suppressive products by both monocytes
and mycobacteria (16), and the generation
of suppressor T cells (17). In the system we
describe, the chronically infected macro-
phages are not suppressive and express nor-
mal amounts of class II HLA-DR,DP,DQ
(10) but do not present viable growing
organisms. One mechanism could be that
mycobacteria in the cell stop secreting pro-
teins that act as strong antigens for T cells.
This seems unlikely because our T cell
clones respond to antigens in both the cell
wall and culture filtrate (legend to Fig. 3).
Alternatively, the presentation of antigens
from the vacuoles containing growing my-
cobacteria could selectively be blocked.
Acidification of vacuoles containing living
virulent mycobacteria can be impaired
(18), and this could block presentation on
MHC class II products (19). Presentation
defects could apply to other organisms that
grow intracellularly and that alter phago-
some-lysosome fusion and acidification (20,
21). The persistence of mycobacteria in
macrophages has often been correlated with
pathogenesis (22). Our findings point to
another mechanism of persistence, the ca-
pacity of a growing organism to block the
presentation of its own antigens.
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CD19 of B Cells as a Surrogate Kinase Insert
Region to Bind Phosphatidylinositol 3-Kinase

David A. Tuveson, Robert H. Carter, Stephen P. Soltoff,
Douglas T. Fearon

Antigen receptors on B and T lymphocytes transduce signals by activating nonreceptor
protein tyrosine kinases (PTKs). A family of receptor PTKs contains kinase insert regions
with the sequence tyrosine-X-X-methionine (where X is any amino acid) that when phos-
phorylated mediate the binding and activation of phosphatidylinositol 3-kinase (Pl 3-
kinase). The CD19 membrane protein of B cells enhances activation through membrane
immunoglobulin M (migM) and was found to contain a functional analog of the kinase insert
region. Ligation of migM induced phosphorylation of CD19 and association with Pl 3-
kinase. Thus, CD19 serves as a surrogate kinase insert region for migM by providing the
means for Pl 3-kinase activation by nonreceptor PTKs.

The response of B lymphocytes to antigens
is mediated by receptors that induce the
proliferation and differentiation of these
cells. The paradigm of signal transduction
through antigen receptors is that of certain
receptor PTKs (1), such as the platelet-
derived growth factor (PDGF) receptor,
that have two regions essential for inducing
cell growth: the PTK domains that mediate
intra- and intermolecular phosphorylation
of tyrosines and the kinase insert regions in
which autophosphorylated tyrosines that
have the motif Tyr-X-X-Met (where X is
any amino acid) mediate the binding and
activation of PI 3-kinase (2, 3), an enzyme
that phosphorylates phosphatidylinositol (PI)
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in the position of the inositol ring. One of the
subunits of PI 3-kinase, p85, contains two Src.
homology-2 domains specific for phospho-
tyrosines in the Tyr-X-X-Met motif (3, 4).
Mutation of the tyrosines in the two Tyr-X-
X-Met motifs in the kinase insert region of the
PDGF receptor eliminates the binding and
activation of PI 3-kinase and the growth-
inducing activity of the receptor (3).

Antigen receptors lack these functional
cytoplasmic domains of the receptor PTKs
but are coupled indirectly to nonreceptor
PTKs (5) through association with other
membrane proteins that share conserved
cytoplasmic motifs (6). Nonreceptor PTKs
have been suggested to interact with PI
3-kinase (7, 8), but members of the Src
family lack phosphotyrosines with a Tyr-X-
X-Met motif, and the interaction may in-
volve other proteins (9).

CD19 is a B cell-specific membrane pro-
tein that is 95 kD (10) and that when
coligated with mIgM reduces the number of
antigen receptors that must be ligated to
activate B cells by two orders of magnitude
(11) and that also associates with comple-
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Fig. 1. Association of Pl A
3-kinase and tyrosine-
phosphorylated CD19.
(A) Tyrosine phosphoryl-
ation of CD19. Daudi
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DA4.4 anti-igM (biotin-

