Piw[+m]FRT}42B P{PiM}46F P{PiM}47F. Clones of
tkv, sax, or shn mutant cells were generated by flp-
mediated recombination (flp is a yeast site-specific
recombinase) [T. Xu and G. M. Rubin, Development
117, 1223 (1993)]. Discs were stained with a Myc-
specific monoclonal antbody, a rabbit antibody to
cyclin B, or a rabbit antibody to ATONAL [S. S. Blair,
ibid. 115, 21 (1992); J. A. Willams, J. B. Bell, S. B.
Carroll, Genes Dev. 5, 2481 (1991)] with the use of a
fluoresceln conjugate to visualize the antibody to Myc
and a Cy-5 conjugate for the antibody to cyclin B or
ATONAL. Discs were labeled with propidium iodide
after antibody staining [W.G. Whitfield, C. Gonzalez,
G. Maldonado-Codina, D. M. Glover, EMBO J. 9,
2563 (1990)]. Thirteen out of 14 tkv® clones that en-
compassed the anterior half of the MF, and 2 out of 7
clones in the posterior half, had ectopic cyclin B ex-

pression. Nineteen of 29 shn/B clones and 10 of 16
sax* clones had aberrant cyclin B expression in the
MF. Cyclin B misexpression was less severe in shniB
and sax? clones, particuarly if they were near the
equator. Six tkv® clones in the MF were examined for
their effect on atonal expression.

19. Clones of tkv in adult eyes were induced as above
except that males of the genotype w, thv®
Piry{+Jhsp70:neo FRT}40A/In{2LR}Gla were crossed
to females of the genotype v w Plry{+]hsp70-fip},
P{w[+]}30C Plry[+] hsp70:neoFRT}40A. Sections of
adult eyes were made as described [N. L. Brown, C.
A, Sattler, D. R. Markey, S. B. Carroll, Development
113, 1245 (1991)]. Ten clones were scored from six
sectioned eyes. Seventy-one ommatidia with some or
all retinal cells mutant for tkv had a normal configura-
tion of seven retinal cells. Thirteen mutant ommatidia
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The interleukin-13 (IL-1B) converting enzyme (ICE) processes the inactive IL-13 pre-
cursor to the proinflammatory cytokine. ICE was also shown to cleave the precursor of
interferon-v inducing factor (IGIF) at the authentic processing site with high efficiency,
thereby activating IGIF and facilitating its export. Lipopolysaccharide-activated ICE-
deficient (ICE™") Kupffer cells synthesized the IGIF precursor but failed to process it into
the active form. Interferon-y and IGIF were diminished in the sera of ICE~~ mice exposed
to Propionibacterium acnes and lipopolysaccharide. The lack of multiple proinflamma-
tory cytokines in ICE™~ mice may account for their protection from septic shock.

ICE is a member of the growing family of
ICE-like cysteine proteases (caspases) with a
substrate specificity for aspartate (I). ICE
(caspase-1) was identified on the basis of its
proteolytic activity for cleaving the inactive
IL-1B precursor into the 17-kD mature cyto-
kine (2). ICE-deficient mice are impaired in
their production of mature IL-13 (3), which
establishes the physiological role of ICE in
the processing and export of IL-13. In con-
trast to IL-1B—deficient mice (4), [CE# mice
also have less IL-1a, tumor necrosis factor—o
(TNF-a), and IL-6 and are resistant to septic
shock induced by endotoxin (3), which sug-
gests that ICE may have additional functions
in the regulation of the immune system.
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IGIF, an ~18-kD polypeptide that stimu-
lates production of interferon-y (IFN-v) by T
cells (5), is synthesized as a polypeptide pre-
cursor (prolGIF) devoid of a conventional
signal sequence (6). The precursor of IGIF is
cleaved after Asp®® (6), which suggests that
an aspartate-specific protease may be in-
volved. Two families of proteases with sub-
strate specificity for aspartate have been iden-
tified; these include the ICE family of cysteine
proteases and granzyme B, a serine protease
involved in cytotoxic lymphocyte-mediat-
ed cell killing and activation of ICE-like
cysteine proteases (7, 8). Therefore, we
investigated whether one or more of the
ICE-family proteases or granzyme B may be
involved in the processing of prolGIF and
investigated the role that such a cleavage
may have in the function of IGIF.

