
in brain (19) .  W e  rased antipeptide anti- 
bodies to FAK+ (serum SL42) and demon- 
strated their specificity in transfected 
COS-7 cells (Fig. 4 6 ) .  W e  found that 
FAK+ was expressed as a protein that \vas 
particularly enriched in brain compared 
\vith other tissues (Fig. 4 C ) ,  and in neurons 
in culture, in \vhich it represented more 
than 80% of the  total FAK (1 1 ). Phospho- 
rylation of FAK+ was strongly stilnulated 
by ananclamide and A h  in hippocampal 
slices and accounted for all the  changes in 
total FAK phosphoryla t io~~ detected in this 
preparation (Fig. 4D). 

Thus, stimulation of ca~lnabinoid CB1 
receptors increased tyrosine phosphorylation 
of several proteins incluciing FAKf by in- 
hibiting adenylyl cyclase and PKA. T h e  
mechanism by which PKA regulates tyrosine 
pl~osphorylation is not known; it may in- 
volve inhibi t~on of a tyrosine ki~lase or, as 
proposecl in Af~lysin neurons (2Q), stlmula- 
tion of a tyrosine phosphatase T h e  effects of 
a~la~ldalnide  differed fro111 those of AA and 
from those of ~leurotra~lsrnitters. includ~nv 
norepinephrine, acetylcholine, and gluta- 
mate (7. 8), n - h ~ c h  i~lvolve PKC. Therefore, 
neurotrans~nitters that raise CAMP concell- 
trations inay have an  inhil~itory effect on 
protein tyrosine phosphorylation, whereas 
those that decrease CAMP or  activate PKC 
may have astimulatory effect. Regulation of 
FAK+ tyrosine phosphorylatio~l may he an  
important step in the regulation of ion chan- 
nels and receptors that are phosphorylated 
o n  tyrosine (21),  as well as of signaling cas- 
cades controlling neuronal cliffere~ltiatio~l 
and survival (22).  Thus, phosphorylation of 
FAK+ provides a colnlnoll ~nechallisrn by 
which anandamide, A h ,  or neurotransmit- 
ters may exert effects on sy~laptic plasticity 
and neuronal trophicity. 
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Neurogenic Amplification of Immune 
Complex Inflammation 

Carmen R. Bozic," Bao Lu," Uta E. Hopken, Craig Gerard, 
Norma P. Gerard? 

The formation of intrapulmonary immune complexes in mice generates a vigorous in- 
flammatory response characterized by microvascular permeability and polymorphonu- 
clear neutrophil influx. Gene-targeted disruption of the substance P receptor (NK-I R) 
protected the lung from Immune complex injury, as did disruption of the C5a anaphy- 
latoxin receptor. lmmunoreactive substance P was measurable in fluids lining the lung 
at time points before neutrophil influx and may thus be involved in an early step in the 
inflammatory response to immune complexes in the lung. 

I m m u n e  complexes underlie the  inflarnma- 
tory response seen in a variety of rheuma- 
tologic illnesses, including arthritis, vascu- 
litides, and systemic lupus erythelnatosus 
(1).  Antigen-antibody aggregates may be 
deposited locally and incite edema through 
enha~ lced  microvascular Cernleability to 
plasma proteins as [veil as elicit exudates of 
acute illflalnlnatory leukocytes typified by 
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the polY~norphonnclear neutrophil ( P h K ) .  
T h e  mecl~anisms of injury i n d ~ ~ c e d  by the  
im~nune  complex are rnodeled in experi- 
mental animals by the Arthus reaction, in 
nh ich  specific antibody and antigen are 
passively introduced across a vasc~llar harri- 
er (2 ) .  Studies on rahhit ski11 and in lllice 
deficient in complement coinponent C 5  
implicated comple~nent  proteins as crucial 
participants in the  inflammatory response 
( 3 ) ,  a role that has been reinvestigated 
t h r o ~ ~ g h  the  use of mast cell and Fc recep- 
tor-deficient lllice (4) .  W e  no\v use strains 
of Inice deficient in the receptors for sub- 



stance P (NK-1R) and the complement 
anaphylatoxin C5a (C5aR) to define a 
mechanism for immune complex-mediated 
acute lung injury. 