DA4.4; 1 pgm) (11) ©
(lanes 6 to 9), and biotin-  200-
B4 and biotin-DA4.4 Fab’
together (lane 10). Cells  1g0-

were incubated at 20°C
with avidin for 1 min 67-
(lanes 2 and 6), 5 min

(lanes 3 and 7), 15 min (lanes 4, 8, and 10), and 45 min (lanes 5 and 9). NP-40 lysates were
immunoprecipitated with rabbit anti-CD19 (arrowhead) (lanes 1 to 9) or nonimmune IgG (lane 10);
the precipitated proteins were probed on protein immunoblots (25) with 25|-labeled 4G10 mAb to
phosphotyrosine. (B) Recovery of CD19. The blot in (A) was reprobed with rabbit anti-CD19 and
peroxidase-conjugated mouse antibodies to rabbit IgG, which were detected by ECL. (C)
Coprecipitation of p85 with anti-CD19. A replicate of the blot in (A) was probed with anti-p85
(arrowhead), which was detected by ECL. (D) Coprecipitation of tyrosine-phosphorylated CD19
with anti-p85. Replicate samples of the lysates from Daudi cells prepared as described in (A) were
immunoprecipitated with anti-p85 (lanes 1 to 9) or nonimmune antibody (lane 10), and the
precipitated proteins were analyzed by protein immunobilotting with 125|-labeled 4G10. The arrows
indicate specifically coprecipitating proteins. (E) Recovery of p85. The blot in (D) was reprobed with
anti-p85, which was detected by ECL. Molecular size standards are indicated at left in kilodaltons.

ment receptor type 2 (CR2; CD21) to aug-
ment the immune response (12). Two sites
in the cytoplasmic domain of CD19, Tyr*8+
Glu-Asp-Met and Tyr’*>-Glu-Asn-Met, ex-
hibit the Tyr-X-X-Met motif. We therefore
determined whether CD19 serves as a surro-
gate kinase insert region by recruiting PI
3-kinase for the nonreceptor PTKs that are
activated by mIgM.

We investigated the ability of CD19 to
be phosphorylated on tyrosine (tyrosine-
phosphorylated) and to bind PI 3-kinase.

200—
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67—

Fig. 2. Binding of recombinant p85 (26) to
tyrosine-phosphorylated CD19. Replicate sam-
ples of anti-CD19 immunoprecipitates from
Daudi cells that had been activated with biotin-
DA4.4 Fab’ and avidin as described in Fig. 1
were treated with buffer (lanes 1, 3, and 5) or
PTP-1B (13) (lanes 2, 4, and 6). Immunoblots
were probed with '25I-labeled 4G10 (lanes 1
and 2), anti-CD19 followed by ECL (lanes 3 and
4), or recombinant p85 followed by ECL (lanes
5 and 6). Arrowhead indicates CD19; molecular
size standards are shown at left in kilodaltons.

Lysates were made of Daudi B cells on which
CD19 and mIgM had been cross-linked, and
immunoprecipitates were formed with anti-
bodies specific to CD19 (anti-CD19). Im-
munoblots were probed with antibodies spe-
cific to phosphotyrosine (anti-phosphoty-
rosine), CD19, and p85 (anti-p85). Cross-
linking CD19 or mIgM increased tyrosine
phosphorylation of CD19 within 1 min; this
increase persisted for 45 min and was greater
in cells on which mIgM had been ligated
(Fig. 1, A and B). The presence of phospho-
tyrosine in CD19 was verified by phos-
phoamino acid analysis. The p85 subunit of
PI 3-kinase coprecipitated with anti-CD19

Fig. 3. Wild-type CD19 and CD19(Y484F,
Y515F): tyrosine phosphorylation and associa-
tion with p85. (A) Tyrosine phosphorylation of
wild-type CD19 and CD19(Y484F, Y515F) in 1 X
107 cells. Daudi B cells (lanes 1 to 3), untrans-
fected Jurkat T cells (lanes 4 to 6), or Jurkat T
cells transfected with wild-type CD19 (lanes 7 to
9) or CD19(Y484F, Y515F) (lanes 10 to 12) were
treated at 20°C for 10 min with buffer (lanes 1, 4,
7,and 10), goat F(ab’), antibodies to human IgM
(10 pg/ml) (lanes 2 and 3), or a 1:500 dilution of
antibody to CD3 (OKT3 ascites) (Ortho Diagnos-
tics, Raritan, New Jersey) (lanes 5, 6, 8, 9, 11,
and 12). NP-40 lysates were immunoprecipi-
tated with nonimmune rabbit IgG (lanes 3, 6, 9,

. REPORTS

in parallel with the intensity of tyrosine
phosphorylation of CD19 (Fig. 1C).

The major tyrosine-phosphorylated pro-
tein coprecipitating with p85 in B cells
activated through the antigen receptor was
CD19 (Fig. 1, D and E). The identity of the
coprecipitating 95-kD protein as CD19 was
confirmed by its depletion when lysates were
first cleared with anti-CD19. Half of the
tyrosine-phosphorylated CD19 was associat-
ed with p85 when lysates of Daudi cells on
which mIgM had been ligated were first
cleared with anti-p85, and residual tyrosine-
phosphorylated CD19 was assayed by immu-
noprecipitation with anti-CD19 and protein
immunoblotting with antibodies to phos-
photyrosine (anti-phosphotyrosine).

