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Mutation of Unique Region of Bruton's Tyrosine 
Kinase in Immunodeficient XIB Mice 

David J. Rawlings, Douglas C. Saffran, Satoshi Tsu kada, 
David A. Largaespada, J. Christopher Grimaldi, Lucie Cohen, 

Randolph N. Mohr, J. Fernando Bazan, Maureen Howard, 
Neal G. Copeland, Nancy A. Jenkins, Owen N. Witte* 

The cytoplasmic tyrosine kinase, Bruton's tyrosine kinase (Btk, formerly bpk or atk), is 
crucial for B cell development. Loss of kinase activity results in the human immunodefi- 
ciency, X-linked agammaglobulinemia, characterized by a failure to produce B cells. In the 
murine X-linked immunodeficiency (XID), B cells are present but respond abnormally to 
activating signals. The Btk gene, btk, was mapped to the xid region of the mouse X 
chromosome by interspecific backcross analysis. A single conserved residue within the 
amino terminal unique region of Btk was mutated in XID mice. This change in xid probably 
interferes with normal B cell signaling mediated by Btk protein interactions. 

B cell development is characterized by an 
orderly expression of cell surface markers 
and responses to specific activation signals 
(1). Tyrosine kinases are important in the 
signaling pathways regulating these events 
(2). Btk, expressed in B and myeloid cells, 
and several homologous genes constitute a 
unique tyrosine kinase subfamily distinct 
from the Src subfamilv (3 ,  4). The Btk , ~. 
family members have a long, highly con- 
served NH2-terminal unique region and 
lack a negative regulatory tyrosine. Despite 
its critical role in B cell development, the 
specific functions of Btk in B cell signaling 
are not yet known. 

The xid gene defect results in failure of B - 
cells to become phenotypically and func- 
tionallv diverse (5. 6). B cells from XID . .  , 

mice do not respond to thymus-indepen- 
dent type 2 antigens, have abnormal re- 
sponses to a variety of activation signals 
(5-7), and have a surface phenotype sug- 
gestive of disordered maturation (8). These 
findings suggest that B cells with the xid 
mutation lack essential signals for B cell 
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activation and maturation. Despite charac- 
terization of these cellular defects, the un- 
derlying genetic change remains unknown. 

In contrast to the xid mutation, X-linked 
agammaglobulinemia (XLA) results in pro- 
duction of few B cells and severe humoral 
immunodeficiency. Despite this distinc- 
tion, XLA and XID have several common 
features. First, the surface phenotypes of 
XLA and XID B cells are similar, suggesting 
that both result in abnormal B cell activa- 
tion (6, 9). Second, both disorders appear 
to result from an intrinsic B lineage defect, 
as evidenced by nonrandom X chromosome 
inactivation limited to B cells (10). And 
finally, xid maps to a region of the X 
chromosome that shares homology with the 
human XLA locus at Xq21.3-Xq22 (1 1, 
12). For these reasons, we evaluated the 
possible role of Btk in XID. 

The murine chromosomal location of btk 
was determined by interspecific backcross 
analysis using a mapping panel typed for 
over 1100 loci (1 3). Southern (DNA) blot 
analvsis using a btk uniaue region  robe 
ideniified t h i e  Mus spreLs-specific i p h  I 
restriction fragment length polymorphisms. 
These were used to follow the segregation of 
the btk locus in backcross mice (Fig. 1). 
The btk locus was mapped to the distal 
portion of the X chromosome linked to 
pgk- 1, DXPas2, and plp. The gene order and 
recombination frequencies expressed in 
centimorgans (cM 2 SE) are centromere, 
pgk-1 (1.7 +- 1.7), DXPas2 (3.6 2 2.1), btk 
(3.3 +- 1.9), and plp (Fig. 1). The xid locus 
is distal to Pgk-1 in the interval surrounding 
DXPas2 (in Fig. 1) (12). These two data 



sets, including the one in which we have 
placed btk near DXPus2, overlap at the 95% 
confidence interval and support the hy- 
pothesis that Btk is the mutated protein at 
the xid locus. 

