pation is difficult to calculate because
electron conduction from simulated hot
spots is very fast, dissipating the high tem-

, perature on time scales that are short com-
pared to 75 ps. We have assumed that
these channels run the full 2-mm length of
the target. There is no way to determine if
this is actually the case; if the regions are
less than 2 mm, then the local gain in
those regions will be even higher.

Although laser-plasma instabilities,
such as thermal self-focusing, can also give
rise to small-scale filaments of high-tem-
perature plasma, this is an unlikely cause
of the observed structure because not only
does filamentation tend to drive the den-
sity down in small filaments and thus,
according to Fig. 1, toward regimes of
lower gain, but also we do not observe the
density fluctuations associated with this
mechanism. Hydrodynamic instabilities,
such as Rayleigh-Taylor, seem unlikely for
the same reason: the density variation is
not observed.

It is possible that the ion temperature T,
not the electron temperature, is the cause of
the regions of high local gain. Because the
lasing line narrows as T, decreases, the re-
sulting gain varies as T,~1/2. Small regions of
lower T), possibly seeded by fluctuations in
the driving laser, would be areas of enhanced
gain.

The nonuniform structure has a significant
effect on XRL coherence. An XRL of this
type behaves like an incoherent source over
the output aperture of the XRL (19, 20). This
persistent lack of coherence has not been
understood; one suggested explanation is the
development of plasma instabilities, seeded by
intensity modulations in the driving laser,
which break up the plasma (21).

As we have observed from Figs. 5 and 6,
the region of amplification in the XRL
plasma is indeed highly inhomogeneous,
although probably not because of plasma
instabilities. Because much of the gain is
generated in small isolated regions, the
spatial coherence of the XRL cannot be
improved without smoothing the temper-
ature field in the plasma. If the isolated
gain structure is caused by modulations in
the driving laser, smoothing of the driving
beam may alleviate the pockets and im-
prove the spatial coherence of the XRL.
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BTK as a Mediator of Radiation-Induced
Apoptosis in DT-40 Lymphoma B Cells

Fatih M. Uckun,” Kevin G. Waddick, Sandeep Mahajan,
Xiao Jun, Minoru Takata_, Joseph Bolen, Tomohiro Kurosaki

Bruton’s tyrosine kinase (BTK) is a member of the SRC-related TEC family of protein
tyrosine kinases (PTKs). DT-40 lymphoma B cells, rendered BTK-deficient through tar-
geted disruption of the btk gene by homologous recombination knockout, did not
undergo radiation-induced apoptosis, ‘but cells with disrupted lyn or syk genes did.
Introduction of the wild-type, or a SRC homology 2 domain or a plecstrin homology
domain mutant (but not a kinase domain mutant), human btk gene into BTK-deficient cells
restored the apoptotic response to radiation. Thus, BTK is the PTK responsible for
triggering radiation-induced apoptosis of lymphoma B cells, and its kinase domain is

indispensable for the apoptotic response.

Apoptosis, also termed programmed cell
death, is a common mode of eukaryotic cell
death characterized by distinct ultrastruc-
tural features and a ladder-like DNA frag-
mentation pattern produced by endonucle-
ase-mediated cleavage of DNA into oligo-
nucleosome-length fragments (1). Apopto-
sis plays an important role in the
development and maintanance of a func-
tional immune system (1). A better under-
standing of the biochemical events leading
to apoptosis may provide further insights
into the pathogenesis and treatment of hu-
man diseases, such as immunodeficiencies,
autoimmune disorders, leukemias, and lym-
phomas, which are thought to stem from
inherited or acquired deficiencies of check-
points regulating the rate of apoptosis in
lymphoid cells.

Reactive oxygen intermediates have
been implicated as mediators of apoptosis in
B-lineage lymphoid cells (1, 2). The molec-
ular mechanism by which reactive oxygen
intermediates can trigger apoptosis has not
yet been deciphered, but it may involve
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activation of as yet unidentified protein
tyrosine kinases (PTKs) (2). Protein ty-
rosine kinases play a pivotal role in the
initiation of biochemical signaling events
that affect proliferation, differentiation, and
survival of B-lineage lymphoid cells (3-7).
In addition to radiation-induced apoptosis
(2), other apoptotic death signals, including
those induced by dexamethasone, monoclo-
nal antibodies to CD3, tumor necrosis fac-
tor—a, ceramide, FAS ligand, and Taxol,
are triggered by enhanced PTK activity (8).