Recombinant p85, when used as a probe
for immunoblots, bound directly to CD19
that had been immunoprecipitated from B
cells activated through mIgM. The interac-
tion was abolished by tyrosine dephospho-
rylation of CD19 by phosphotyrosine phos-
phatase-1B (PTP-1B) (13) (Fig. 2).

The tyrosine-phosphorylated Ig-a/Ig-B
heterodimer of the mlg complex (6), the
subunits of which are 47 and 37 kD, was not
present in anti-p85 immunoprecipitates of
activated B cells (Fig. 1D). We extended this
finding by demonstrating that p85 did not
co-immunoprecipitate with Ig-a from lysates
of B cells that were resting or were activated
through their antigen receptor (14).

Jurkat T cells were stably transfected
(15) with wild-type CD19 and CD19-
(Y484F, Y515F), a mutant form in which
the tyrosines (Y) in the two Tyr-X-X-Met
motifs were substituted with phenylalanine
(F) (16). Wild-type CD19 expressed by a
Jurkat T cell clone was constitutively ty-
rosine-phosphorylated, and the phosphory-
lation was slightly enhanced when these
cells were optimally treated with antibody
to CD3; the CDI19 from these cells was
associated with p85 (Fig. 3). Jurkat T cells
expressing CD19(Y484F, Y515F) lacked
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and 12) or rabbit anti-CD19 (lanes 1, 2, 4, 5, 7, 8, 10, and 11), and immunoblots were probed with
25|-|abeled 4G10 anti-phosphotyrosine to reveal tyrosine-phosphorylated CD19 (arrowhead). (B)
Recovery of CD19. The blot in (A) was reprobed with anti-CD19, which was detected by ECL. (C)
Coprecipitation of p85. A replicate blot was probed with anti-p85 (indicated by the arrowhead),
which was detected by ECL. Molecular size standards are shown at left in kilodaltons.
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Table 1. PI 3-kinase activity associated with anti-CD19. Daudi cells (2.5 x 107) were treated with
buffer, biotin-conjugated mAb B4 to CD19 (biotin-B4 anti-CD19; 4 ng/ml) (72), biotin-conjugated
Fab’ of mAb DA4.4 to IgM (biotin-DA4.4 anti-igM; 1 ng/ml) (77), or bictin-B4 and biotin-DA4.4
together. Cells were incubated with avidin for 10 min at 20°C, and NP-40 lysates were immunopre-
cipitated with nonimmune rabbit IgG or rabbit anti-CD19; lysates from 0.5 x 107 Daudi cells were
also immunoprecipitated with anti-p85. The immunoprecipitates were assayed for Pl 3-kinase
activity with Pl as the substrate (77, 18), and the reaction products were resolved by thin-layer
chromatography. The incorporation of 2P0, into the phosphatidylinositol phosphate (PIP) products,
which were shown by HPLC analysis to be phosphorylated only in the D-3 position, was quantitated
with a Betascope (Betagen, Waltham, Massachusetts).

Precipitating PI-3-P
Treatment of B cells antibody generated (cpm)
Buffer Anti-p85 519
Buffer + avidin Nonimmune IgG 3
Biotin-B4 anti-CD19 + biotin-DA4.4 Nonimmune IgG 2
anti-lgM + avidin
Buffer + avidin Anti-CD19 4
Biotin-B4 anti-CD19 + avidin Anti-CD19 30
Biotin-DA4.4 anti-lgM + avidin Anti-CD19 134

both characteristics (Fig. 3). Therefore,
Tyr®4, Tyr’’, or both are substrates for
. PTKs in Jurkat T cells and mediate the
binding by CD19 of PI 3-kinase. Similar
results were observed in two other Jurkat
clones expressing CD19(Y484F, Y515F).

PI 3-kinase activity, as assessed by the
conversion of PI to phosphatidylinositol
3-phosphate (PI-3-P) (17, 18), coprecipi-
tated with CD19 from lysates of Daudi cells
that had been treated with anti-CD19 or
antibody to IgM (anti-IgM), with four times
more activity being recovered from the latter
(Table 1). Therefore, the catalytic p110
subunit of the PI 3-kinase also was associated
with tyrosine-phosphorylated CD19.

