol Chem 268, 761 7 (1993) 
31. W -J Chen, D A Andres, J. L Goldste~n, D W 

Russell, M. S. Brown, Cell 66, 327 (1991), W -J 
Chen, D. A. Andres, J L Goldstein, M S Brown, 
Proc Nail Acad Sci U S  A 88, 11 368 (1 991) 

32 D. R O'Rellly, L K M~ller, V A. Luckow, Baculo- 
virus Expression Vectors A Laboratoiy Manual 
(Freeman, New York, 1992); P. A K~tts, M. D 
Ayres, R D Possee, Nucleic Acids Res 18, 5667 
(1 990). 

33 Pur~f~cation by HPLC (Vydac C18, aceton~trile- 
H20-TFA) resolved each of the benzod~azep~ne- 
subst~tuted pept~des into rwo peaks conslstlng of 
each of two d~astereomers with opposlte config- 
uratlon at C-3 These isomers were des~gnated as 
A and B, correspond~ng to the early- and late- 
elut~ng peaks, respect~vely ldent~fication of the 
absolute stereochem~stry at C-3 IS In progress 

34 Recomb~nant CAAXfarnesyItransferase was pro- 
duced In a baculov~rus expresslon system (Y. 
Re~ss, M S Brown, J L. Goldstein, In prepara- 
t~on) Briefly, the cDNAs encod~ng the a and p 
subunlts of rat CAAX farnesyltransferase were 
each exc~sed from their parent vectors (31) and 
Inserted separately Into the correspond~ng sites of 
the baculov~rus expresslon vector pVL1393 (32) 
Recomb~nant baculov~ruses encod~ng both sub- 
units were introduced together Into Sf9 cells 
Seventy-two hours after ~nfect~on, the cells were 
harvested and disrupted in a Parr cell disrupt~on 
bomb CAAXfarnesyltransferase was Isolated by 
chromatography on Q-Sepharose The enzyme 
was judged to be -90% pure by Coomassie blue 
sta~n~ng after SDS PAGE 

35 U K Laemml~, Nature 227, 680 (1 970). 
36. B E Evans et ai , J Med Chem 31,2235 (1988) 
37. 3-Am~no-I-carboxymethyl-5-phenyl-benzod~az- 

ep~n-2-one was prepared by analogy to pub- 
llshed procedures [M G Bock et a / ,  J. Org 
Chem 52, 3232 (1987)) Subsequent chem~s- 
trles used N-Boc-protected-BZA and followed 
establ~shed peptide synthes~s methodolog~es 
(14) N-Boc-(N-MejBZA was prepared from 
N-Boc-BZA by treatment w~ th  NaH and Mel 
Protected amlno ac~ds  and analogs were actl- 
vated w ~ t h  BOP or BOP-CI and coupled to suit- 
ably derivat~zed Merr~f~eld resln (Bachem) Pep- 
t~des were cleaved from the resln In HF-10% 
anlsole-5% EtSMe at 0°C for 1 hour, purlfled by 
HPLC (331, and character~zed by electrospray 
mass spectrometry (Sc~ex) The methyl ester 
derlvat~ve (BZA-5) was prepared by solution 
coupl~ng of N-Boc-(N-MejBZA to meth~on~ne 
methyl ester w~ th  DlPC followed by deprotect~on 
[tr~fluoroacet~c a c ~ d  (TFA)] and coupl~ng of 
N-Boc-(S-ethy1thlo)cystelne w~ th  EDC In DMF. 