DT-40 is a radiation-sensitive chicken
lymphoma B cell line that we have previ-
ously used to explore the mechanisms
whereby various PTKs that participate in B
cell antigen receptor signaling (9-11). DT-
40 cells undergo rapid apoptosis after expo-
sure to y-rays, as measured by a quantitative
flow cytometric apoptosis-detection assay
(2, 12-14). Radiation-induced apoptosis of
DT-40 cells is triggered by activation of
radiation-responsive PTKs because it is pre-
vented by the PTK inhibitor genistein (2,
12-14). One of the radiation-responsive
PTKs in DT-40 cells is the 77-kD TEC PTK
family member Bruton’s tyrosine kinase
(BTK) (4, 15-20). We now provide exper-
imental evidence that the BTK tyrosine
kinase, but not the LYN, SYK, or CSK
tyrosine kinases, mediates radiation-in-
duced apoptosis of DT-40 lymphoma B
cells. BTK is also responsible for mediating



the B cell antigen receptor (BCR)-linked
apoptotic signals. Whereas the BCR-linked
apoptotic signals are triggered by phospho-
lipase C—y2 (PLCy2) activation through
the concerted actions of BTK and SYK,
neither PLC-y2 nor the SYK kinase is re-
quired for radiation-induced apoptosis of
lymphoma B cells by BTK.

BTK (15, 16), together with TEC I and
TEC 1II (21), ITK/TSK/EMT (22), BMX
(23), and TXK/RLK (24), is a member of
the SRC-related TEC family of PTKs. Mu-
tations in the btk gene have been linked to
severe developmental blocks in human B
cell ontogeny resulting in human X-linked
agammaglobulinemia (XLA) (25) and less
severe deficiencies in murine B cells result-
ing in murine X-linked immune deficiency
(XID) (26). To elucidate unequivocally the
role of this radiation-responsive PTK in
radiation-induced apoptosis of lymphoma B
cells, we established a subclone of DT-40
cells lacking the btk gene by homologous
recombination knockout (7, 10, 27-29).
Lack of BTK expression in BTK-deficient
DT-40 cells was confirmed by both immune
complex kinase assays (Fig. 1A) and protein
immunoblot analysis (Fig. 1B). By compar-
ison, BTK expression levels of SYK- or
LYN-deficient DT-40 cells (7, 10, 27, 28)
were comparable to those of wild-type DT-
40 cells (Fig. 1, A and B). BTK has a unique
NH,-terminal region that contains a plec-
strin homology (PH) domain of 137 amino
acids, a TEC homology domain of 80 amino
acids, a single SRC homology 3 (SH3) do-
main of 49 amino acids, a single SH2 do-
main of 96 amino acids, and a catalytic
kinase domain of ~250 amino acids (15,
16, 25, 26). The PH domain of BTK inter-
acts with various isoforms of PKC as well as
the By subunits of heterotrimeric GTP-
binding proteins (30). SH3 domains inter-
act with proline-rich sequences of other
proteins, whereas SH2 domains interact
with tyrosine phosphorylated proteins (31).
However, specific proteins interacting with
the BTK SH2 or SH3 domains in B-lineage
lymphoid cells have not been identified.
The catalytic domain of BTK is capable of
auto- and transphosphorylation (19). Mu-
tations in the catalytic domain, SH2 do-
main, as well as the PH domain of the BTK
result in maturational blocks at early stages
of B cell ontogeny in human XLA (25).
BTK-deficient mice generated by the intro-
duction of PH domain or catalytic domain
mutations in embryonic stem cells showed
defective B cell development and function
(15). Thus, different regions of BTK are
important for its physiologic functions.

To examine the role of the various do-
mains of BTK in mediating the radiation-
induced apoptotic signal, we introduced
wild-type human btk gene as well as human

btk genes harboring mutations either in the
catalytic domain (Arg’*>—Gln), SH2 do-
main  (Arg®’—Ala), or PH domain

Fig. 1. BTK tyrosine kinase activity and BTK pro-
tein expression in wild-type and mutant DT-40
lymphoma B cells. (A and B) Nonidet P-40 lysates
from wild-type and from SYK-, BTK-, and LYN-
deficient DT-40 cells were immunoprecipitated
with anti-BTK as described (4, 79, 20) and divided
into two portions. One of the duplicate portions
from each sample was used for BTK immune-
complex kinase assays (that is, in vitro kinase as-
says of anti-BTK immunoprecipitates) with
[y-32PJadenosine triphosphate (A) as described
(4, 19, 20). After the kinase reactions, samples
were boiled in 2xX SDS reducing sample buffer,
proteins fractionated on 15% polyacrylamide gels,
and the 32P-labeled BTK bands visualized by au-