Mice deficient in NK-1R and C5aR ( 5 )  
were generated by gene targeting. The NK- 
1R was cloned as a genomic copy from 129 
Sv mice (Fig. 1A). Exon 1 was partially 
deleted, including the initiating methio- 
nine codon, and replaced with a cassette 
encoding lac2 and neomycin resistance. We 
used J1 embryonic stem (ES) cells contain- 
ing the targeted allele to achieve germline 
transmission (6) (Fig. 1B). The homozygous 
NK-1R-I- mice were grossly normal devel- 
opmentally, were fertile, and appeared to be 
healthy under barrier isolation conditions. 
When wild-type and NK-1R-1- animals 
were challenged with capsaicin [an inflam- 
matory substance derived from hot peppers 
that induces substance P release from sen- 
sory neurons known as C fibers (7)], ear 
edema responses in the NK-1R-1- mice 
were significantly blunted (8) (Fig. 1C). 
Heterozygote animals developed intermedi- 
ate responses significantly different from 
those of NK-1R-I- animals (P = 0.002) 
but not from those of wild-type animals 
(P > 0.05). Immunoreactive NK-1 receptor 
was not detected in the brains or mucosal 
organs of NK-1R-I- mice (9 ) .  

To probe the role of substance P in the 
immune complex-mediated lung injury, we 
injected wild-type and NK-1R-I- mice 
with chicken egg albumin in the tail vein 
and with polyclonal rabbit antibody to 
chicken egg albumin intratracheally (4, 
10). Evans blue dye was subsequently intro- 
duced into the tail vein to gauge endothe- 
lial permeability. After 4 hours PMN infil- 
tration into the lung was measured by de- 
termining the concentration of the leuko- 
cyte enzyme myeloperoxidase (MPO) in 
lung homogenates (I I); permeability was 
determined as the leakage of Evans blue dye 
recovered with bronchoalveolar lavage 
(BAL) (12). NK-1R-I- mice had near 
complete protection from the inflammatory 
response, as assessed histologically (Fig. 2). 
The lung tissues of immune complex-chal- 
lenged NK-1R-I- mice appeared to be no 
different from those of controls challenged 
with antibody or saline. These observations 
were quantitated by measuring extravasa- 
tion of Evans blue dye into the alveolar 
space and the exudation of neutrophils into 
the airways and lung alveoli (Fig. 3). These 
data demonstrate a critical role for release 
of substance P and interaction with NK-1R 
in immune complex-mediated injury in the 
lung. 

The critical role for complement in this 
model of acute lung injury in mice was also 
shown by challenging the C5aR-I- mice, 
selectively eliminating contributions of the 

C5a anaphylatoxin (3, 5). The phenotype 
of the C5aR-I- mice was identical to that 
observed for the NK-1R-I- animals (Figs. 2 
and 3). Thus, both substance P and C5a, 
acting through their specific heterotrimeric 
GTP-binding protein (G protein)-coupled 
receptors, were essential for the formation 
of the. full injury seen in this model. 

We next investigated whether substance 

P was measurable in the immune complex 
model. Samples of wild-type BAL fluids 
were assayed for immunoreactive substance 
P as well as for tumor necrosis factor-a 
(TNF-a) (4, 10). Substance P and TNF-a 
immunoreactivity were at the lower limits 
of detection in the control (saline-chal- 
lenged) mice, whereas immune complex- 
mediated lung injury in wild-type animals 