We first used transient coexpression in
COS cells (9) to determine whether pro-
IGIF could be processed by some of the
known ICE-family proteases (Fig. 1A). Coex-
pression of prolGIF with ICE or its homolog
TX (caspase-4) (10) resulted in the cleavage
of prolGIF into a polypeptide similar in size to
the naturally occurring 18-kD IGIF. Single
point mutations of the catalytic cysteine res-
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were defective. The defective ommatidia contained
from four to six retinal cells. The identify of the missing
cell varied, although the altered shape of the clusters
did not always permit the identify of the missing cell or
cells to be established.
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idues that inactivate ICE and TX (II)
blocked cleavage. Coexpression with CPP32
(caspase-3), a protease involved in pro-
grammed cell death (apoptosis) (12), resulted
in the cleavage of prolGIF into a ~14-kD
polypeptide, whereas CMH-1 (caspase-7), a
homolog of CPP32 (13), did not appreciably
cleave prolGIF. Thus, ICE and TX could
cleave prolGIF into a polypeptide similar to
the naturally occurring IGIF.

We examined the cleavage of prolGIF by
these proteases in vitro with the use of puri-
fied recombinant (His).-tagged prolGIF as
a substrate (14). ICE cleaved the 24-kD pro-
IGIF into two polypeptides of ~18 and ~6
kD (Fig. 1B). The 18-kD polypeptide comi-
grated with recombinant mature IGIF upon
SDS—polyacrylamide  gel electrophoresis
(PAGE) and contained the same amino acid
residues (Asn-Phe-Gly-Arg-Leu) at its NH,-
terminus as did the naturally occurring mu-
rine IGIF, indicating that ICE cleaved pro-
IGIF at the authentic processing site (Asp*°-
Asn®®) (6). This cleavage was specific with a
catalytic efficiency (k_ /K, , where K is the
Michaelis constant) of 1.4 X 107 M ¢!
(K, =06=01uM;k, =86=03s")
(15) and was inhibited by the specific ICE
inhibitors Ac-Tyr-Val-Ala-Asp-aldehyde (2)
and Cbz-Val-Ala-Asp-[(2,6-dichloroben-
zoyl)oxy|methyl ketone (16). Recombinant
(His),-tagged human prolGIF was also
cleaved by ICE with a similar specificity.
Although prolGIF had no detectable IFN-y—
inducing activity, ICE-cleaved prolGIF was
active in inducing IFN-vy production in T
helper type 1 (T(1) cells (Fig. 1C) (17). TX
also cleaved prolGIF into polypeptides of
similar size; however, its catalytic efficiency
was about two orders of magnitude lower than
that of ICE. In a manner consistent with the
observation from' the COS cell experiments,
CPP32 cleaved prolGIF at a different site
(Asp®-11e™) and the resulting polypeptides
had little IFN-y—inducing activity, whereas
CMH-1 and granzyme B did not cleave prol-
GIF. Thus, both in COS cells and in vitro,
ICE can process the inactive IGIF precursor
at the authentic maturation site to generate
the biologically active form of IGIF.



[GIF alone or with the inactive ICE mutant
exported only a very small amount of pro-
IGIF. We estimated by Phosphorlmager
analysis that ~10% of the mature IGIF was
exported from transfected cells, whereas
<1% of prolGIF was exported. We also mea-
sured the presence of IFN-y—inducing activ-
ity in cell lysates and in the conditioned
media of transfected cells (19). IFN-y—in-
ducing activity was detected in both cell
lysates and conditioned medium of COS
cells coexpressing prolGIF and ICE, but not
those of cells expressing prolGIF or ICE
alone (Fig. 2B). The relative amounts of
mature IGIF in the medium and in cell
lysates (19) indicated that the secreted IGIF
was at least as active as the cytosolic mature

IGIF is produced by activated Kupffer
cells and macrophages in vivo and is export-
ed from the cells upon stimulation by endo-
toxin (5, 6). We used the COS cell coex-
pression system to investigate whether the
cleavage of prolGIF by ICE would facilitate
the export of mature IGIF, as in the case of
IL-1B (2). COS cells coexpressing prolGIF
and ICE were labeled with [>*S]methionine
(18). COS cell lysates and conditioned me-
dium were immunoprecipitated with an an-
tiserum to IGIF that recognizes both the
precursor and the mature form (6) (Fig. 2A).
An 18-kD polypeptide corresponding to the
mature [GIF was detected in the conditioned
medium of COS cells coexpressing prolGIF
and ICE, whereas COS cells expressing pro-
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products were analyzed by SDS-PAGE and Coomassie blue stain- < Q@\G