We then determined whether Btk exDres- 
sion was altered in mice carrying the xid 
mutation. CBA/N (xid) and CBA/J (+I+) 
spleen mononuclear cell lysates were immu- 
noprecipitated with antiserum to murine 
Btk (3). Equivalent amounts of full-sized 
[35S]methionine Btk and Btk autokinase ac- 
tivity were detected in both strains (Fig. 
2A). To eliminate the contribution of Btk 
expression from myeloid cells, we evaluated 
pre-B cell lines derived from CBA/N and 
CBA/J animals after transformation of bone 
marrow with the v-rnos oncogene (14). Flow 
cytofluorometric analysis of these lines was 
consistent with outgrowth of pre-B cell pop- 
ulations (Fig. 2C). All lines produced equiv- 
alent Btk autokinase activitv (Fig.. 2B). , ~ -  , 

Because Btk expression and in vitro 
kinase activity were unaltered in B cells 
from XID mice, we searched for mutations 
that could alter its ability to confer a sig- 
nal-but not affect  rotei in ~roduction. sta- 
bility, or kinase activity. Polymerase chain 
reaction (PCR) products encoding overlap- 
ping btk gene products were generated with 
first strand cDNA template from CBA/N 
(xid) bone marrow and a series of oligonu- 
cleotide primers spanning the coding se- 
quence of the gene (Fig. 3). Products were 
subcloned, sequenced, and compared to the 
cDNA sequence obtained from (C57BLl6 
x DBAR) F, mice (GenBank L08967). 
Three single-nucleotide changes were de- 
tected: C to T at nucleotide position 219 

Fig. 1. The btk gene maps to the region of the 
xid mutation. The btk gene was placed in the 
distal region of the mouse X chromosome by 
interspecific backcross analysis (22). (Left) 
Partial X chromosome interspecific map show- 
ing the location of btk in relation to linked 
genes. The position of these loci on the human 
X chromosome are noted. (Right) The partial 
murine X chromosome map derived from a 
composite map from the mouse X chromosome 
committee (12). The approximate location of 
xid is shown. The maps are aligned at the 
DXPas2 locus. 

(15), C to T at position 881, and T to C at 
position 1829. The latter two changes did 
not result in amino acid alterations. 

The nucleotide change at position 219 
was predicted to change ArgZ8 to Cys2' in 
the unique region of Btk. This nucleotide 
change was confirmed in four independent 
overlapping products with different sets of 
PCR primers. Four additional clones ob- 
tained by PCR of cDNA from a different 
cell population and murine strain, splenic 
BALB.xid B cells, also contained this sin- 
gle-nucleotide change. 

Seven exons comprise the Btk NH2- 
terminal region coding sequence. The nu- 
cleotide change at position 219 is located 
within the first coding exon. Coding exons 
1 to 5 were present within a 20-kb genomic 
clone Btk-D (Fig. 3, bottom). Exon-specific 

PCR was done with oligonucleotide primers 
specific to the intron-exon boundaries of btk 
exon 1. The results confirmed the Arg to 
Cys change in CBA/N. Sequence analysis 
of five additional murine strains, CBA/ 
CaH-T6J, CBAICaJ, CBA/J, BALBIc, and 
129ISv all demonstrated the wild-type con- 
sensus sequence. The CBA/CaH-T6J sub- 
strain contains the closest X chromosome 
progenitor for the xid mutation (16). These 
results are consistent with the Arg to Cys 
change being unique to CBA/N (xid). 

Because of its complex exonic structure, 
the possibility that altered btk mRNA splice 
variants might be important in XID was 
evaluated. A series of reverse transcriptase 
PCR reactions with primer sets designed to 
amplify products spanning multiple btk 
unique region exons were carried out. Prod- 