toradiography. The remaining portions were collected, boiled in 2X SDS
sample buffer, fractionated on 15% polyacrylamide gels, transferred to an
Immobilon polyvinylidene difluoride membrane, and immunoblotted with an-
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(Arg?8—Cys) into the BTK-deficient DT-
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Fig. 2. lonizing radiation does not induce apoptosis in BTK-deficient DT-40 lymphoma B cells. Flow
cytometric analysis correlated two-parameter displays of wild-type (WT ), BTK-deficient (BTK™) DT-40
cells, and BTK-deficient DT-40 cells reconstituted with the wild-type human btk gene (BTK™,rBTK(WT)
stained with MC540 and P! 8 hours after treatment with phosphate-buffered saline (PBS), pH 7.4 (no
radiation), 4-Gy vy-rays, or 8-Gy y-rays. The percentages indicate the fraction of cells at an early stage
of apoptosis, as measured by single MC540 fluorescence, and the fraction of cells at an advanced stage
of apoptosis, as measured by dual MC540/P| fluorescence (13, 14).
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phorylation, was abrogated by the catalytic
domain mutation and reduced by the PH-
domain mutation but not affected by the
mutation in the SH2 domain (Fig. 1C).
Equal amounts of BTK protein were detect-
ed by protein immunoblot analysis in all of
the BTK-deficient DT-40 clones trans-
fected with wild-type or mutated human btk
genes, but no BTK protein was detectable
in the untransfected BTK-deficient DT-40
cells (Fig. 1D).

We first used a quantitative flow cyto-
metric apoptosis detection assay (13, 14)
to compare the radiation responses of
wild-type and mutant DT-40 cells.
MC540 binding and propidium iodide (PI)
permeability were simultaneously mea-
sured before and after irradiation. lonizing
radiation induced apoptosis in wild-type
DT-40 cells in a dose-dependent manner.
Eight hours after exposure to 8-Gy +y-rays,
23% of wild-type DT-40 cells showed signs
of early apoptosis, as determined by
MC540 fluorescence, and 75% were in

advanced-stage apoptosis, as determined
by MC540/PI double fluorescence (Fig. 2,
top panel). Thus, 98% of the wild-type
DT-40 cells showed flow cytometric evi-
dence of apoptosis after exposure to 8-Gy
y-rays. By contrast, only 3% of BTK-defi-
cient DT-40 cells underwent radiation-
induced apoptosis (Fig. 2, middle panel).
Introduction of wild-type human btk gene
into the BTK-deficient DT-40 cells re-
stored their ability to elicit an apoptotic
response after radiation exposure, with
87% of the cells showing evidence of ad-
vanced stage apoptosis after exposure to
8-Gy v-rays (Fig. 2, bottom panel), con-
firming that BTK plays a pivotal role in
radiation-induced apoptosis of DT-40
lymphoma B cells.

