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Fig. 2 Schematic representation of the spiral 

ganglion and its interaction with the outer and 

inner hair cells of the organ of Corti. Type 1 

spiral ganglion neurons (green) innervate inner 

hair cells and type 2 neurons (red) innervate 
outer hair cells. Efferent cochlear innervation is 
indicated in blue. Also indicated are antero

grade and retrograde neurotransmitters and 
trophic factors that mediate communication 

between hair cells and spiral ganglion neurons. 

(NO, nitric oxide; aFGF, acidic fibroblast 
growth factor; PDGF, platelet-derived growth 

factor; IHC, inner hair cell; OHC, outer hair cell; 
SL, spiral limbus). 

neurons is likely to be counterbalanced 
by the release of protective trophic fac

tors from these same cells. For example, 

one potentially important trophic mole

cule known to be manufactured by spi
ral ganglia is acidic fibroblast growth 

factor (aFGF) . This anterograde factor is 
important for the differentiation and 
maintenance of supporting cells under 
normal conditions and perhaps also for 

sensory hair cells, which express FGF re

ceptors following trauma'·'. In addition, 
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if PDGF proves to be a crucial mainte

nance factor for hair cells, amino

glycosides (which are known PDGF 

antagonists) could interfere with this 

activity thus contributing to hair cell 
degeneration". 

It is clear that trophic signaling in 
the cochlea is reciprocal: retrograde 

neurotrophic factors produced by hair 

cells protect the spiral ganglion neu
rons and anterograde factors released 

by spiral ganglia nourish hair cells (Fig. 

2). The neurotrophins, brain-derived 

neurotrophic factor (BDNF) and neu
rotrophin-3 (NT-3), are produced by 
hair cells and act on neurons in the 

cochlea' ·'". Whereas NT-3 is physiologi

cally crucial for the survival of develop

ing type 1 spiral ganglion neurons 
innervating inner hair cells, BDNF is 

required for the survival of type 2 spiral 
ganglion neurons innervating outer 
hair cells". In the adult, NT-3 fully pre
vents aminoglycoside-induced loss of 
spiral ganglion neurons 12 • In our view, 

the balance of retrograde and antero
grade trophic signaling in the inner ear 
determines the susceptibility of hair 

cells and spiral ganglion neurons to 

damage. Therefore, complete abroga
tion of aminoglycoside-induced inner 

ear damage will require blocking the 

excitotoxic activity of aminoglycosides 
and restoring the balance of trophic fac
tors in the cochlea. 

Regardless of the mechanisms of ac
tion of NMDA antagonists and whether 

the effects on hair cells are direct or not, 
the fact is that from having no methods 
for preventing damage to the inner ear a 
year ago, we now have candidate drugs 
with protective properties for h air cells 

and neurons that potentially can prevent 

hearing loss in human patients. 

Acknowledgment 

We thank Ernest Arenas for valuable discussions. 

1. Hawki ns, J.E. Drug Ototoxicity, in Handbook o( 

Sensory Physiology (ed . Keidel, W.D. & Neff, W.D.) 
707-748 (Springer, Berlin, 1976), 

2. Basile, A.S. et al. N-methyl-n-aspartate antago
n ists limit aminoglycoside-induced ototoxicity. 
Nature Med. 2, 1338-1343 (1996). 

3. Pullan, L.M., Stumpo, R.J,, Powel, R,J,. Paschetto, 
K.A. & Britt, M. Neomycin is an agonist at a 

polyamine site on the N-methyl-v-aspartatc re
ceptor. J. Neurochem. 59, 2087-2093 (1992), 

4. Muir, KW. & Lees, KR. Clinical experience with 
excitatory amino acid antagonist drugs. Stroke 
26, 503-513 (1995), 

5. Niedzielski, A.S. & Wenthold, R.J. Expression of 
AMPA, kainate, and NMDA receptor subunits in 
cochlear and vestibular ganglia. J. Net1rosci. 15, 
2338-2353 (1995). 

6. Colvin, J,S., Bohne, B.A., Harding, c~.W., 
McEwen, D.G. & Ornitz, D.M. Skeletal over
growth and deafness in mice lacking fibroblast 
growth factor receptor 3. Nature Genet. 12, 
390-3\17 (1996). 