A 
Wild-type NK-1R gene 8 kb 

w d C 

I l l  

Targeting vector ,;' - - - - a - - 1- \, 

a ,  4" ,' 8 5 ;' 5 2  ' >  - f  - a, 

HSLfK-PGK 1 1  i f  
J 'C 4 0 -  10  

Mutant = - - 1 - - + - - - - 
62 - ?  - i e  2 

52 g: m z  C m x  . E  
0 I m x li x m 

I II I I ! I l a c  I I I 2 . = - 0 1 4 1  I 

Fig. 1. (A) Diagram of wild-type loci, targeting vector, and mutant loci of the mouse NK-1 R gene. An 
-12-kb Bam HI-Xho I fragment of the NK-1 R gene including exon 1 and -7 kb of the 5' sequence is 
shown. Most of exon 1 was deleted and replaced with the genes for p-galactosidase and neomycin 
resistance. Homologous recombination led to a diagnostic pattern when a probe within the targeted 
vector (probe B) was used (6). (B) Southern blot analysis and genotyping of progeny. Genomic DNA was 
isolated from a litter of pups from one heterozygous breeding pair, subjected to restriction enzyme 
digestion with Bam HI, and hybridized with probe B. The genotypic analysis of a representative litter is 
shown. Probe B hybridizes to an 8-kb Bam HI band in the wild-type allele and to a 10.5-kb Bam HI band 
in the mutant allele. (C) Capsaicin-induced ear edema in wild-type (+/+), heterozygous (+/-), and 
homozygous (-/-) NK-1 R littermates. The change in ear biopsy weight (upper panel) or ear width (lower 
panel) 30 min after capsaicin exposure, compared with the vehicle-exposed contralateral ear, is shown 
(8). (Differences between heterozygous and wild-type responses were not significantly different.) Data 
represent the means t SEM of four wild-type, five heterozygous, and six homozygous mice. Upper 
panel: *P = 0.01, t P  = 0.002; lower panel: *P = 0.006, t P  = 0.02. 

Table 1. Substance P and TNF-a in BAL fluid of mice challenged with intrapulmonary immune 
complexes. Substance P-like immunoreactivity (SPLIR) and TNF-a in BAL fluid were determined with 
enzyme immunoassay kits according to the manufacturer's instructions (Cayman Chemical, Ann Arbor, 
Michigan, for substance P; Endogen, Cambridge, Massachusetts, for TNF-a). Concentrations of sub- 
stance P and TNF-a in wild-type and gene-deleted animals were not significantly different (P > 0.05). 
The PBS control experiments were performed with wild-type animals. Values are means t SEM; n = 2 
at each time point for substance P; numbers of animals are as indicated for TNF-a. Immune complex 
exposure to macrophages elicited baseline SPLIR at 4 hours. ND, not determined. 

SPLIR (pg/ml) TNF-a (ng/ml) 
Genotype 

1 hour 2 hours 4 hours 4 hours 

Wild-type 275 t 78 418 t 81 134 t 23 2.8 t 0.8 (n = 6) 
NK-1 R-/- ND ND . ND 3.7 2 0.7 (n = 9) 
C5aR-/- 3 6 6 t 1 6  3 5 5 t 1 5 3  153266 1 . 8 t 0 . 5  (n=8)  
PBS control 12 14 10 t 4 0.05 t 0.01 (n = 3) 
Immune complex + macrophages ND ND 20 ND 
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was associated wi th measurable substance P 
and TNF-a (Table 1). When these media- 
tors were assayed in the immune complex- 
challenged, gene-targeted mice, substance P 
and TNF-a were detected at concentrations 
similar to those found in immune complex- 
challenged, wild-type animals, even though 
the gene-targeted strains had no inflamma- 
tion. Further, substance P was detected at as 
early as 1 hour in BAL fluids, before signif- 
icant influx of PMNs. The most ~arsimoni- 
ous interpretation of these data i s  that sub- 
stance P acts proximally to C5a, because 
the absence of either C5aR or NK-1R af- 
fords protection from immune complex- 
mediated inflammation. 