On agarose gels, DNA from Triton
X-100 lysates of irradiated wild-type DT-40
cells showed a radiation dose-dependent,
ladder-like fragmentation pattern consis-
tent with an endonucleolytic cleavage of
DNA into oligonucleosome-length frag-
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Fig. 3. BTK mediates radiation-induced apoptosis in DT-40 lymphoma B cells. Cells were exposed to
various apoptosis-inducing agents, harvested, and DNA from Triton X-100 lysates analyzed for frag-
mentation as described (32-34). (A to C) Cells were harvested after exposure to 4- or 8-Gy vy-rays
(82-34). Untreated controls as well as irradiated cells were maintained in culture medium for 8 hours at
37°C and 5% CO, before harvesting. C1, unirradiated, untreated cells harvested at time point 0; C2,
control (unirradiated, untreated cells harvested at hour 8). (D) Cells were harvested after 8 hours of
continuous treatment with M4 antibody to surface IgM at concentrations of 1, 2, or 4 wg/mlin culture
medium. C, control cells harvested after 8 hours of culture in the same culture medium without added
M4 antibody. (E) Cells were harvested after 8 hours of sham treatment (PBS), after 8 hours of culture
subsequent to 8-Gy vy-irradiation, or after 8 hours of continuous treatment with M4 antibody (4 pg/ml).
(F) Cells were harvested after 24 hours of continuous treatment with dexamethasone (DXM, 0.1 or 1.0
ng/mil).
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ments at multiples of 200 base pairs (32—
34), whereas no DNA fragmentation was
observed in BTK-deficient DT-40 cells ex-
posed to <y-rays (Fig. 3A). Thus, BTK is
required for radiation-induced apoptosis of
DT-40 cells. By comparison, targeted dis-
ruption of the lyn or syk genes did not pre-
vent or attenuate radiation-induced apop-
tosis of DT-40 cells (Fig. 3B). The PTK
activity of LYN is negatively regulated by
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Fig. 4. (A and B) Radiation-induced apoptosis in
BTK-deficient DT-40 lymphoma B cells reconsti-
tuted with wild-type or mutant human BTK. Cells
were harvested 8 hours after exposure to 4- or
8-Gy vy-rays (2, 12), and DNA from Triton X-100
lysates was analyzed for fragmentation as de-
scribed (32-34). Unirradiated controls (C) as well
as irradiated cells were maintained in culture me-
dium for 8 hours at 37°C and 5% CO, before
harvesting. BTK-deficient DT-40 (BTK™) cells
expressing wild-type BTK, BTK(Arg525—Gin),
BTK(Arg?®—Cys), and BTK(Arg®°’—Ala) were
designated as BTK™,rBTK(WT), BTK~,rBTK(K™),
BTK~,rBTK(mPH), and BTK~ rBTKMSH2), re-
spectively. Flow cytometric analysis—correlated
two-parameter displays of wild-type (WT), BTK-
deficient (BTK™) DT-40 cells, as well as BTK-defi-
cient DT-40 cells reconstituted with wild-type and
mutant human btk genes stained with MC540 and
Pl 8 hours after treatment with 8-Gy +y-rays,
showed 96% apoptosis in WT cells, 95% apopto-
sis in BTK=,rBTK(WT) cells, 5% apoptosis in
BTK=,rBTK(K™) cells, 96% apoptosis in BTK™,
rBTK(mSH2)cells, and 93% apoptosis in BTK™,
rBTK(mPH) cells, as determined by double
MC540/PI fluorescence (13, 14).



SRR

phosphorylation at the COOH-terminal ty-
rosine residue, and CSK kinase phosphory-
lates this COOH-terminal tyrosine residue

(27, 35). CSK-deficient DT-40 cells show "

constitutive activation of LYN and SYK
kinases (27, 35), and CSK-deficient DT-40
cells were not more sensitive to y-rays than
were the wild-type DT-60 cells (Fig. 3C).
Furthermore, a LYN/SYK doubly deficient
mutant cell line, which was generated by
disruption of the syk gene in LYN-deficient
DT-40 cells, was as radiation-sensitive as
were the wild-type DT-40 cells (Fig. 3C).
These results demonstrate that neither LYN
nor SYK kinase is required for radiation-
induced apoptosis of DT-40 lymphoma B
cells. Similarly, H,O, induced apoptosis in
wild-type DT-40 cells as well as in LYN/
SYK doubly deficient DT-40 cells, but not
in BTK-deficient DT-40 cells (36).

Engagement of the BCR with an anti-
body to immunoglobulin M (anti-IgM) trig-
gered apoptosis in wild-type DT-40 cells
(Fig. 3D) but not in BTK-deficient DT-40
cells (Fig. 3E). Thus, BTK is required not
only for radiation-induced apoptosis, but for
BCR-linked apoptosis as well. SYK-defi-
cient (7, 10, 27, 28) and PLCvy2-deficient
(7, 10, 37) cells also failed to undergo
apoptosis after anti-IgM stimulation. Be-
cause both BTK and SYK are required for
the antigen receptor—induced PLCvy2 acti-
vation (7, 9-11, 37), our results indicate
that anti-lgM—induced apoptosis is trig-
gered by PLCvy2 activation, which is regu-
lated by BTK and SYK through their con-
certed actions. In contrast, radiation-in-
duced apoptotic signals do not depend on
SYK kinase or PLCy2. SYK kinase—defi-
cient as well as PLCy2-deficient DT-40
cells underwent apoptosis after exposure to
ionizing radiation (Fig. 3E). Dexametha-
sone (DXM) is an apoptosis-inducing che-
motherapeutic agent commonly used in the
treatment of lymphoid malignancies (I, 8).
We examined the sensitivity of BTK-defi-
cient DT-40 cells to DXM and found no
decrease in sensitivity (Fig. 3F). Thus, BTK
is not required for the DXM-induced apop-
totic signal.