37aM C Seabra, M S Brown, J L Goldstein, 
Science 259, 377 1993 

38. The assay mixture for CAAXfarnesyltransferase 
conta~ned (In a f~nal volume of 50 kI) 50 mM 
tris-chlor~de (pH 7 5), 50 kM ZnCI2, 3 mM MgCI,, 
20 mM KCI, 5 mM d~th~othre~tol (DTT), 0.4% (vlv) 
octyl p-D-glucos~de, 1% (vlv) d~methyl sulfoxide 
(DMSO), 0 6 kM all-trans-[3H]farnesyl pyrophos- 
phate (9730 dpmlpmol, Dupont-New England 
Nuclear), 40 kM recomb~nant H-Ras (4), 10 ng 
of purlfled farnesyltransferase (341, and various 
concentratlons of the indicated compound In 
(A) The assay mlxture for CAAXGG transferase 
conta~ned (In a f~nal volume of 50 kI) 50 mM 
sod~um Hepes (pH 7 2), 5 mM MgCI,, 5 mM 
DTT, 0 3 mM Non~det P-40, 0 2% octyl p-D- 
glucos~de, 1% DMSO, 0 5 kM all-trans-[3H]ger- 
anylgeranyl pyrophosphate (33,000 dpmlpmol, 
Amer~can Radlolabeled Chemicals, Inc ) ,  5 kM 
recomb~nant H-Ras (CVLL) (16), 6 3 k g  of par- 
t~ally purlfled CAAX GG transferase (161, and 
varlous concentrations of the lnd~cated com- 
pound In (B) The assay mlxture for Rab GG 
transferase conta~ned (In a f~nal volume of 50 kl) 
50 mM sod~um Hepes (pH 7 21, 5 mM MgCI,, 5 
mM DTT, 0 3 mM Non~det P-40, 0.2% octyl 
p-D-glucoside, 1% DMSO, 0.5 kM [3H]gera- 
nylgeranyl pyrophosphate (33,000 dpmlpmol), 2 
JIM recomblnant RablA (181, 2 ng each of 
purlfled components A and B of Rab GG trans- 
ferase (181, and the lnd~cated compound In (C). 

39. M. S. Brown, J R. Faust, J L Goldstein, l 
Kaneko, A. Endo, J Biol Chem 253,1121 (1 978) 

40 Each cell monolayer was harvested by rlnslng 
three tlmes w ~ t h  3 ml of 50 mM tr~s-HCI (pH 7 51, 
0 15 M NaCI. Lysis buffer (300 kl) [0 5 x  Dulbec- 
co's phosphate-buffered saline contalnlng 1% 
Tr~ton X-100, leupept~n (5 yglml), pepstat~n (5 
kglml), 0 5 mM phenylmethylsulfonyl fluor~de, 
and 0 05 trypsin lnh~b~tor unlts per m~ l l~ l~ te r  of 
aprot~nin] was added to each monolayer. After 
incubat~on on ice for 5 min, the lysates were 
centr~fuged for 30 s in a microfuge at 12,000g. 
The result~ng supernatant was transferred to a 
new tube, and each sedimented sample was 
resuspended In lys~s buffer (60 kl) Prote~n con- 

centratlons were determined by the BCA protein 
assay reagent (Plerce, Rockford, IL) according 
to the manufacturer's directions Samples were 
m~xed w ~ t h  2 x  SDS sample buffer (35) and 
heated at 95°C for 5 min before electrophores~s. 

41. Port~ons of the Tr~ton X-10CLsoluble fract~on (300 
k g  of prote~n) were Incubated w~th a rat monoclo- 
nal antibody to Ras (1 kg) (Oncogene Science, 
Inc) overn~ght at 4°C on a rotatlng platform. Im- 
mune complexes were precip~tated by add~t~on of 
25 kI of proteln A-agarose suspension that had 
been precoated with goat ant~body to rat Immuno- 
globulin G (Oncogene Science, Inc ) according to 
the manufacturer's dlrect~ons After a 30-mln Incu- 
bation at P C ,  the agarose beads were centr~fuged 
and washed f~ve tlmes w~th 1 ml each of washlng 
solut~on [50 mM tr~s-chloride (pH 7.51, 50 mM 
NaCI, 0 5% (wlv) deoxycholate, 0.5% (vlv) Nonidet 
P-40, and 0 1% (wlv) SDS] Each sample rece~ved 
75 kI  of 1 x  SDS sample buffer (35) and was 
heated for 5 min at 95°C before electrophoresis 