ing. Proteases and inhibitors used: lane 3, 1 nM ICE; lanes 4 and 5,
1 nM ICE with 10 nM Cbz-Val-Ala-Asp-[(2,6-dichlorobenzoyljoxy]methyl ketone and 100 nM Ac-Tyr-Val-
Ala-Asp-aldehyde, respectively; lanes 6 and 7, 15 nM CPP32 with and without 400 nM Ac-Asp-Glu-Val-
Asp-aldehyde (12), respectively; lane 8, 100 nM CMH-1; lane 9, granzyme B (10 U/ml). Lanes 1 and 2
contained prolGIF and recombinant mature IGIF (6), respectively; lane M, molecular mass markers.
NH,-terminal amino acid sequencing indicated that ICE cleaved prolGIF at the authentic processing site
Asp®5-Asn®6, whereas CPP32 cleavage occurred at Asp®®-lle”®, (C) ICE cleavage activates prolGIF.
Uncleaved or ICE- or CPP32-cleaved products of prolGIF, or recombinant mature IGIF (rIGIF), were
added to A. E7 cell cultures to a final concentration of 12 or 120 ng/mi; 18 hours later, IFN-+y in the culture
medium was determined by ELISA (77). The data represent the average of three determinations.
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cipitated with antiserum to IGIF (78). The immunoprecipitated proteins were analyzed by SDS-PAGE
and fluorography. Fluorograms were exposed for 10 hours (left) and 3 days (right), respectively. Mobil-
ities of prolGIF and the 18-kD mature IGIF are indicated on the right; molecular masses are shown on the
left. Quantitative Phosphorimager analysis indicated that ~10% of mature IGIF is exported out of the
cells, whereas only 1% of prolGIF is exported. (B) Cell lysates and conditioned medium from similarly
transfected but unlabeled COS cells were assayed for IFN-y-inducing activity (79) as in Fig. 1C.
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IGIF. Thus, ICE cleavage of prolGIF can

facilitate the export of mature and active
IGIF from cells.

To study the role of ICE in the activation
and export of IGIF under physiological con-
ditions, we examined the processing and ex-
port of IGIF from lipopolysaccharide (LPS)-
stimulated Kupffer cells isolated from Propi-
onibacterium acnes—elicited wild-type and
ICE” mice (20). Although lysates of
Kupffer cells from wild-type and ICE7~ mice
contained similar amounts of IGIF [as deter-
mined by an enzyme-linked immunosorbent
assay (ELISA) that recognized both prolGIF
and mature IGIF], IGIF was detected in the
conditioned medium of wild-type cells but
not in that of ICE™ cells (Fig. 3A). Meta-
bolic labeling and immunoprecipitation ex-
periments confirmed the presence of unpro-
cessed prolGIF in both wild-type and ICE-
Kupffer cell lysates. However, the 18-kD ma-
ture IGIF was present only in the condi-
tioned medium of wild-type Kupffer cell cul-
tures and not in that of ICE7- cultures (Fig.
3B). Similarly, the conditioned medium of
LPS-stimulated wild-type adherent spleno-
cytes contained [FN-y—inducing activity
that was sensitive to a neutralizing antibody
to IGIF (anti-IGIF); this activity was re-
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= 0.2 ———— =~IGIF
3, ND 14.4 ol
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Fig. 3. IGIF is a physiological € 29
substrate of ICE. (A) Kupffer —_
cells from ICE~~ mice are = g 1.5
defective in the export of E" 10
IGIF. Wild-type (ICE*/*)and &
ICE~"~ mice were primed E o5

with heat-inactivated P. ac-
nes. Kupffer cells were iso-
lated from these mice after 7
days and were exposed to
LPS (1 pg/mi) for 3 hours. S
The amounts of IGIF in the \OQ’
conditioned media were
measured by ELISA (20). ND, not detectable
(<0.1 ng/ml). (B) Kupffer cells isolated from
ICE*’* and ICE~/~ mice as above were metabol-
ically labeled with [**S]methionine in the presence
of LPS (1 pg/ml). Cell lysates and conditioned
media were immunoprecipitated and analyzed by
SDS-PAGE and fluorography. Mobilities of pro-
IGIF and the 18-kD mature IGIF are indicated on
the right; molecular mass markers are shown on
the left. (C) ICE~/~ splenocytes are deficient in
IGIF production. Conditioned media from LPS-
stimulated ICE*/* or ICE~/~ adherent spleno-
cytes were added to wild-type nonadherent
splenic T cell cultures in the presence or absence
of neutralizing anti-IGIF. IFN-y concentrations in
the medium were determined 20 hours later.
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duced in the medium of adherent splenocytes
of ICE™ mice (Fig. 3C). The absence of IGIF
in the conditioned medium of ICE~~ Kupffer
cells and adherent splenocytes established
that the processing of prolGIF by ICE is re-
quired for the export of IGIF.