DT-40 cells expressing the catalytic do-
main mutant of human BTK [that is, BTK ™,
tBTK(K™)] did not undergo apoptosis after
vy-ray exposure (Fig. 4A), providing direct
evidence that the kinase domain of BTK is
indispensable for its function as a mediator of
radiation-induced apoptosis in B lineage lym-
phoid cells. By comparison, y-ray exposure of
.DT-40 cells expressing human BTK with mu-
tations in the SH2 (that is, BTK~,mSH2) or
PH domains (that is, BTK~,mPH) (Fig. 4B)
induced apoptosis as readily as in wild-type
DT-40 cells or BTK-deficient DT-40 cells
reconstituted with wild-type human btk gene
(Fig. 4A). Thus, neither the SH2 domain nor

the PH domain of BTK is essential for its role
in radiation-induced apoptosis.

Multiple apoptotic checkpoints in B cell
ontogeny are thought to ensure the orderly
development and differentiation of B lin-
eage lymphoid cells (1). Recent studies in
BTK-deficient mice (15) and patients with
XLA (25) provided strong evidence for im-
portant BTK roles in B cell development
and differentiation. BTK-deficient mice
were shown to have increased numbers of
immature B cell precursor populations and
reduced numbers of mature B cells (15).
The present study expands our knowledge
of BTK functions and reveals the essential
role of BTK in triggering a biochemical
event required for radiation-induced apop-
totic death of lymphoma B cells. This pre-
viously unknown function of BTK does not
depend on LYN kinase, which is thought to
act upstream of SYK and BTK kinases in B
cell antigen receptor-linked signaling
events (5, 9-11); nor does it depend on
SYK kinase, which plays a pivotal role in
anti—surface IgM—induced apoptosis (7), or
PLCy2, which acts downstream of SYK and
BTK kinases in BCR-linked signaling
events (5, 9—11). The mechanism by which
exposure of lymphoma B cells to reactive
oxygen intermediates triggers activation of
BTK remains to be deciphered.
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Corticofugal Modulation of Time-Domain
Processing of Biosonar Information in Bats

Jun Yan and Nobuo Suga

The Jamaican mustached bat has delay-tuned neurons in the inferior colliculus, medial
geniculate body, and auditory cortex. The responses of these neurons to an echo are
facilitated by a biosonar pulse emitted by the bat when the echo returns with a particular
delay from a target located at a particular distance. Electrical stimulation of cortical
delay-tuned neurons increases the delay-tuned responses of collicular neurons tuned to
the same echo delay as the cortical neurons and decreases those of collicular neurons
tuned to different echo delays. Cortical neurons improve information processing in the
inferior colliculus by way -of the corticocollicular projection.

The processing of auditory information has
been considered to be based on neural inter-
actions occurring within the ascending audi-
tory system (I). The contribution of the
massive corticofugal system to auditory in-
formation processing has been given little
consideration. Neurons in the deep layers of
the auditory cortex (AC) project to the in-
ferior colliculus (IC), the medial geniculate
body (MGB) (2-4), or the subcollicular au-
ditory nuclei (5). The corticofugal projec-
tions originating from the low- and high-
frequency—tuned regions of the AC termi-
nate at the low- and high-frequency—tuned
regions of the MGB and IC, respectively (3).
Electrical stimulation of the AC can inhibit
or facilitate the auditory responses of neu-
rons in the IC (6-8) and MGB (6, 9). How-
ever, the response properties of neurons at
the stimulation and recording sites were not
examined in these studies. Therefore, it is
not known how the inhibition and facilita-
tion evoked by electrical stimulation con-
tribute to auditory information processing.
In the visual system, however, an impor-
tant functional role of the corticofugal pro-
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jection in processing visual images has re-
cently been identified. Through the corti-
cothalamic projection, cortical visual neu-
rons tuned to a particular orientation of a
moving contour synchronize activities of
thalamic visual neurons having receptive
fields that are aligned appropriately to sig-
nal that particular orientation of a moving
contour. This synchronized activity is hy-
pothesized to facilitate the detection of the
stimulus feature by the cortical visual neu-
rons (10). Because corticofugal projections
are part of the neural net shared by the
auditory, visual, and somatosensory systems,
the corticofugal projections in the auditory
system presumably have a function similar
to that of those found in the visual system.

The central auditory system of the Jamai-
can mustached bat (Pteronotus parnellii parnel-
lii) is highly developed for processing different
types of biosonar infotmation in a parallel and
hierarchical way. Its auditory cortex consists
of many functional areas (I). Among these
areas, the FM-FM area (FM, frequency-mod-
ulated) is particularly interesting because it
has a map for a systematic representation of

“echo delays corresponding to target distances.

Therefore, we studied the functional role of
the corticofugal projections in the processing