42. The H-Ras-transformed cells were generated by 
transfect~on of Ratl f~broblasts with an SV4O-dr~ven 
expression vector contalnlng an H-rasgene in whlch 
glyc~ne at ammo ac~d  12 was replaced by valine [P. 
H. Seeburg, W W Colby, D J. Capon, D. V. 
Goeddel, A. D Lev~nson, Nature 312, 71 (1984)l. 
Cells that overgrew the monolayer were extracted 
and plated Into agar to obta~n a cell line d~splaying a 
fully transformed phenotype. The Src-transformed 
cells were generated by transfect~on of Ratl f~bro- 
blasts with a vector conta~nlng the v-src gene [M A 
Snyder, J M B~shop, W W Colby, A D. Lev~nson, 
Cell 32, 891 (1983)) as well as the neo gene that 
confers G418 res~stance, both under control of SV40 
early promoters G418-res~stant cell clones that d~s -  
played a transformed phenotype were used to gen- 
erate a cell Ilne. 

43 We thank D. Noble-Morgan, T. Mart~n, S Broz, D. 
Burdick, D. Oare, K. Par~s, and M Reynolds for 
technical assistance Supported by NIH grant HL 
20948, by a grant from The Perot Fam~ly Founda- 
tion, and by a postdoctoral fellowsh~p from the 
Helen Hay Whltney Foundation (G L J.) 

27 Apr~l 1993, accepted 24 May 1993 

l nduction of Type I Diabetes by In terferon-cx 
in Transgenic Mice 

T. A. Stewart,* B. Hultgren, X. Huang, S. Pitts-Meek, J. Hully, 
N. J. MacLachlan 

Type I diabetes is an autoimmune disease involving an interaction between an epigenetic 
event (possibly a viral infection), the pancreatic p cells, and the immune system in a 
genetically susceptible host. The possibility that the type I interferons could mediate this 
interaction was tested with transgenic mice in which the insulin-producing p cells expressed 
an interferon-a. These mice developed a hypoinsulinemic diabetes associated with a mixed 
inflammation centered on the islets. The inflammation and the diabetes were prevented 
with a neutralizing antibody to the interferon-a. Thus, the expression of interferon-a by the 
p cells could be causal in the development of type I diabetes, which suggests a therapeutic 
approach to this disease. 

T y p e  I diabetes is caused by the progressive 
loss of pancreatic p cells and is associated 
with several autoimmune phenomena (1 ) . 
Although particular alleles closely linked to 
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the major histocompatibility complex 
(MHC) class I1 locus increase the risk of 
developing type I diabetes (Z), studies of 
identical twins have implicated poorly 
characterized environmental factors in the 
initiation of the disease (3). Several reports 
have suggested that viral infections could 
be these environmental agents in type I 
diabetes (4). However, many different vi- 
ruses are epidemiologically linked to diabe- 
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tes, and at diagnosis there is usually no 
active viral infection. Expression of inter- 
feron-a (IFN-a) is induced in epithelial 
cells by several different viruses (5). Al- 
though named for its antiviral activities, 
IFN-a also affects natural killer (NK) cells 
(6, 7) and macrophages (8) and modifies 
the antibody response (9, 10). Because 
IFN-a can provide a link between the 
environment (a viral infection) and an 
immune response, we have investigated the 
possibility that it could initiate an autoim- 
mune response capable of destroying the p 
cells. We tested this possibility by develop- 
ing a transgenic mouse model in which the 
p cells express an active IFN-a. We show 
that IFN-a expressed in the islets can in- 
duce a syndrome resembling type I diabetes, 
and we present the results of preventive 
therapy using a neutralizing antibody to 
IFN-a (anti-IFN-a) . 