The sera of ICE™ mice stimulated by P.
acnes and LPS (21) also contained reduced
amounts of IGIF (Fig. 4A). This finding may
account for the lower concentrations of [FN-y
in the sera of treated ICE”~ mice (Fig. 4B)
(22) because we observed no difference be-
tween wild-type and ICE~~ mice in the pro-
duction of IL-12, the other cytokine known to
induce IFN-y (23). Nonadherent splenocytes
from wild-type and ICE~~ mice produced sim-
ilar amounts of IFN-y when stimulated with
IGIF in vitro. Administration of recombinant
mature 1GIF (6) into ICE7 mice restored
IFN-v production in these animals (Fig. 4B),
which indicated that the impaired production
of IFN-y was not the result of a defect in the
T cells of ICE” mice. Moreover, injection of
neutralizing anti-IGIF suppressed IFN-vy pro-
duction in wild-type animals stimulated by P.
acnes and LPS (Fig. 4C). The defect in IFN-y
production in ICE” mice was comparable in
magnitude to the defect in IL-1B release,
whereas only slight reductions were observed
for TNF-a or IL-6 (3). Thus, ICE is necessary
for processing of the IGIF precursor and ex-
port of active IGIF.

IFN-v and IL-1B are pleiotropic cytokines
that contribute to the pathology associated
with a variety of infectious, inflammatory, and
autoimmune diseases, [FN-y promotes the ac-
tivation of macrophages and natural killer
cells and contributes to the regulation of T
helper cell immune responses, whereas IL-1B
stimulates proinflammatory responses in neu-
trophils, endothelial cells, synovial cells, oste-
oclasts, and other cell types (24). The process-
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Fig. 4. ICE-deficient mice have reduced serum
concentrations of IGIF and IFN-v. (A and B), Wild-
type (ICE*/*) and ICE~/~ mice (n = 3) primed with
heat-inactivated P. acnes were exposed to LPS or
LPS plus recombinant IGIF (27), and the concen-
trations of IGIF (A) and IFN-v (B) in the sera were
measured by ELISA 3 hours after LPS exposure.
(C) Anti-IGIF blocks IFN-y production in wild-type
animals. Wild-type mice (n = 3) primed with P.
acnes were injected with LPS plus anti-IGIF. Se-
rum concentrations of IFN-y were determined 3
hours later. IgG, immunoglobulin G.
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ing of prolGIF by ICE establishes a link in
the regulation of IL-13 and IFN-vy produc-
tion with implications for monocyte- or
macrophage-mediated and T cell-mediated
immune functions. [FN-y can increase the
expression of ICE in monocytic cells (25),
which suggests a positive-feedback regula-
tion between ICE and IFN-y that may fur-
ther enhance the production of IGIF and
IL-1B. However, IFN-vy production by anti-
gen-specific T cells may not be dependent
on the ICE-IGIF pathway, because mitogen
(concanavalin A) or antigen stimulation of
splenic T cells from ICE7 mice elicited re-
lease of normal amounts of IFN-vy (26). T cell
proliferation and delayed-type hypersensitivi-
ty responses are normal in ICE7 mice after a
secondary exposure to Listeria monocytogenes
(22). Thus, the ICE-IGIF pathway of IFN-y
production may be more relevant in vivo to
monocyte- or macrophage-mediated inflam-
matory insults, as opposed to T cell-depen-
dent immune responses.

ICE processing of prolGIF and [FN-y pro-
duction may be central events in the patho-
genesis of sepsis. Mice lacking IFN-y or its
receptor are resistant to endotoxic shock (27),
and neutralizing anti-IGIF prevents LPS-in-
duced hepatic injury in P. acnes—primed mice
(6). These observations suggest that the re-
duced concentrations of IL-1B, IGIF, and
IFN-y in LPS-exposed ICE™ mice (3, 22)
account for their increased resistance to LPS-
induced sepsis relative to mice lacking a func-
tional IL-1B gene (4), which have a normal
septic response. The involvement of ICE in
the regulation of these multiple proinflamma-
tory cytokines should be considered in future
evaluations of the therapeutic effects of ICE
inhibition.
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A Synaptically Controlled, Associative Signal for
Hebbian Plasticity in Hippocampal Neurons

Jeffrey C. Magee and Daniel Johnston

The role of back-propagating dendritic action potentials in the induction of long-term
potentiation (LTP) was investigated in CA1 neurons by means of dendritic patch re-
cordings and simultaneous calcium imaging. Pairing of subthreshold excitatory postsyn-
aptic potentials (EPSPs) with back-propagating action potentials resulted in an ampli-
fication of dendritic action potentials and evoked calcium influx near the site of synaptic
input. This pairing also induced a robust LTP, which was reduced when EPSPs were
paired with non-back-propagating action potentials or when stimuli were unpaired.
Action potentials thus provide a synaptically controlled, associative signal to the den-
drites for Hebbian modifications of synaptic strength.