Fig. 2. Btk protein expression and A B ~ m - B  cell tines 
in vitro kinase activity in CBNJ 1 
(+I+) and CBNN (XID) tissues Anti-Btk Preimmune Anti-Btk 

and pre-B cell lines. (A) Analysis [35S1Met [32p]ATP 
[32P]AT~ 

of Btk protein expression in 
spleen mononuclear cells. (Left) 
Expression of Btk protein. CBNJ 
and CBW spleen mononuclear - - 
cells were labeled in vitro with 100 - 7 
pCi of [35S]methionine, and ly- 
sates were immunoprecipitated -- h 
with antiserum to Btk (3). (Right) 
In vitro autokinase activity was 
assayed in the presence of 
[~-~~P]adenosine triphosphate 
(23). (B) Btk in vitro kinase activity 
in pre-B cell lines. Location of the c 
77-k~ Btk protein is indicated by 
a bar. (C) Expression of the B cell 
surface marker, 8220, on CBNJ 
and (two independently deriqd) 
CBNN pre-B cell lines. CBNJ 
and CBNN bone marrow cells 
were infected with v-mos retrovi- 
rus (14) and plated as previously 
described (24). Cells were stained with phycoerythrin (PE)-coupled monoclonal antibody RA3-6B2 
(anti-B220; Pharmingen) (right peak) or immunoglobulin G2a isotype control (lefl peak). Staining for 
Mac-1 was indistinguishable from control staining. Analyses were done on FACScan (Becton 
Dickinson). 

Fig. 3. PCR and sequence analysis of btk gene Btk cDNA I kb 
in CBNN (xid). (Top) Location of PCR primers 51 n u n i q u e  region SH~ISH~ SHI 3'UT 
for amplification of overlapping btk cDNA prod- 
ucts. Location of sense (forward arrows) and **- - - - * * * * * * * * 

1 1 1 4 4 4 4 4 4 4 4 4 -  
antisense (reverse arrows) primers (25) and btk Ovedawina PCR  rimers . . "  . 
unique region and SH domains are indicated. Unique region coding cuans (Bottom) btk coding exons and btk exon-specif- 
ic PCR primers. Partial restriction map (B, Bam I I I I  I ? I& 
HI; E, Eco RI) of Btk ~enomic clone indicatin~ 1 1112 31 14 51 1 

c- 
location of coding exons (1 to 5) and intro6 

4 * c 1 c 4  
c 

1 
1 

exon-specific PCR primers. Bars represent 1 kb Exon-intron PCR primen 
(26). Total RNA was isolated from CBNN bone 
marrow with RNAzol (Biotext) and reverse-transcribed into cDNA with reverse transcriptase and 
random hexamers (27). The cDNAwas amplified by PCR with btk-specific primer sets (25,28), and 
the products were cloned into the TA vector (Invitrogen) and then sequenced with SP6 and T7 
sequencing primers. Genomic DNA was amplified by PCR with btk exon 1-specific primers 
(5'-ATGGCTGCAGTGATACTG-3' and 5'-TGGGAAACTTACCCCACGTTC-3'; intronic sequence 
underlined), cloned, and sequenced as above. [Note: A mistake in the reported murine cDNA 
sequence was identified, and a correction has been sent to GenBank (PI23 is R)]. 
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Fig. 4. Location of the ArgZ8 
mutation and alignment of 
NHz-terminal unique region 
residues of Btk subfamily 
members and Drosophila 
Gapl. Reverse contrast let- 
ters represent identical resi- 
dues between human and 

rine itk (Mo Itk), and Dro- 
sophlla Gapl (Dm Gapl). 
Boxes and bold letters indi- 
cate amino acids that are 
identical or conserved be- 
tween four of the five sequences. The ArgZ8-equivalent residues are indicated; the A 0  and A1 denote the type of intron boundary (between 
italicized, and the upward arrow points to the ArgZ8Cys mutation present codons, or after the first codon position). Alignment was carried out using 
in xid. The In/ symbols indicate the number of residues in two insertions in the PROFILE program (29). Single-letter abbreviat~ons for the amino acids 
Hs and Mo Btk and the chain distance between the unique domains and are as follows A, Ala; C, Cys; D, Asp; E, Glu; F, Phe, G, Gly; H ,  His, I ,  Ile; 
the adjoining SH3 domain; in Gapl, 107* indicates the chain length to the K, Lys; L, Leu; M,  Met; N ,  Asn; P, Pro; Q, Gin; R ,  Arg; S, Ser; T, Thr; V, Val; 
COOH-terminus. The location of exons 1 ,  2, 4, and 5 of murine Btk are W, Trp; and Y, Tyr. 

murine Btk (Hs Btk; Mo Btk), A O  Exon 4 A 1 Exon 5 A 1 

ucts of the predicted size, including the 

murine tecll (Mo Tec), mu- 'lk I D 0  t < O  $ 2 0  1 1  2 1 1 0  1 5 0  1 8 0  1 7 0  

complete btk unique region, were consis- 
tently amplified from XID and normal pre-B 
and splenic B cells. In addition, Northern 
(RNA) blotting has not detected alterna- 
tively spliced mRNAs from pre-B, splenic, 
or Ly-I+ B cells (17). These results argue 
against the presence of other mutational 
mechanisms affecting Btk in XID mice. 