We generated four transgenic mice (I I) 
that carry a transgene containing the regu- 
latory region of the human insulin gene, a 
cDNA that encodes a hybrid human IFN-a 
(AD Bgl 11) that unlike most human 
IFN-a's is active on mouse cells (7, 12), 
and the polyadenylate addition signal from 
the hepatitis surface antigen gene. This 
general form of a transgene can efficiently 
drive expression of a heterologous gene in 
the f3 cells (I 1, 13). One line of transgenic 
mice derived from one of these founders, 
referred to here as Iia (insulin IFN-a), is 
presented in detail. Of the other three 
founder transgenic mice, one did not trans- 
mit the transgene and so was not further 
analyzed, one was detected as being diabetic 
(glucose > 400 mgldl) at around 10 weeks of 
age but died without transmitting the trans- 
gene, and the third has led to the generation 
of a line of transgenic mice that have a 
qualitatively similar but less severe form of 
the insulitis described below and have an 
incidence of diabetes of - 10% (1 4). 

The Iia founder mouse was backcrossed 
to both outbred albino mice (CD1) and to 
inbred C57BL16J mice. The Iia(CD1) 
transgenic mice became diabetic with a 
cumulative incidence of greater than 50% 
(Fig. 1A) and a median time to onset of 
about 4 weeks. The incidence in the 
Iia(C57BU6) mice was less than 5% (1 5). 
In the Iia(CD1) transgenic mice, diabetes 
onset was detected from 2 weeks to 6 
months of age (Fig. 1B). The diabetes was 
characterized as a persistent hyperglycemia 
with polyuria and polydipsia. In the diabet- 
ic mice the glucose concentrations were 
maintained between 250 and 400 mgfdl for 
up to 6 weeks before glucose concentrations 
further increased and the animals died, 
apparently as a consequence of the hyper- 
glycemia. The diabetic mice were severely 
hypoinsulinemic (Fig. 1C). Thus, the con- 
sequence of the expression of the IFN-a 

diebetic 
Transgenic 

Fig. 1. Transgenic mice in which the p cells express IFN-a developed a hypoinsulinemic diabetes. 
(A) Life table analysis of 20 male transgenic mice. (B) Glucose concentrations as a function of age 
for a representative group of mice. The mean glucose concentration in nontransgenic mice was 
-1 10 mgldl. (C) Insulin concentrations (nanograms per milliliter of serum) in nontransgenic mice 
and in transgenic (diabeti, and nondiabetic) mice. The results were derived from a pool of litters 
obtained from the N3 backcross to CD1 mice. We monitored the mice at the indicated ages for 
glucose by analyzing venous blood with a Lifescan glucose analyzer. Insulin concentrations in sera 
were determined in nonfasted animals by established radioimmunoassay (32). 

transgene was a hypoinsulinemic diabetes. 
In pancreata from humans with type I 

diabetes, the early lesions are characterized 
by a mononuclear cell infiltrate into the 
islets, many of which still contain P cells 
with immunoreactive insulin, and a minor 
infiltration into the surrounding acinar tis- 
sue (I). Although human diabetics lose 
almost all of their p cells, the absolute 
number of islet cells that stain for glucagon 
or somatostatin is relatively unchanged. 

In young (4- to 6-week) diabetic Iia- 
(CD 1) transgenic mice, mononuclear cells 
infiltrated around and within the islets (Fig. 
2). This insulitis was accompanied by f! cell 
necrosis (1 6). In transgenic mice that had 
been diabetic for two or more months, the 
inflammation became less marked and left 
islets that were shrunken and relatively 
devoid of histologically obvious fl cells (Fig. 
2). In young diabetic mice a significant 
number of cells within the islets contained 

insulin regardless of whether these islets 
had a lymphocytic involvement, whereas 
mice that had been diabetic for more than 6 
weeks had fewer insulin-containing cells 
and a relative increase in the number of 
both somatostatin- and glucagon-contain- 
ing cells (Fig. 3). 