Recent evidence for the presence of voltage-
gated Na*, Ca?*, and K* channels in den-
drites and the active propagation of action
potentials from the axon into the dendrites
has required a reevaluation of the mechanisms
of synaptic integration and synaptic plasticity
in central neurons (1). In hippocampal neu-
rons, LTP is thought to occur in response to
the simultaneous activation of both pre- and
postsynaptic elements (2, 3). Most LTP in-
duction protocols, however, involve pro-
longed depolarizations of the postsynaptic
neuron (4). Thus, it is not clear whether
under more physiological conditions postsyn-
aptic action potentials are important for LTP
induction, as originally suggested by Hebb (5).
In Hebbian learning theories, correlated syn-
aptic input and action potential output are
associated with increases in synaptic strength
(6). The relatively large physical distance sep-
arating the input (dendrites) from the output
{(axon) creates the need for a rapid feedback
signal capable of forming an association be-
tween the synaptic input and the action po-
tential output of the neuron. The back-prop-
agating dendritic action potential appears to
be ideally suited for such an associative signal.
Axonally initiated action potentials (7) prop-
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agate rapidly into the soma and dendrites,
providing large membrane depolarizations and
substantial increases in dendritic intracellular
calcium ion concentration ([Ca®*])) (8, 9).
Back-propagating action potentials decline
in amplitude with distance from the cell body
(8, 10) and fail to propagate beyond certain
distal branch points during repetitive firing
(8). We found that pairing of axonally initi-
ated action potentials with subthreshold
EPSPs increased dendritic action potential
amplitude and Ca®* infux (Fig. 1) (11, 12). A
subthreshold EPSP train produced a small and
highly localized increase in [CaZ*), (2% AF/F
in the region labeled with an asterisk), where-
as the unpaired action potential train induced
a more widespread, but still relatively small,
increase in [Ca?*], (5% AF/F) (Fig. 1A). Pair-
ing of synaptic stimulation and back-propa-
gating action potentials, however, resulted in
an increase in [Ca?*), that was significantly
larger than the simple sum of the two inde-
pendent Ca®* signals (10% AF/F) (Fig. 1A).
The amount of the pairing-induced increase
in action potential amplitude and Ca?* influx
increased progressively with distance from the
cell body (Fig. 2, C and D). When EPSPs and
action potentials occurred simultaneously, no
significant changes in signal amplitudes were
observed in somatic and proximal dendritic
regions, whereas large, supralinear increases
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Fig. 1. Dendritic action potential amplitude and
evoked Ca?* influx are enhanced by simuttaneous
synaptic input. (A) (Aa) Optical recordings showing
average AF/F from regions of the neuron delimited
by the boxes shown at left. Traces are from pro-
gressively more proximal regions moving down the
columnin (b). Traces labeled e were recorded dur-
ing subthreshold EPSPs; a, during unpaired action
potentials; and p, during paired action potentials
and EPSPs. Synaptic stimulation induced a signif-
icant increase in [Ca2*}; in only the middle set of
traces (*). The supralinear increase in [Ca2*]; during
paired EPSPs and action potentials is apparent in
the more distal regions of the neuron. There was no
such increase in the soma. (Ab) Electrical record-
ings from the dendrite showing supralinear sum-
mation of dendritic action potentials and EPSPs
during paired stimulation. Traces are labeled as in
(a). (Ac) Electrical recordings from the soma show-
ing paired synaptic activity and action potential
generation do not result in an increased action po-
tential amplitude. Traces are labeled as in (b). (B)
Dual electrical recordings from a neuron showing
extreme supralinear summation in both the optical
(Ba) and electrical (Bb) dendritic recordings. Un-
paired dendritic action potentials appear to be non-
regenerative. (C) Dual electrical recordings from a
more proximal dendritic region. Pairing had little
effect on Ca?* entry in lower box (Ca) or on action
potential amplitude (Cb). In the more distal optical
recording (upper box, 200 wm), a larger increase in
[Ca2*]; during paired stimuli was observed. The
locations of dendritic recording pipettes are labeled
by arrows.

209