7. Pirvola, U. et al. The site of action of neuronal 
acidic fibroblast growth factor is the organ of 
Corti of the rat cochlea. Proc. Natl, Acad. Sci. USA. 
92, 9269-9273 (1995), 

8. Vasshotn, F.S., Ostman, A., Sieghahn, A., 
Holmsen, H. & Heldin, C.H. Neomycin is a 
platelet-derived growth factor (PDGF) antagonist 
that allows discrimination of PDGF alpha- and 
beta-receptor signals in cells expressing both re
ceptor types. /, Biol. Chem. 267, 15635- 15641 
(1992), 

9. Emfors, P., Merl io, J.-l'. & Persson, H. Cells ex
p ressing mRNA for neurotrophins and their re
ceptors during embryonic rat development. Eur. 
f, Net1rosci. 4 , 1140-1 158 (1992). 

10. Pirvola, U . et al. Brain-derived neurot rophic fac
tor and neurotrophin 3 mRNAs in the peripheral 
target fields of developing inner ear ganglia. Proc. 

Natl. Acad, Sci. USA 89, 9915-9919 (1992). 

11. Emfors, P., Van De Water, T.R., Lorin g, J. & 
Jaenisch , R. Complementary roles of BDNF and 
NT-3 in auditory and vestibular development. 
Net1ron 14, 1153- 1164 (1995). 

12. Ernfo rs, P., Duan , M.D., ElShamy, W .M. & 

Canion, B. Protedion of auditory neurons from 
aminoglycoside toxicity by neurotrophin-3. Nat 

Med. 2, 463- 467 (1996). 

Departments of 'Medical Biochemistry and 

Biophysics and 'Physiology and Pharmacology 

Karolinska Institute 

171 77 Stockholm, Sweden 

Interleukin 1 ~ and fever 
Recombinant poxviruses expressing soluble interleukin-1 receptors show that 

interleukin-1 ~ is the predominant pyrogen during poxvirus infection. 

Fever is an elevation in body temperature 
(typically 1 to 4 °C) that occurs as a non

specific response to infection, contribut

ing to host defense an d survival through 

effects on inflammatory and immune re
sponses1-1. The search for an endogenous 

agent that causes a rise in temperature 
(pyrogen) has been long. Although fever 
was first described in an Egyptian pa

pyrus 5000 years ago, the biological ac-
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tivity of an endogen ous pyrogen was not 

reported until 1955 (ref. 4).The discovery 

of the first cytokines offered the promise 
that the endogenous molecule(s) that 

caused fever had finally been identified' . 
However, although interleukin-I (IL-1) a 
and [3, tumor necrosis factor (TNF) a and 

13, IL-6 and interferons have all been im
plicated as mediators of fever, it has been 
difficult to d issect their individual roles 

because these cytokines are pleiotropic, 

exhibit redundancy of function and in

teract with each other at multiple levels' . 
Thus, the all-important question is 

which cytokine is the endogenous pyro
gen ? Now, in a recent issue of the 

Proceedings o( the National Academy of' 
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Sciences, Alcami and Smith' report the re
sults of an elegant series of experiments 
using recombinant poxviruses, which 
show that IL-1[3 is the long-sought en
dogenous pyrogen required for fever, at 
least during poxvirus infection. 

The large DNA viruses of the poxvirus 
family include vaccinia virus, which has 
been used in a successful vaccination 
program to eradicate smallpox (caused 
by the related variola virus). It is well es
tablished that different vaccinia strains 
produce various reactions in the vacci
nee, for example, some produce fever 
whereas others do not. Vaccinia viruses 
produce a variety of proteins including 
soluble cytokine receptors that interfere 
with the host immune response by 
blockading cytokine activity. In their 
study Alcaml and Smith analyzed the 
febrile responses of mice intranasally in
fected with a number of different vac
cinia strains. The Western Reserve (WR) 
strain has a gene (BJ SR) that encodes an 
isoform of the IL-1 receptor (vIL-ll3R), 
which binds IL-113 (but not IL-la or IL-1 
receptor antagonist, IL-lra) with high 
affinity'. Mice intranasally infected with 
WR strain do not show fever, whereas 
those exposed to the same strain geneti
cally engineered to lack a functional 
BJSR gene exhibited a febrile response. 
Reinsertion of the gene prevented the 
febrile response, demonstrating that vIL-
1[3R is responsible for abrogation of fever. 
As predicted, IL- I [3 binding, indicative of 
vIL-ll3R expression, occurred in periph
eral tissues (spleen, lungs, plasma) and 
brains of mice infected with WR wild
type strain but not in animals infected 
with the strain deficient in Bl SR. Infec
tion with either the wild-type or engi
neered WR strains resulted in similar 
virus titers, indicating that effects on 
temperature were due to the BlSR phe
notype and were not caused by varia
tions in viral load. 