By immunocytochemistry, the mononu- 
clear cells infiltrating the islets in young 
transgenic mice included CD4-positive 
lymphocytes. The section shown in Fig. 4C 
from the pancreas of a transgenic mouse 
shows an infiltrated islet comparable to 
those shown in Fig. 2, C and D, and the 
presence of CD4-positive lymphocytes. To 
obtain an estimate of the ratio of CD4 to 
CD8 cells that was not biased bv intra~an- 
creatic regional differences, we perfused 
pancreata from control and transgenic mice 
with phosphate-buffered saline (PBS) , la- 
beled single-cell preparations with mono- 
clonal antibodies (rnAbs), and analyzed the 

Fig. 2. The development of 
diabetes is coincident with 
an invasion of leukocytes 
into the islets. An islet from 
a normal mouse (A) ap- 
pears rounded, with the 
majority of the cells intact 
and well granulated. In 
contrast, the islet from a 
young transgenic mouse 
(age 6 weeks, diabetic at 2 
weeks) has a severe mixed 
leukocytic inflammation in- 
vading the islet (B and C). 
In mice that have been di- 
abetic for 3 months, the 
islets appear shrunken and 
atrophied (D). Pancreata 
were removed from the in- 
dicated mice and fixed in 
10% formalin, and 5-pm 
sections were stained with 
hematoxylin and eosin. 
Magnification, x350. 

SCIENCE VOL. 260 25 JUNE 1993 1943 



cells by flow cytofluorometry. Pancreata 
from control mice had a small residual 
contaminating lymphocyte population 
(CD4, 1 to 3% and CD8, 0.1%), demon- 
strating that the pancreata were not sig- 
nificantly contaminated with lymph 
nodes. In contrast, in the pancreata frdm 
the diabetic mice, 14.1% of the cells 
stained positive for CD4 and 3.1% for 
CD8 (Fig. 4). The relative order of ap- 
pearance of monocytes, lymphocytes, and 
NK cells is not yet known, nor is it clear 
which of these cell types are responsible 
for the $ cell necrosis. 

Because diabetes occurred in two inde- 
pendent lines of mice (in addition to a 
third founder mouse that became diabetic 
but died without transmitting the trans- 
gene), the pathology was probably a result 
of the presence and expression [IFN-a can 
be detected by immunocytochemistry 
(14)] of the transgene rather than an 
insertional event. To demonstrate that 
the disease is deuendent on secretion of 
the biologically active protein, we under- 
took a prophylactic intervention with a 
mAb that neutralizes the biological activ- 
ity of the human IFN-a synthesized by 
these transgenic mice. Beginning at 2 
weeks of age and continuing through 6 
weeks. transgenic mice were treated three 
times per week with a neutralizing mAb or 
an isotype-matched control (Table 1). 
After 4 weeks of treatment there were 
significantly fewer (P < 0.01) diabetic 
mice in the group receiving the mAb to 
IFN-a (anti-IFN-a) as compared with the 
group of mice receiving the isotype- 
matched control. At the end of the 
4-week treatment, the pancreata were ex- 
amined histologically in a blinded manner 
(Table 1). The inflammation associated 
with the islets was graded on a scale from 
0 (minimal) to 5 (severe), and the inten- 
sity of staining of immunoreactive insulin 
within the $ cells was graded from 0 
(minimal) to 6 (very intense). The mean 
histological score for the insulitis in the 
transgenic mice treated with the control 
mAb was 3.2, whereas the score was 1.5 
for the mice receiving 4 weeks of treat- 
ment with the anti-IFN-a. The mean 
insulin score was 3.1 in the control group 
and 5.1 in the treated group. In addition, 
we observed that the lesions present in the 
exocrine pancreas were less severe in the 
group treated with anti-IFN-a than in the 
group treated with the control mAb (14). 