Identification of the ArgZ8 Btk mutation 
in XID mice and the failure of XID B cells to 

1 D O  

respond to activation signals suggest a cen- 
tral role for Btk in B cell signaling. Protein 
interactions involving the Btk NH,-termi- 
nal unique region are probably critical to 
these events. The unique segments of Btk 
and related tyrosine kinase subfamily mem- 
bers (Tec and Itk) exhibit a high degree of 
identity (3). Sixty of the 179 superimposed 
residue positions in this chain are completely 
conserved, and the majority map to two 
discrete regions (amino acids 1 to 80, encod- 
ed by btk exons 1 and 2; and amino acids 103 
to 172, encoded by exons 4 and 5) separated 
from each other and the Src homology (SH) 
domains by acidic proline-rich linkers (Fig. 
4). The ArgZ8 residue is located in the first 
conserved block and is present in all the 
kinase subfamily members. This residue (and 
a neighboring conserved residue, LysZ6; Fig. 
4) forms part of a locally hydrophilic stretch 
of amino acids. It is predicted that ArgZ8 lies 
on a loop segment- following an & helix 
(residues 9 to 18 in Btk numbering) and 
leading into a hydrophobic P strand (resi- 
dues 29 to 32) (18). Thus, the likely effect of 
the ArgZ8 to Cys mutation is the replace- . * 

the control of signaling through the Drosoph- 
ila Sevenless receptor tyrosine kinase by 
down-regulation of Rasl activity (1 9). Per- 
haps the homology between the Btk unique 
region and the GAP-associated domain de- 
fines a previously uncharacterized "adaptor" 
module involved in analogous protein inter- 
actions within divergent signaling pathways. 

The distinct genetic alterations in XLA 
(Btk kinase deficiency) and XID (unique 
region point mutation) provide clues to- 
ward the role of Btk in B cell development. 
The ArgZ8 mutation provides indirect evi- 
dence that these signals are mediated, in 
part, through interactions of the Btk unique 
region with other elements of the signal 
transduction pathway. In nude xid mice, 
progenitor B cell development is arrested 
(ZO), indicating that T cell-dependent fac- 
tors are required to provide alternative sig- 
nals to overcome the xid defect. In the 
absence of these factors, the ArgZ8 unique 
region mutation results in arrested B cell 
development. Study of these overlapping 
signals will be important in understanding 
overall control of B cell develoument. 

Taken together, our data implicate the 
ArgZ8 Btk mutation in XID. Final proof, 
and test of the predicted role for the Btk 
unique region in B cell signaling, will re- 
quire replacement of the defective gene. 
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Cellular Mechanisms of a Synchronized Oscillation 
in the Thalamus 

Marcus von Krosigk, Thierry Bal, David A. McCormick* 
Spindle waves are a prototypical example of synchronized oscillations, a common feature 
of neuronal activity in thalamic and cortical systems in sleeping and waking animals. 
Spontaneous spindle waves recorded from slices of the ferret lateral geniculate nucleus 
were generated by rebound burst firing in relay cells. This rebound burst firing resulted from 
inhibitory postsynaptic potentials arriving from the perigeniculate nucleus, the cells of which 
were activated by burst firing in relay neurons. Reduction of y-aminobutyric acid, (GABA,) 
receptor-mediated inhibition markedly enhanced GABA, inhibitory postsynaptic potentials 
in relay cells and subsequently generated a slowed and rhythmic population activity 
resembling that which occurs during an absence seizure. Pharmacological block of GABA, 
receptors abolished this seizure-like activity but not normal spindle waves, suggesting that 
GABA, antagonists may be useful in the treatment of absence seizures. 