Substance P is a powerful mediator of 
vascular permeability, and C-fibers contain- 
ing substance P are found lining the muco- 
sal epithelium of the aerodigestive tract 
(13). Immunoreactive substance P, sub- 
stance P mRNA. and NK-1R are addition- 
aly present o n  macrophages and mast cells, 
where they can stimulate release of TNF-a 
(14). NK-1 receptors are present o n  the 
postcapillary venular endothelium of the 
airway but not  o n  that of the alveolus (15). 
Thus, release of substance P as an early 
event in immune complex-mediated injury 
could act as an amplifier of the subsequent 

Fig. 2. Histological analysis of immune complex- 
mediated lung injury in wild-type and NK-1 R-/- 
(upper panel) and C5aR-/- (lower panel) mice. (A) 
Control NK-1 R+/+ mouse lung 4 hours after intra- 
tracheal injection of antibody to chicken egg albu- 
min immunoglobulin (Ig) G and intravenous injec- 
tion of PBS; there is no lung injury. (B) NK-1 R+/+ 
mouse lung 4 hours after intratracheal injection of 
antibody to chicken egg albumin IgG and intrave- 
nous injection of chicken egg albumin; these treat- 
ments usually induced a generalized reaction with 
neutrophil accumulation, edema, and hemorrhage. 
(C) NK-1 R-/- mouse lung 4 hours after intratra- 
cheal injection of antibody to chicken egg albumin 
IgG and intravenous injection of chicken egg albu- 
min; these samples lacked generalized lu@injury. 
(D) Control C5aR+lf mouse lung 4 hours after in- 
tratracheal injection of antibody to chicken egg al- 
bumin IgG and intravenous injection of PBS; there 
is no injury, similar to that found in the NK-1 Rf/+ 
mice. (E) C5aRf/+ mouse lung 4 hours after intra- 
tracheal injection of antibody to chicken egg albu- 
min IgG and intravenous injection of chicken egg 
albumin; these treatments usually induced a gen- 
eralized reaction with neutrophil accumulation, 
edema, and hemorrhage. (n C5aR-/- mouse lung 

inflammatory changes. Small quantities of Tachykinin acts at the mucosal microvas- 
immune complexes formed along the airway culature to cause leakage of plasma proteins, 
surface may release local substance P. supplying more antigen for the uncom- 

Fig. 3. (A) MPO accumula- A 1.2 6 1.2 
tion in lung (upper panel) and ,o 
BAL fluid permeability index t 1 .o 

(lower panel) 4 hours after in- 0.8 0.8 

trapulmonary deposition of g 0.6 0.6 
IgG immune complexes in 0.4 
NK-1 R-/- or wild-type (NK- 5 
1 R+/+ or NK-1 R+/-) mice. J 

0.2 

Upper panel: *P < 0.02; low- 
er panel: 'P < 0.001. (B) 
MPO accumulation in lung 

200 Wild* (upper permeability panel) and index BAL (lower fluid l;;;a . NK-lR+ 

panel) in C5aR-/- or 
C5aRf/+ mice. Upper panel: 
*P < 0.003; lower panel *P < % 
0.001. Antibody controls (Ab f 50 
control) received antibody to $ 
chicken egg albumin intratra- 
cheally without intravenous O cozml mntml complex 

injection of albumin. Mice Treatment group 
mniml mntml complex 

Treatment group 

treated with PBS intratrache- 
ally followed by intravenous chicken egg albumin served as antigen controls (Ag control). The permeability 
index is a measure of extravasation of protein-bound Evans blue dye into the lung. Values are means 2 
SEM for seven C5aR-/- and seven wild-type mice and for 10 NK-1R-/- and 12 heterozygote and 
wild-type mice. Measurements of MPO accumulation after immune complex challenge are the means for 
five C5aR-/- and fwe wild-type mice, and for four NK-1 R-/- and four wild-type animals. Measurements 
between wild-type and homozygous groups were considered to be statistically significant by comparison 
with an unpaired two-tailed Student's t test. 

4 hours after intratracieai injection of antibody t i  
chicken egg albumin IgG and intravenous injection 
of chicken egg albumin; these samples lacked gen- 
eralized lung injury. All sections were stained with 
hematoxylinand eosin and analyzed with the inves- 
tigator blinded to genotype; original magnification: 
x200. Results are representative of 36 wild-type 
and homozygous mice. I 
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plexed antibody already deposited in the air- 

way, and thus amplifying the response. Addi- 
tionally, the plaslna leakage iielivers a local 
source of the compleme~nt components, wlnlcln 
becollle fixed by the immune complexes to 
~lltlmately generate C j a .  The  alllplification of 
the forlnation of imnnlnc complexes, as well 
as the delivery of a local source of comule- 
mcnt, occurs tlnroilgh substance P acting at 
the microvasculature of the airway mucosa. 