We have demonstrated that the expres- 
sion of IFN-a in the @ cells of a transgenic 
mouse can lead to a hypoinsulinemic dia- 
betes. The loss of the B cells in the 
diabetic mice was selective in that there 
was a relative sparing of the a and 6 cells 
and the $ cell loss was associated with a 
mixed inflammation centered on the is- 

Flg. 3. Long-term diabetic mice have reduced absolute and relative numbers of insulin- 
containing cells and insulin staining. Coincident with the reduction in the number of insulin- 
containing cells, the relative number of glucagon- and somatostatin-containing cells appears to 
increase. We identified nontransgenic and transgenic mice by dot blot hybridization of DNA 
taken from tail biopsies and identified transgenic diabetic mice by venous blood analysis. The 
appropriate mice were killed by cervical dislocation and the pancreata fixed in 10% formalin. The 
tissues were embedded in paraffin, and then sections were cut and stained with biotinylated 
polyclonal antibodies against insulin, glucagon, or somatostatin. Using a commercially available 
kit (Vectastain), we developed a color reaction in the tissue sections stained with the antibodies, 
and the sections were then counterstained with hematoxylin. Shown is a comparison between a 
control mouse and diabetic transgenic (TG) mice at 3 and 4 months of age. Note the loss of 
insulin-staining cells and relative increase in glucagon- and somatostatin-containing cells that 
becomes more pronounced with increasing duration of diabetes. A comparable selective loss of 
f3 cells also occurs in human diabetics (1). 

lets. Because this mouse model reproduces 
the IFN-a expression seen in human dia- 
betics (17) and leads to a pathology that 
has many similarities to human type I 
diabetes (I), expression of IFN-a by islet 
cells may be a causal factor in the devel- 
opment of this disease in humans. That 
comparable transgenic mice expressing in- 
terleukin-2 (IL-2) (1 %), tumor necrosis 
factor* (TNF-a) (1 9), or TNF-@ (20) do 

not develop diabetes emphasizes the rele- 
vance of the results reported here. A 
causal relation would be supported by 
reports of autoimmune diseases being in- 
duced in patients treated with recombi- 
nant IFN-a (1 0, 21). 

The possibility that the activation of 
local macrophages (8) and NK cells (6, 7) 
by IFN-a is a primary cause of the $ cell loss 
would be consistent with reports demon- 
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Fia. 4. The insulitis in the transgenic mice includes CD4- and CD8-positive CorOIol 
lyriiphocytes. Pancreata from a control mouse (A and B) or transgenic mouse (C 
and D) were stained with a mAb against CD4 (A and C) or were used to generate 
a single cell suspension that was stained with antibodies against CD4 and CD8 
(6 and D). We prepared the pancreata by either removing and snap-freezing 
them in optimal cutting temperature (OCT) (Tissue-Tek) compound for sectioning 
or removing the pancreata after whole-body perfusion with PBS for fluorescence- 
activated cell sorting (FACS) analysis. Pancreatic sections were stained with a 
biotinylated antibody against CD4, color-developed with a Vectastain kit, and 
counterstained with eosin. Perfused pancreata were sequentially digested with 
collagenase and deoxyribonuclease. The first digestion was for 12 min [collagen- 
ase (5 mg/ml)], the second digestion was for 5 min [collagenase (2.5 mg/ml)], and 
the third was for 5 min [collagenase (1.25 mglml)]. Each digestion mix contained 
the same amount of deoxyribonuclease (2.5 mgtml). Large aggregates were 
removed by settling, and the single cell suspension was washed in a solution of 
PBS and 1% fetal calf serum. These cells were stained with phycoerythrin- 
conjugated antibody to CD4 (PharMingen, 01075A) and fluorescein isothiocya- 
nate-conjugated antibody to CD8 (Caltag, RM2201). We analyzed these stained 
and washed cells with an Elite flow cytometer. Initially, 50,000 non-gated events 
were collected; these were subsequently gated by side and forward scatter. 
Shown is a two-dimensional representation of the cells that have side and forward 0.1 1.0 10 100 

scatter characteristic of lymphocytes (determined from an analysis of splenocytes 
analyzed as part of the same experiment). The numbers in each plot represent the percentage of gated cells that stain with the two antibodies. The data 
shown are representative of the 10 control and 14 diabetic transgenic mice analyzed. 

strating that p cells are unusually sensitive 
to NK- (22) and macrophage-mediated lysis 
(23). Furthermore, in response to  IFN-a, 
peripheral monocytes and bone marrow cul- 
tures (non-T and non-B) wi l l  produce IL-l 
(24), and activated T cells wi l l  produce 
IL-2 (25). Thus, once the process i s  initi- 
ated by local production o f  IFN-a, a pow- 
erful inflammatory reaction involving T 
and B cells, as well as NK cells and macro- 
phages, could occur. 