Three other smallpox vaccine strains 
were also studied: the Tian-Tin strain, 
which also encodes a soluble receptor for 
mouse IL-IP, failed to cause fever, where
as the Copenhagen and Tashkent strains, 
which lack v!L-1[3R and are both known 
to cause high fevers in vaccinated hu
mans, induced a febrile response in mice. 
Insertion of the Bl SR gene into the 
Copenhagen genome resulted in a virus 
that expressed IL-1 l3R and did not induce 
fever in ~xposed animals. In addition, 
treatment with a neutralizing mono
clonal antibody to mouse IL-113 blocked 
the fever induced by wild-type Copen-
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hagen strain. Even though the variola 
virus is not available for study, it is 
known that smallpox was associated 
with high fever. The BJSR gene is inac
tive in variola virus, which does, how
ever, have genes predicted to encode 
receptors for interferon (IFN) a, 13, and y, 
and for TNF-a and -13, suggesting that 
fever deriving from smallpox was medi
ated by IL-1[3 and not by IFN or TNF (ref. 
3). One possible limitation of the study 
by Alcami and Smith' is that IL-113 im
munoactivity could not be detected in 
plasma after infection of mice with either 
the wild-type or engineered WR strain. 
Nevertheless, given the several lines of 
evidence presented, it is reasonable to 
conclude that lL-113 is the endogenous 
pyrogen that induces fever in poxvirus 
infection. It is noteworthy that others 
have shown that IL-113 knockout mice 
have no fever in response to turpentine 
injection, which causes localized inflam
mation and tissue injury'. Thus, it seems 
that IL-113 may indeed be a required en
dogenous pyrogen in a variety of patho
physiological conditions. 

If IL-113 is an endogenous pyrogen. 
then the next question is "how does this 
cytokine signal the brain to cause fever?" 
particularly as cytokines do not readily 
cross the blood- brain barrier (BBB). 
Peripheral cytokines can reach the brain 
by one of four possible routes": (1) they 
can slowly cross the intact BBB via spe
cific (putative) transport mechanisms; (2) 
they can enter the brain through regions 
lacking a BBB; (3) they can transmit a sig
nal to the brain through the vagus nerve; 
and (4) they may activate brain vascula
ture causing informational molecules 
such as nitric oxide' and prostaglandins 
to act on brain parenchyma. When these 
four mechanisms were first proposed by 
various groups there was a debate as to 
which one was "correct"; it now seems 
that each plays a prominent role depend
ing on the conditions. For example, in 
mild inflammation, when peripheral 
cytokines are not present in significant 
amounts in the circulation, the periph
eral cytokine signal to the central 
nervous system is most likely to be trans
mitted through the vagus nerve. On the 
other hand, during systemic inflamma
tion and sepsis, when endothelium is ac
tivated and levels of circulating cytokines 
are high, the vascular route to brain 
activation becomes more important. 

Interestingly, it appears that the signal 
triggered within the brain by peripheral 
IL-113 is IL-113 itself'0· ". We have recently 
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shown" that, during systemic inflamma
tion, there is first production of IL-1[3 pe
ripherally, then induction of IL-1~ gene 
expression in areas of the central nervous 
system that lack BBB, followed by induc
tion of IL-113 gene expression within 
brain parenchyma in regions where the 
BBB is intact, such as the paraventricular 
nucleus of the hypothalamus. Peripheral 
IL-113 and brain IL-113 are the same mole
cule but exert different actions depending 
on the local conditions. 

With the identification of IL-113 as the 
major endogenous pyrogen in poxvirus 
infection, Alcami and Smith, have solved 
a long-standing puzzle. The next step 
will be to discover whether IL-113 is the 
predominant endogenous pyrogen in all 
inflammatory conditions or whether, in 
keeping with current thinking regarding 
the functional redundancy of cytokines, 
other molecules such as IL-la, TNF-a, IL-
6 and interferons mediate fever under 
different conditions. 
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