This function of CD19 may account for
the activation of PI 3-kinase by the ligation
of mIgM, and possibly of CD19, on the
intact B cell. In three of three experiments,
ligating mIgM on Daudi cells labeled with
inorganic 3?P generated amounts of phos-
phatidylinositol 3,4-bisphosphate (PI-3,4-
P,) that were 4.9%, 7.8%, and 6.9% of the
total cellular phosphatidylinositol bisphos-
phate (PIP,); phosphatidylinositol 3,4,5-
trisphosphate (PI-3,4,5-P;) was not detect-
ed (19, 20). In only one of these experi-
ments did ligation of CD19 generate detect-
able PI-3,4-P,, which was 2.0% of total
PIP,, consistent with the smaller amount of
PI 3-kinase associated with CD19 in cells so
treated (Fig. 1 and Table 1).

Cross-linking mlg enables PI 3-kinase
activity to be precipitated with anti-phos-
photyrosine (18) or to Lyn (8). Our find-
ings suggest that anti-phosphotyrosine in-
teracted indirectly with PI 3-kinase by pre-
cipitating tyrosine-phosphorylated CD19;
we did not observe a tyrosine-phosphorylat-
ed protein of 55 KD, the molecular size of
Lyn, coprecipitating with anti-p85 (Fig.
1D). Although the cytoplasmic domains of
Ig-a and Ig-B may interact with PI 3-kinase
(21), these proteins did not co-immunopre-
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cipitate with PI 3-kinase (Fig. 1D) (14),
which suggests that p85 interacts more sta-
bly with tyrosine-phosphorylated CD19.

The interaction of CD19 with PI 3-kinase
is distinct from that of polyoma middle T
antigen (9, 22) and IRS-1 (23), two other
proteins that lack PTK activity and bind PI
3-kinase, in that CD19 is capable of directly
localizing PI 3-kinase to the membrane, a step
that may be necessary for the function of the
enzyme (24). This capability of CD19, which
is analogous to that of the kinase insert region
of receptor PTKs, is likely to be relevant to
the recognition of antigen by B cells because it
is elicited by mIgM.
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human CD19 joined to the COOH-terminus of
maltose-binding protein (New England Biolabs,

Beverly, MA). Immunoprecipitates were resolved

on reducing SDS—-8% polyacrylamide gels (SDS-

PAGE) and transferred to nitrocellulose. The filters

were processed (77), and monoclonal antibody

(mAb) 4G10 (anti-phosphotyrosine) (UBI) was di-

rectly labeled with 1251. Film (XARS; Kodak) was

exposed to the dried filters at —80°C with an
intensifying screen. Filters that were reprobed
were incubated with a 1:5000 dilution of anti-

CD19 or anti-p85 (UBI), washed, incubated with a



1:10,000 dilution of peroxidase-conjugated
mouse antibody to rabbit IgG (Jackson Immuno-
Research), washed, and developed with en-
hanced chemiluminescence (ECL) (Amersham).
The exposure times needed for ECL detection
ranged from 10 s to 5 min, a period of time too
brief to detect signals from bound 725I.

26. CD19-containing immunoprecipitates were re-
solved by SDS-PAGE and transferred to nitrocellu-
lose filters. We used lysates of Escherichia coli
containing recombinant p85 fused to the epitope
tag KT3 at a protein concentration of 1 pg/ml to
probe blocked nitrocellulose filters [A. Klippel, J.
Escobedo, W. Fantl, L. Williams, Mol. Cell. Biol. 12,
1451 (1992)]. The filters were sequentially incubat-
ed with a 1:1250 dilution of mouse antibodies to

KT3 and peroxidase-conjugated rabbit antibodies
to mouse IgG (Jackson ImmunoResearch) and
then developed with the ECL reagent.
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Localization of a Memory Trace in the
Mammalian Brain

David J. Krupa,* Judith K. Thompson, Richard F. Thompson

The localization of sites of memory formation within the brain has proven to be a formidable
task even for simple forms of learning and memory. In order to localize a particular site of
memory formation within the brain, the rabbit eyeblink response was classically conditioned
while regions of the cerebellum or red nucleus were temporarily inactivated by microin-
fusions of the y-aminobutyric acid agonist muscimol. Cerebellar inactivation completely
blocked learning but had no effect on subsequent learning after inactivation, whereas red
nucleus inactivation did not prevent learning but did block the expression of conditioned
responses. The site of memory formation for this learned response thus appears to be

localized within the cerebellum.

A primary goal of neuroscience and psy-
chology is to acquire an understanding of
the mechanisms that underlie long-term
memory formation, storage, and retrieval in
the mammalian, particularly the human,
brain (1). An essential prerequisite is iden-
tification of the sites within the brain where
particular memories, either distributed or
localized, are created and stored (the mem-
ory trace). To date, precise identification of
loci for memory storage has remained elu-
sive (2, 3). We report here evidence for
localization of a long-term memory trace in
the mammalian brain, specifically within
the cerebellum.