The production of IFN-y by the P cells 
in transgenic mice also leads to a hypoin- 
sulinemic diabetes (1 3). However, the dia- 

betes induced in transgenic mice bv the " 
expression o f  IFN-a that we report here is 
more relevant to human diabetes for several 
reasons. First, IFN-a, rather than IFN-y, i s  
expressed by the p cells o f  type I diabetics. 
Second. in the islets of human diabetics. 
histologically obvious changes occur before 
the lymphocytes capable o f  making IFN-y 
appear (1 7). Our recent development of 
mice lacking IFN-7 (26) wi l l  allow a genet- 
ic  analysis of the importance of IFN-7 in 
the IFN-a diabetic mice, as well as in other 
mouse models o f  diabetes. 

The induction o f  IFN-a by viruses is 

Table 1. We generated transgenic mice by mating diabetic males with either non-transgenic female 
siblinas or CD1 female mice. Litters that were derived from the same male Darent and that were born 
withil24 hours of each other were pooled. At 10 days of age the pups were randomly separated 
into two groups. All transgenic mice received mAb injections three times per week. For mice 
between the ages of 2 and 3 weeks, each injection consisted of 200 pg of antibody in 0.125 ml of 
PBS. Between 3 and 6 weeks, each injection consisted of 400 pg of antibody in 0.25 ml. All 
injections were subcutaneous. The monoclonal anti-IFN-a, LI-8, is a mouse immunoglobulin GI  
(33) and had a neutralizing capacity of 300 U of consensus recombinant IFN-a per microgram of 
protein. The isotype-matched control was a mAb to tissue plasminogen activator from Chinese 
hamster ovary. From 3 to 6 weeks sera glucose concentrations were determined from tail venous 
blood with a Lifescan glucose analyzer. The presence of diabetes was defined as two or more 
consecutive glucose readings of greater than 200 mgldl. At 6 weeks the transgenic mice were 
killed, and the pancreata were removed and fixed in formalin. For technical reasons, not all 
pancreata were available for histological.analysis, and in some sections islets were not present, 
which prevented us from evaluating insulin staining. We analyzed paraffin-embedded hematoxylin- 
and eosin-stained sections for the extent of insulitis and insulin staining. We evaluated the 
histological sections without knowing which group of mice they came from and scored them for 
severity of insulitis and intensity of insulin staining. The intensity of insulin staining in an untreated 
nontransgenic mouse would be assigned a score of between 5 and 6. 

Diabetes incidence at week Severity of insulitis Insulin staining 
Treatment (aff ectedhotal) (number of mice) (score) 

group 
3 4 5  6 0 * 1  2 3  4 5 O t 1 2  3 4 5  6 

Control 8/61 13/61 15/61 18/61$ 0 4 7 25 17 1 1 4 18 17 7 6 1 
Anti-IFN-a 3/50 3/50 3/50 4/50$ 11 14 14 6 2 0 0 1 0 2 4 22 17 

'Severity of insulitis was scored on a scale of 0, minimal, to 5, severe. The mean score for mice treated with the 
control mAb was 3.2 and with the anti-IFN-a, 1.5. (P e 0.001 by Cochran-Mantel-Haenszel test.) tlntensity of 
insulin staining was scored on a scale of 0, minimal, to 6, very intense. The mean score for control mice was 3.1 
and for anti-IFN-a mice, 5.1. (P e 0.001 by Cochran-Mantel-Haenszel test.) $P c 0.01 by chi-square test. 

