To further demonstrate that STAT1 is
ubiquitinated upon phosphorylation in vivo,
we prepared cell extracts at different times
after treatment of Hela cells with IFN-y in
the presence of MG132, which stabilizes the
phosphorylated form of STATI (see Fig. 2).
STATI proteins in prepared extracts (9) were
then analyzed by immunoblot assays with an-
ti-STATI. High molecular weight forms of
STATI1 were detected as phosphorylated
STATI accumulated after stimulation with
[FN-y in the MG132-treated cells (Fig. 4A,
lanes 4 and 5). These bands were not readily
observed in extracts from Hela cells treated
with MG132 alone (lanes 2 and 3). Evidence
that these high molecular weight bands cor-
respond to ubiquitinated STATI was provid-
ed by the observation that they could be
specifically recognized by antibody to ubig-
uitin (Fig. 4B). Thus, consistent with the data
of Fig. 3, these results indicate that IFN-y
induces phosphorylation and ubiquitination
of STATI, and accumulation of ubiquitinated
STATI in the presence of the proteasome
inhibitor strongly suggests that activated
STATI is degraded by the proteasome.

Phosphorylation of Tyr™' and Ser??
residues in STATI is induced by IFN-y
(10). We confirmed the importance of
STATI phosphorylation in ubiquitination
by testing the phosphorylation-defective
double mutant of STATI1 (Y701F-S727A)
in which Tyr™" and Ser”*” were substituted
by Phe™! and Ala™" in the in vivo ubig-
uitination assay (see Fig. 4A). U3A cells
(11), which lack STATI1 protein, were
transfected with expression plasmids for
wild-type  or  mutant  (Y701F-S727A)
STATI. The transfected cells were incubat-
ed with MG132 and then treated with
[FN-vy. STATI and its tyrosine phospho-
rylation were detected by immunoblot
analyses with anti-STAT1 and anti-phos-
photyrosine, respectively (Fig. 4C). Ubiq-
uitinated forms of STAT1 were readily
detected in cells expressing wild-type
STATI after treatment of both MG132
and IFN-vy (Fig. 4C, lane 8). In contrast,
ubiquitination was greatly reduced in the
cells treated with MG132 and IFN-vy that
expressed the phosphorylation-defective
STATI1 mutant (Fig. 4C, lane 12). Thus,
phosphorylation of STAT1 is a prerequi-
site for its ubiquitination. Consistent with
this conclusion, the tyrosine-phosphorylated
form of STAT1 was ubiquitinated (Fig. 4C,
bottom, lane 8). This regulatory mechanism
is reminiscent of the phosphorylation-de-
pendent degradation of G, cyclin (12) and of
the NF-«kB inhibitor IkBa (9, 13).

On the basis of these observations, we
propose that the amounts of phosphorylated
STATI protein in [FN-y—treated cells are,
at least in part, controlled by ubiquitin-
dependent proteolysis of STAT1. However,

they do not rule out the possibility that the
ubiquitin-proteasome pathway functions at
other steps in the IFN-y signal transduction
pathway—for example, at the level of the
[FN-y receptor or kinase (I14). It also is
possible that the amount of activated
STATTI in the nucleus is controlled by de-
phosphorylation (14). These mechanisms
are not mutually exclusive, because multi-
ple control points may be required for strin-
gent regulation of STAT activity.
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Regulation of a Neuronal Form of Focal
Adhesion Kinase by Anandamide

Pascal Derkinderen, Madeleine Toutant, Ferran Burgaya,
Marc Le Bert, Julio C. Siciliano,* Vittorio de Franciscis,
Michéle Gelman, Jean-Antoine Girault:

Anandamide is an endogenous ligand for central cannabinoid receptors and is released
after neuronal depolarization. Anandamide increased protein tyrosine phosphorylation in
rat hippocampal slices and neurons in culture. The action of anandamide resulted from
the inhibition of adenylyl cyclase and cyclic adenosine 3',5'-monophosphate—depen-
dent protein kinase. One of the proteins phosphorylated in response to anandamide was
an isoform of pp125-focal adhesion kinase (FAK+) expressed preferentially in neurons.
Focal adhesion kinase is a tyrosine kinase involved in the interactions between the
integrins and actin-based cytoskeleton. Thus, anandamide may exert neurotrophic ef-

fects and play a role in synaptic plasticity.