We used local microinfusions of the
y-aminobutyric acid (GABA) agonist mus-
cimol to reversibly inactivate select regions
of the brain during the training of rabbits in
order to localize the memory trace. Musci-
mol is known to temporarily inhibit activity
of neurons that express GABA 4 receptors by
hyperpolarizing somata and dendrites by in-
creasing a Cl~ conductance (4). Muscimol
has been used for reversible inactivation of
brain regions, including the cerebellum (5)
and the red nucleus (6), but generally has
not been used to localize memory traces.

The logic underlying the use of revers-
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ible lesions to localize sites of memory
formation is as follows. Naive animals are
trained while a region of the brain is inac-
tivated. If this inactivated region is part of
the circuitry essential for a given form of
learning and memory, then expression of
any learned response will be prevented dur-
ing the inactivation training. If learning
occurs during inactivation, as evidenced by
the immediate expression of learned re-
sponses in training after inactivation, then
the site or sites of memory trace formation
must be afferent (upstream) to the region of
inactivation in the essential circuitry. If no
learning occurs during inactivation train-
ing, then the region of inactivation must be
the site of memory formation or a manda-
tory afferent projecting ultimately to the
site of memory formation.

To utilize reversible inactivation, one
must first identify the brain circuitry essen-
tial (necessary and sufficient) for a given
form of learning and memory. This has
largely been achieved for one form of basic
associative memory in animal studies, aver-
sive classical conditioning of discrete be-
havioral responses—for example, eyeblink
and limb flection (2, 7). In brief, the results
of lesion, recording, and stimulation studies
indicate that the conditioned stimulus (CS)
pathway includes sensory relay nuclei, the
pontine nuclei, and mossy fiber projections
to the cerebellum; the unconditioned stim-
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ulus (US) pathway includes somatosensory
relay nuclei, the inferior olive, and its
climbing fiber projections to the cerebel-
lum; and the conditioned response (CR)
pathway includes the cerebellum, its pro-
jection from the interpositus nucleus to the
red nucleus, and red nucleus projections to
premotor and motor nuclei (8, 9). Unilat-
eral cerebellar lesions in humans complete-
ly prevent learning of the eyeblink CR
ipsilateral (but not contralateral) to the
lesion (10).

We used microinfusions of muscimol into
the ipsilateral lateral cerebellum or the con-
tralateral red nucleus to temporarily inacti-
vate these structures during acquisition of the
classically conditioned eyeblink response of
the rabbit. Behavioral training comprised 11
daily sessions in which a tone CS (350 ms, 1
KHz, 85 dB) was paired with a coterminating
corneal airpuff US (100 ms, 2.1 N/cm?) (11).
One hour before each of the first six sessions,
animals received an infusion of (i) muscimol
into the ipsilateral lateral cerebellum (n = 6),
(ii) saline (vehicle) into the ipsilateral lateral
cerebellum (n = 6), or (iii) muscimol into the
contralateral red nucleus (n = 6) (12). No
infusions were administered on days 7 to 10 of
training. All animals received 3 days of rest
between sessions 6 and 7 to ensure no linger-
ing effects of infusion. On day 11, all animals
were infused with muscimol to test retention.

Control animals that were treated with
saline had fully learned the CR by the third
day of infusion training. Neither the ani-
mals infused with muscimol into the cere-
bellum nor those infused in the red nucleus
showed any appreciable number of CRs
during the 6 days of infusion training (Fig.
1A). At the beginning of training after the
infusion sessions (day 7), the animals in-
fused with muscimol in the cerebellum
showed no signs of having learned and
subsequently learned at exactly the same
rate as the saline-treated control animals
had learned on the first 4 days of training
(Fig. 1B). In marked contrast, the animals
that had had muscimol infused into the red
nucleus showed asymptotic learning from
the beginning of training after the infusion
(Fig. 1B). Infusions of muscimol on day 11
into the cerebellum (including the control
animals that had previously been infused
with saline) or the red nucleus reversibly
abolished the CRs of all animals. In all
cases, infusions of muscimol into the cere-
bellum or the red nucleus during acquisition
had no effect on UR amplitudes relative to
controls (13) (Fig. 1C).

Locations of the cannula tips for all
animals are shown in Fig. 2A. All cerebel-
lar cannulae were aimed at the anterior
interpositus nucleus (AIN). After all train-
ing, four animals (three infused in the
cerebellum, one in the red nucleus) re-
ceived infusions of [*H]muscimol equiva-
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