normally a transient phenomenon (27). 
However, this protein was detected in the 
islets o f  patients who had been clinically 
diabetic for many months (1 7). Viral in- 
duction o f  interferon gene transcription 
wi l l  also induce a factor termed IRF-1. and 
this factor can induce the transcription o f  
reporter genes containing DNA sequences 
corresponding to  IFN-a regulatory regions 
(28). These results suggest the possibility 
o f  an autostimulatory loop. However, the 
role o f  IRF-1 in the induction o f  the 
endogenous IFN-a genes i s  unclear (29). 
Alternatively, a chronic nonproductive 
viral infection may be responsible for 
maintaining IFN-a expression. Monocytes 
can produce IFN-a when these cells are 
cocultured wi th cell lines infected with, 
but not  producing, either human immun- 
odeficiency virus (30) or mumps virus 
(31). Because the majority o f  the islets in 
diabetic patients appear to  synthesize in- 
terferon, i t  would be necessary to  argue 
that most o f  the islets become chronically 
infected. A third possibility to  explain the 
persistent interferon expression i s  that a 
positive feedback loop i s  initiated but that 
this loop involves other cells and factors in 
addition to  the endocrine cells and IFN-a. 
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Nitric Oxide and Carbon Monoxide Produce 
Activity-Dependent Long-Term Synaptic 

Enhancement in Hippocampus 

Min Zhuo, Scott A. Small, Eric R. Kandel, Robert D. Hawkins* 
Nitric oxide (NO) and carbon monoxide (CO) may act as retrograde messages for long-term 
potentiation (LTP) in the hippocampus. Zinc protoporphyrin IX, an inhibitor of the enzyme that 
produces CO, blocked induction of LTP in the CAI region of hippocampal slices. Application 
of either NO or CO to slices produced a rapid and long-lasting increase in the size of evoked 
synaptic potentials if, and only if, the application occurred at the same time as weak tetanic 
stimulation. This long-term enhancement was spatially restricted to synapses from active 
presynaptic fibers and appeared to involve mechanisms utilized by LTP, occluding the 
subsequent induction of LTP by strong tetanic stimulation. The enhancement by NO and CO 
was not blocked by an N-methyl-~-aspartate (NMDA) receptor blocker, suggesting that NO 
and CO act downstream from the NMDA receptor. Also, CO produced long-term enhance- 
ment when paired with low-frequency stimulation. These results are consistent with the 
hypothesis that NO and CO, either alone or in combination, serve as retrograde messages 
that produce activity-dependent presynaptic enhancement during LTP. 

Long-term potentiation is a type of synap- 
tic plasticity that is thought to contribute to 
certain forms of learning in mammals (I). 
Whereas induction of LTP in the CA1 
region of the hippocampus requires Ca2+ 
influx through postsynaptic NMDA recep- 
tor channels, maintenance of LTP appar- 
ently involves in part a presynaptic increase 
in transmitter release, implying that the 
postsynaptic cell must send one or more 
retrograde messages to the presynaptic ter- 
minals (2-5). Previous experiments with 
inhibitors of NO svnthase have indicated 
that the membrane-permeant molecule NO 
may be such a message (2-4). Inhibitors of 
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NO synthase also impair certain kinds of 
learning in vivo (6). To determine how NO 
contributes to LTP, we examined the ef- 
fects of applying NO directly to hippocam- 
pal slices. In addition, we compared these 
actions with those produced by CO because 
it has actions similar to those of NO in 
other systems (7, 8). 

A diffusible retrograde message could 
spread laterally and potentiate transmission 
at inactive presynaptic terminals, in con- 
trast with the observed pathway specificity 
of LTP (9) .  A ~ossible solution would be for ~, . 
the message to be effective only at recently 
active presynaptic fibers, as during activity- 
dependent presynaptic facilitation in Aply- 
sia (10). We tested this possibility by apply- 
ing NO to hippocampal slices either alone 
or paired with weak tetanic stimulation of 
the presynaptic fibers that by itself produced 
little or no LTP (1 1) .  Alone, NO (0.1 to 
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