Focal adhesion kinase (FAK) is a 125-kD
cytosolic tyrosine kinase associated with fo-
cal adhesions in nonneuronal cells, where it
is phosphorylated in response to integrin
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engagement and stimulation of various het-
erotrimeric GTP-binding protein (G pro-
tein)—coupled receptors (1). Autophospho-
rylated FAK recruits kinases of the Src fam-
ily and triggers signaling cascades similar to
those stimulated by growth factor receptors
(2). In addition, FAK is enriched in brain,
especially in hippocampus, and in young
neurons, where it is located in growth cones
(3). Phosphorylation of FAK is decreased in
knockout mice deficient for the tyrosine
kinase Fyn (4), which display abnormal hip-
pocampal development and synaptic plas-
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for 5 min. Slices were
homogenized and proteins (40 pg per lane) were separated by electrophoresis (8% polyacrylamide)
and transferred to nitrocellulose. Tyrosine phosphorylation was examined by antiphosphotyrosine
(Anti—P-Tyr) immunobilotting with monoclonal antibody 4G10 (UBI) and chemiluminescence detec-
tion. (B) (Upper panel) Time course of the effects of anandamide (1 pM) on the main tyrosine-phos-
phorylated band (pp125, indicated by an arrow in Fig. 1A). A similar time course was observed for
other responsive bands. Phosphorylation (P-Tyr) was quantified by densitometric measurement of
autoradiograms. Data are expressed as a percentage of the maximal increase (mean + SEM, n = 3).
(Lower panel) Concentration-response curve of anandamide effects illustrated for the 125-kD band.
Anandamide was applied for 5 min at the indicated concentrations (mean + SEM, n = 4 to 10). (C)
Pharmacological characterization of anandamide effects on tyrosine phosphorylation in rat hip-
pocampal slices. Slices were incubated for 5 min in the absence (control, lanes 1 and 6) or presence
of either anandamide (1 pM, lanes 2 and 7), CP55940 (1 pM, lanes 3 and 8), WIN55212-2 (100 pM,
lanes 4 and 9), or AA (1 uM, lanes 5 and 10). The slices were preincubated in the absence (lanes 1
to 5) or presence (lanes 6 to 10) of the specific CB1 antagonist SR141716A (50 pM, 50 min). The
effects of anandamide, CP55940, and WIN55212-2, but not those of AA, were prevented by
SR141716A.
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blocked the effects of AA but not those of anandamide. Quantified results for the main tyrosine-phos-
phorylated band (pp125, arrow) are indicated as a bar graph [mean + SEM, n = 3 to 10; statistical
analysis by analysis of variance (ANOVA): P < 1076, followed by Fisher’s least-significant-difference
test: asterisk indicates different from controls, P < 0.05; circle indicates different from the effects in the
absence of 8-Br-cAMP or RO 31-8220, P < 0.05]. (B) Rat forebrain neurons (24) were incubated in the
absence (control, lanes 1 and 4) or presence of either anandamide (1 wM, lanes 2 and 5) or AA (1 pM,
lanes 3 and 6) for 5 min. Anandamide and AA increased protein tyrosine phosphorylation. Pretreatment
of cultures with pertussis toxin (PTX, 200 ng/ml for 18 hours, lanes 4 to 6) prevented the effects of
anandamide but not those of AA. Quantified results for pp125 (arrow) are indicated as a bar graph
(mean + SEM, n = 7; ANOVA: P < 108, Fisher’s test: asterisk indicates different from controls, P <
0.05; circle indicates different from the effects in the absence of PTX, P < 0.05).
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ticity (5). Inhibitors of tyrosine kinases also
impair synaptic plasticity (6). Although
several neurotransmitters have been shown
to stimulate tyrosine phosphorylation path-
ways (7, 8), the function and regulation of
FAK in neurons are not known. We inves-
tigated the effects of anandamide, an en-
dogenous ligand for central cannabinoid
CBI receptors (9), which are highly en-
riched in the hippocampus (10).