The Drcscnt res~llts thus extend the orcvi- 
ous model of the ilnflamnlatory cascade in 
immune complex-medlated injury (4). In that 
model, Fc receptor engagement in the skin 
was shown to be a critical ilnitiating event in 
the production of edema and neutrophll cxu- 
dation. However, the identity of the mcdia- 
tors that could link the inciting (Fc) stimulus 
with the subseuucnt edema and PMN influx 
relnalned colnjectural(16). Our data proi~ldc a 
pla~~siblc linkage between the Fc stimulus and 
neurohumoral mediators by showing that the 
complement-dependc1nt inflammatory re- 
snonse is C jaR-de~cnden t  alnd is doll-nstream 
from the imnnilnc colllplex release of sub- 
stance P, which amplifies the inflamlllatory 
response. The present data heighten interest 
in ~nvcstigating the tachykinins as beilng crit- 
ical in other ilnflalllmatorv models such as 
inflammatory bowel disease and asthma. 
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ER Degradation of a Misfolded Luminal Protein 
by the Cytosolic Ubiquitin-Proteasome Pathway 

Mark M. Hiller, Andreas Finger, Markus Schweiger, 
Dieter H. Wolf* 

Secretion of proteins is initiated by their uptake into the endoplasmic reticulum (ER), which 
possesses a proteolytic system able to degrade misfolded and nonassembled proteins. 
The ER degradation system was studied with yeast mutants defective in the breakdown 
of a mutated soluble vacuolar protein, carboxypeptidase yscY (CPY). The ubiquitin- 
conjugating enzyme Ubc7p participated in the degradation process, which was mediated 
by the cytosolic 26s proteasome. It is likely that CPY entered the ER, was glycosylated, 
and was then transported back out of the ER lumen to the cytoplasmic side of the organelle, 
where it was conjugated with ubiquitin and degraded. 

T h e  ER is the site of elntry of proteins Into 
the secretory pathway. Such proteins arc 
translocated in an  unfolded statc through 
the membrane of this organelle, and, during 
the subsequent folding process, N- and 0- 
linked glycosylation occurs and disulfide 
linkages arc formed. T h e  large number of - 
ilnfoliied proteins that enter the lumen of 
the ER must be protected frotn aggregation 
and be maintained in a folding-competent 
statc (1 ). T h i ~ s ,  the ER contains a high 
concentration of molecular chaperones that 
promote protein translocation, folding, and 
oligomcrization (2).  Inefficient folding, un- 
balanced subunit svnthesis, or mutations in 
secretory protelns result in the translocated 
polypeptides failing to assume their correct 
conformation 13). T h e  ER can eliminate ~, 

these proteins through selective degradation 
associated with a pre-Golgi compartment 
lnsttut fur Biochemie der Universtat Stuttgart, Pfaffen- 
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(3,  4). However, little is known about the 
mcchanistns and protcolytic systems that 
mediate this ER degradation of proteins. 

A mutated plaslna tnembrane proteln, 
the cystic fibrosis transmembrane conduct- 
ance regulator (CFTR),  is retained in the 
ER tnetnbranc and degraded by the ilbiq- 
uitin-proteasome system (5). Two mutated 
soluble vacuolar proteins of the yeast Sac- 
charomyces cerevisiae, carboxypeptidase yscY 
(CPY*) and protcinase yscA (PrA*), arc 
imported into the lutnen of the  ER but do 
not reach the vacuole; instead, they remain 
within the ER and are dcgraded (6). T h e  
absence or mutation of the ER membrane 
protein Derlp  abolishes degradation of 
CPY'!' and PrA* in yeast (7) ;  CPY"' is local- 
ized in the ER in cells devoid of Der lp  (7) .  

W e  now describe the  DER2 gclne which, 
when mutated, also results in the accumu- 
lation of CPY*: and PrA*' ( 7 ,  8). T h e  DER2 
gene was cloned by complementation of the  
der2-1 mm~tation (9). Genetic analysis and 
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