Svnchronized neuronal oscillations have 
been observed in thalamocortical networks 
during slow wave sleep (1, 2), sensory 
processing (3 ) ,  and generalized seizures (4). 
S~indle  waves are one exam~le of these 
neuronal oscillations and occur during the 
early stages of slow wave sleep. They appear 
as 7- to 12-Hz oscillations that wax and 
wane in amplitude over a 2- to 4-s period 
and that reappear once every 3 to 10 s (1, 
2). These synchronized oscillations are gen- 
erated in the thalamus and deuend on 
activity in the GABA-containing neurons 
of the thalamic reticular nucleus (nRt) or 
perigeniculate nucleus (PGN) , although 
their dependence on the activity of relay 
neurons is unclear (2). The cellular bases of 
spindle wave generation are not only impor- 
tant for understanding thalamic function - 
and the generation of the electroencephalo- 
gram during sleep but are also relevant to the 
understanding of generalized epilepsy, be- 
cause the cellular mechanisms that generate 
absence seizures appear to be similar to those 
that generate spindle oscillations (4). We 
have studied the cellular mechanisms of 
spindle wave generation in thalamic slices 
and the transformation of these oscillations 
by GABA, receptor antagonists into activ- 
ity resembling that of absence seizures. 
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Intracellular and extracellular multiple 
unit recordings from sagittal, coronal, or 
horizontal slices (5) from the dorsal lateral 
geniculate nucleus (LGNd) of ferrets re- 
vealed the spontaneous occurrence of spin- 
dle waves (Fig. 1, A and E). These in vitro 
spindle waves were recorded in the PGN 
and all three laminae of the LGNd (A, Al,  
and C). They recurred with a regularity of 
one every 3 to 30 s (typically 10 to 20 s) and 
were characterized by a within spindle fre- 
quency of 5 to 9 Hz (typically 6 to 7 Hz; 
Figs. 1B and 2A) (6). 

Intracellular recordings from LGNd re- 
lay cells during spindle waves revealed a 
rhythmic occurrence of inhibitory postsyn- 
aptic potentials (IPSPs) (7) ,  a few of which 
were followed by rebound bursts of action 
potentials (Fig. 1C; n = 88 cells). These 

Fig. 1. Spindle oscillat~ons In A LGNd F PGN 
ferret geniculate slices. Let- 
ter labels in individual panels +5j#bl- ,! +, 14-Uc.1 5 
refer to a subsequent panel mV rnv 

E 

of higher temporal resolution. t t 1 E 
Afterhyperpolarization Q: 

LV D 

(A) lntracellular recordina R 
irdm an L G N ~  relay cell i; E 

lamina A revealed the recur- 
rence of s~indle waves aD- 

once every 20 's. In lntracellular 

(B to D) Detail of one spindle r 

wave and parts of the spindle 
wave recorded both intracel- - 
lularly in a relay neuron and H 1 s 

locally as extracellular multi- 
ple unit act~vity in the LGNd. 
(E) Depolar~zat~on to -59 rnV 
w~th ~ntracellular ~nject~on of 
current com~letelv ~nact~vat- \ 

ed the low 'threshold Ca2+ n 
- 

100 rns 
current and revealed the bar- 
rage of lPSPs associated 
with a sp~ndle wave. (F) Intra- "a IPSP spike Ca2+ ipflLf$ 
cellular recording from a - 
morphologically identified J 25 rns 

PGN GABAergic cell during 
spindle wave generation. (G) I -94 c - 
Expansion of one spindle 1 s 
wave in the PGNcelI and the 
s~multaneously recorded multiple unit activity in lamina A. (H) Close examination of the simultaneous 
recordings from (G) revealed that each burst of activity in the relay lamina was associated w~th a 
barrage of EPSPs in the PGN cell. This barrage of EPSPs then activated, on occasion, a low threshold 
Ca2+ spike and a high-frequency burst discharge. (I) In some cases groups of three to five EPSPs 
arrived at the same frequency at which relay cells generated action potentials during a burst 
[compare (D) and (I)]. (J) Hyperpolarization of PGN cells to -94 mV prevented the activation of low 
threshold Ca2+ spikes and revealed the underlying barrages of EPSPs. Spindle oscillations were 
successfully recorded in at least one slice in 78 out of 85 experiments. 
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