Treatment of rat hippocampal slices
with anandamide [(1 wM N-arachidonoyl
ethanolamine (C20:4)] for 5 min increased
tyrosine phosphorylation of several proteins
including components of 60, 110, and 125
kD (Fig. 1A). The specificity of ananda-
mide was shown by the lack of effect of two
analogs in which the N-arachidonoyl moi-
ety was replaced by fatty acid chains of
identical length but with a decreased num-
ber of double bonds [C20:3 (Fig. 1A) and
C20:1 (11)]. The effect of anandamide was
rapid (Fig. 1B) and was observed at concen-
trations compatible with the stimulation of
cannabinoid CBI1 receptors [median effec-
tive concentration (ECsy) ~30 nM] (Fig.
1B). Pharmacological characterization lent
further support to this possibility. First, two
chemically unrelated CBl agonists,
CP55940 and WIN55212-2 (12), mimicked
the stimulatory effects of anandamide on
protein tyrosine phosphorylation (Fig. 1C).
Second, SR141716A, a selective antagonist
of CB1 receptors (13), blocked completely
the effects of anandamide, WIN55212-2,
and CP55940 (Fig. 1C).

CBI1 receptors are negatively coupled to
adenylyl cyclase via a G, protein (12). To
test whether decreased concentrations of
adenosine 3’,5’-monophosphate (cAMP)
were responsible for the effects of anandam-

ide, we used cell-permeant analogs of

cAMP. The effects of anandamide on ty-
rosine phosphorylation were prevented by
pretreatment of slices with 8-Br-cAMP,
which stimulates cAMP-dependent protein
kinase (PKA) (Fig. 2A). Conversely, treat-
ment of slices with two unrelated inhibitors
of PKA, Rp-8Br-cAMPS (Fig. 2A) or H8
(11), mimicked the effects of anandamide
on tyrosine phosphorylation. Thus, anand-
amide relieved a tonic inhibition exerted by
basal concentrations of cAMP on tyrosine
phosphorylation in hippocampal slices.
Anandamide may generate arachidonic
acid (AA) either as a product of its own
hydrolysis by endogenous anandamide hy-
drolases (14) or by stimulation of phospho-
lipase A2 (15). We examined the effects of
AA (1 pM) on protein tyrosine phospho-
rylation in rat hippocampal slices and found
that they were similar to those of ananda-
mide but, as expected, were not blocked by
SR141716A (Fig. 1C). However, further
analysis showed that AA was unlikely to



mediate the effects of anandamide because
the mechanisms of action of these two com-
pounds on tyrosine phosphorylation were
different: the effects of AA were insensitive
to 8Br-cAMP but were fully blocked by RO
31-8220, a protein kinase C (PKC) inhibi-
tor, which had no significant effect on
anandamide action (Fig. 2A). Thus, AA
stimulated protein tyrosine phosphorylation
through activation of PKC, a mechanism
similar to that reported for several neuro-
transmitters (7, 8) but different from that
used by anandamide.

To identify the cell type on which anan-
damide and AA were active, we used pri-
mary cultures of embryonic forebrain cells,
highly enriched in either neurons or astro-
cytes (16). Although their effects were less
pronounced than in slices, anandamide and
AA stimulated protein tyrosine phosphoryl-
ation in neurons (Fig. 2B), whereas they
had no effect in astrocytes (11). The phar-
macological profile of anandamide was sim-
ilar to that observed in slices, except that
WIN55212-2 and SR141716A were active
at lower concentrations (11), probably as a
result of the better accessibility of neurons
in culture to these drugs. In addition, pre-
treatment of neurons with pertussis toxin,
which selectively inactivates G, and G_,
prevented the effects of anandamide but
not those of AA (Fig. 2B).

The 125-kD protein phosphorylated in
response to anandamide or AA comigrated
with FAK (Fig. 3A). Immunoprecipitation
with serum SL38 showed that anandamide
and AA increased FAK tyrosine phosphoryl-
ation in hippocampal slices (Fig. 3B), as well
as in neurons in culture (11). Thus, FAK was
one of the 120- to 130-kD proteins for which
phosphorylation was stimulated in response
to these agents. However, phosphorylation
of PYK2 or Cakp, a 110-kD tyrosine kinase
closely related to FAK and enriched in neu-
rons (17), was unaltered after treatment of
hippocampal slices with anandamide or AA
(11), indicating a difference in the regula-
tion of these two kinases. Pretreatment of
slices with 8Br-cAMP prevented the effect
of anandamide but not that of AA on FAK
phosphorylation (Fig. 3C). Conversely, PKA
inhibitors (Rp-8Br-cAMPS and H8) in-
creased FAK phosphorylation by themselves
(Fig. 3C), supporting the importance of
cAMP and PKA in the regulation of FAK
tyrosine phosphorylation.

The FAK sequence is highly conserved
in vertebrates but is encoded by several
different mRNAs that presumably are gen-
erated by alternative splicing of the same
gene product (18, 19). One of these vari-
ants, called FAK+, contains an insertion of
three amino acids in the focal adhesion
targeting region (FAT in Fig. 4A), the
mRNA of which is preferentially expressed

= REPORTS

Fig. 3. Anandamide and AA in-
crease tyrosine phosphorylation of
FAK in rat hippocampal slices. (A)
The 125-kD tyrosine-phosphoryl-
ated band comigrated with FAK.
Homogenates from hippocampal
slices incubated for 5 min in the
absence (control) or presence of
either anandamide (1 M) or AA (1
1M) were analyzed by Anti-P-Tyr
immunoblotting. Antibodies were
eluted and the membrane re-
probed with monoclonal antibody
to FAK (2A7, UBI) (Anti-FAK). Lev-
els of FAK were unaffected by the
treatments. (B) Immunoprecipita-
tion (IP) (25) of FAK from hip-
pocampal slices incubated for 5
min in the absence (control) or
presence of either anandamide (1 wM) or AA (1 uM) was carried out with rabbit preimmune serum (PI)
or antiserum against FAK (SL38). Analysis of the immunoprecipitates by Anti—P-Tyr immunoblotting
showed that anandamide and AA increased tyrosine phosphorylation of FAK. The level of FAK,
estimated with an in vitro phosphorylation assay, was the same in each immunoprecipitate (77). (C)
The effects on FAK phosphorylation of anandamide (1 wM, 5 min), but not those of AA (1 uM, 5 min),
were prevented by 8-Br-cAMP (4 mM, 20 min) and mimicked by the PKA inhibitors Rp-8Br-cAMPS
(1 mM, 20 min) and H8 (100 uM, 20 min). FAK was immunoprecipitated from hippocampal slices with
antiserum SL38 and tyrosine phosphorylation was detected by immunoblotting. Data presented are
representative of experiments carried out at least three times with similar results.
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Fig. 4. Anandamide and AA
increase tyrosine phospho-
rylation of FAK+, a variant of
FAK expressed preferential-
ly in neurons. (A) The se-
quence of FAK+ is charac-
terized by the insertion of
three aminoacyl residues
[underlined (719)] in the FAT
(26). A rabbit antiserum
(SL42) was raised against a
peptide encompassing this
insertion. The sequence of
this peptide and the posi-
tions of the autophosphoryl-
ated tyrosine (Y397) and of
the kinase domain are indi- S T T T G
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coding rat FAK+ (including
the three—amino acid inser-
tion) or FAK [without this insertion (27)]. IPs were carried out with SL38 or SL42 (25) and the
precipitates analyzed by immunoblotting with monoclonal 2A7, which reacts equally well with both
forms of FAK. SL42 immunoprecipitated FAK+ but not FAK without the insertion, whereas SL38
immunoprecipitated both forms. (C) The distribution of total FAK and of FAK+ was studied in various
rat tissues by immunoblotting with monoclonal 2A7 of either total homogenate (upper lane) or after
immunoprecipitation with SL42 (lower lane). Quantification of the results from duplicate experi-
ments is shown as a bar graph: the amount of total FAK was estimated by immunoblot-
ting of the homogenate and the amount of FAK+, expressed in the same arbitrary units, was
calculated by immunoblotting of immunoprecipitates by SL42 and by SL38 (not shown) corrected for
the yield of immunoprecipitation. (D) FAK+ phosphotylation accounted for all the changes in FAK
phosphorylation in hippocampal slices. Slices were incubated for 5 min in the absence (control) or
presence of either anandamide (1 wM) or AA (1 uM). Homogenates were subjected to se-
quential IPs and analyzed by Anti—P-Tyr immunoblotting. The first IP with the antibody specific for
FAK+ (SL42) showed that FAK+ was phosphorylated in response to anandamide and AA. IP of the
resulting supernatants with the same antibody and then with antibody to total FAK (SL38) did not
precipitate additional phosphorylated FAK, demonstrating that all the phosphorylated FAK in
response to anandamide or AA was FAK+. As a control and to rule out dephosphorylation of FAK
during the experiment, IP with SL42 was also carried out after the two other IPs with an irrelevant
antibody (3@ IP: SL42).
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in brain (19). We raised antipeptide anti-
bodies to FAK+ (serum SL42) and demon-
strated their specificity in transfected
COS-7 cells (Fig. 4B). We found that
FAK+ was expressed as a protein that was
particularly enriched in brain compared
with other tissues (Fig. 4C), and in neurons
in culture, in which it represented more
than 80% of the total FAK (11). Phospho-
rylation of FAK+ was strongly stimulated
by anandamide and AA in hippocampal
slices and accounted for all the changes in
total FAK phosphorylation detected in this
preparation (Fig. 4D).

Thus, stimulation of cannabinoid CBI
receptors increased tyrosine phosphorylation
of several proteins including FAK+ by in-
hibiting adenylyl cyclase and PKA. The
mechanism by which PKA regulates tyrosine
phosphorylation is not known; it may in-
volve inhibition of a tyrosine kinase or, as
proposed in Aplysia neurons (20), stimula-
tion of a tyrosine phosphatase. The effects of
anandamide differed from those of AA and
from those of neurotransmitters, including
norepinephrine, acetylcholine, and gluta-
mate (7, 8), which involve PKC. Therefore,
neurotransmitters that raise cAMP concen-
trations may have an inhibitory effect on
protein tyrosine phosphorylation, whereas
those that decrease cAMP or activate PKC
may have a stimulatory effect. Regulation of
FAK+-tyrosine phosphorylation may be an
important step in the regulation of ion chan-
nels and receptors that are phosphorylated
on tyrosine (21), as well as of signaling cas-
cades controlling neuronal differentiation
and survival (22). Thus, phosphorylation of
FAK+ provides a common mechanism by
which anandamide, AA, or neurotransmit-
ters may exert effects on synaptic 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. Gerardt

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-1R)
protected the lung from immune complex injury, as did disruption of the C5a anaphy-
latoxin receptor. Immunoreactive 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.

Tumune complexes underlie the inflamma-
tory response seen in a variety of rheuma-
tologic illnesses, including arthritis, vascu-
litides, and systemic lupus erythematosus
(I). Antigen-antibody aggregates may be
deposited locally and incite edema through
enhanced microvascular permeability to
plasma proteins as well as elicit exudates of
acute inflammatory leukocytes typified by
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the polymorphonuclear neutrophil (PMN).
The mechanisms of injury induced by the
immune complex are modeled in experi-
mental animals by the Arthus reaction, in
which specific antibody and antigen are
passively introduced across a vascular barri-
er (2). Studies on rabbit skin and in mice
deficient in complement component C5
implicated complement proteins as crucial
participants in the inflammatory response
(3), a role that has been reinvestigated
through the use of mast cell and Fc recep-
tor—deficient mice (4). We now use strains
of mice deficient in the receptors for sub-





