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BAX, a heterodimeric partner of BCL2, counters BCL2 and promotes apoptosis in gain- 
of-function experiments. A Bax knockout mouse was generated that proved viable but 
displayed lineage-specific aberrations in cell death. Thymocytes and B cells in this mouse 
displayed hyperplasia, and Baxdeficient ovaries contained unusual atretic follicles with 
excess granulosa cells. In contrast, Baxdeficient males were infertile as a result of 
disordered seminiferous tubules with an accumulation of atypical premeiotic germ cells, 
but no mature haploid sperm. Multinucleated giant cells and dysplastic cells accompanied 
massive cell death. Thus, the loss of Bax results in hyperplasia or hypoplasia, depending 
on the cellular context. 

A family of BCL2-related proteins displays 
either positive or negative regulatory effects 
on apoptosis (I) .  Bcl2 has the novel onco- 
genic role of repressing apoptosis and ex- 
tending cell survival rather than promoting 
proliferation (2). Membership in the BCLZ 
family of proteins is principally defined by 
homology within the BH1 and BH2 do- 
mains, which help regulate dimerization (3). 
This includes BAX (4), which heterodimer- 
izes with BCL2 or BCLxL (5, 6) and when 
overexpressed counters their protection, pro- 
moting cell death. A quantitative analysis 
within a hematopoietic cell line indicated 
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Fig. 1. Homologous re- A 
combination of the Bax 

that when half or more of endogenous BAX 
was heterodimerized with either BCLZ or 
BCLxL, apoptosis was repressed (7). 

Given the existence of multiple dimeric 
partners, the identity of the precise complex 
that actively regulates the death pathway has 
remained uncertain. For example, BAX- 
BAX homodimers might directly activate 
the death effector pathway, in which case 
Bax-/- mice would be expected to display 
cellular hyperplasia. Alternatively, if het- 
erodimers of BAX constituted the function- 
ally required repressor complex, then the Bax 
knockout mice could paradoxically display 
increased apoptosis. BCL2 family members 
demonstrate some selectivity in their capac- 
ity for heterodimerization, but BAX appears 
to display the greatest capacity for interac- 
tions (6, 8). Mice deficient for Bc12 (9, 10) 
or Bclx (I 1 ) displayed increased apoptosis in 
selected tissues, which confirms the roles of 
Bc12 and Bclx as death repressor molecules. 

Consequently, we generated a Bax-defi- 
cient mouse model to address these issues 
and identify the most critical developmental 
roles of Bax. A Bax targeting vector substi- 
tuted PGK-Neo for exons 2 through 5, de- 
leting BH1 and BH2 and the capacity for a 
functional protein (Fig. 1A). Two of 89 
G418-resistant clones had undergone ho- 
mologous recombination in RW-4 embryon- 
ic stem (ES) cells (12). The disrupted Bax 
allele was ultimately transmitted through the 
germ line, as confirmed by Southern (DNA) 
analysis (13). Heterozygous mice appeared 
normal, and matings resulted in the expected 
Mendelian frequency of Bax-/- mice that 
grew to adulthood and were externally indis- 
tinguishable from wild-type (WT) mice. Im- 
munoblots confirmed the loss of BAX in 
tissues from Bax-I- mice (Fig. 1B). The 
amounts of the death-repressing molecules 
BCLZ and BCLxL were comparable in the 
Bax-I- and WT mice. 

Although they appeared healthy, 
Bax-I- mice demonstrated selective hyper- 
plasia of lymphoid tissues. Total numbers of 
thymocytes were 1.6-fold greater in Bax-I- 
mice than in WT controls. However, the 
percentage of each maturational subset 
(CD4-CD8-, CD4+CD8+, and CD4+ or 
CD8+ cells) was not altered. Similarly, 
spleens in Bax-I- mice were enlarged com- 
pared to those in WT mice, with greater 
increases of B cells (1.8-fold) than T cells 
(Table 1). These B cells had the normal 
phenotype of mature, resting B cells. 

Violation of homeostasis within the lym- 
phoid compartment prompted us to perform 
assays to assess susceptibility to apoptosis. 
Bax-deficient thymocytes displayed normal 
viability in serum alone or after treatment 
with gamma radiation (Fig. 1C) or dexa- 
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mice that were incubated with a BAX polyclonal antibody (23), monoclo- BCL2- - 
nal antibody 3F11 to murine B C U  (9), or a BCLx polyclonal antibody (26) BAX-, 
and developed by enhanced chemiluminescence (9). Electroporation of 
RW-4 embryonic stem cells, selection of drug-resistant colonies, and 
microinjection into C57BU6 blastocysts were as described (9, 27). (C) - 
Representation of three experiments in which thymocyte viability was BcLx-w 5. 0 24 48 72 
assessed upon culture in 10% fetal calf serum (FCS; squares) or treat- 
ment with 2.25 gray (Gy; unit of absorbed dose of ionizing radiation) Hours 

(triangles) as described (9). 
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methasone (13). Thymocyte death induced 
by gamma radiation depends on p53 (14). 
p53 up-regulates Bax in certain cell deaths 
(15), prompting the theory that Bax may be 
an effector of p53-induced apoptosis. Our 
data (Fig. 1C) indicate that Bax is not re- 
quired for p53-dependent apoptosis within 
thymocytes. Similarly, peripheral T cells had 
cell death induced by normal activation after 
treatment with CD3 antibody (13). Bax-'- 
B cells revealed only minimally improved 
survival after activation with lipopolysaccha- 
ride or with immunoglobulin M antibody 
(1 3). Thus, these in vitro signals did not 
appear to fully reproduce the response that 
leads to the accumulation of Bax-I- lym- 
phocytes in vivo. 

Male Bax-I- mice proved infertile, and 
adult testes were atrophic (Table I) ,  with 
an empty epididymis and vas deferens, in- 
dicative of complete cessation of mature 
sperm cell production. Abnormalities were 
confined to the seminiferous tubules. none 
of which can be categorized according to 
the normal spermatogenic cycle (1 6) (Figs. 
2 and 3). Many tubules exhibited the com- 
bination of monotonous cell accumulation. 

abnormal mitotic or meiotic figures, and The cells that accumulated were situated 
multinucleated giant cell formation togeth- between the basal lamina and the 
er with pyknotic cells (Fig. 2, A through D). pachytene spermatocytes, enhancing the 

Table 1. Age- and sex-matched WT (+/+) or Bax-null (-/-) mature mice were killed, the organs 
dissected, and the wet weight determined. Thymocyte and splenocyte suspensions were counted and 
stained with either CD4-phycoerythrin (PE) and CD8-fluorescein isothiocyanate (FITC) or CD3-FITC and 
B220-PE and analyzed with a FACSCAN flow cytometer. The mean 2 standard deviation and the 
number of mice analyzed (in parentheses) is indicated. Statistical analysis was done with a two indepen- 
dent sample t test; two-tailed P values are shown when significant (<0.05); NS, not significant. 

Characteristic +/+ -1- P 

Total number (1 06) 
Weight (mg) 
CD4+CD8+ (%) 
CD4-CD8- (%) 
CD8 (%) 
CD4 (%) 

Total number (1 06) 
Weight (mg) 
B220+ (%) 
CD3+ (%) 
B cells (1 06) 
T cells (1 06) 

Weight (mg) 

Thymus 
99 2 33 (14) 
55 2 16 (10) 
78.3 2 4.1 (14) 
4.52 1.5(14) 
3.4 2 0.7 (1 4) 

13.8 2 2.9 (14) 
Spleen 

69 2 27 (15) 
98 ?21 (11) 
37.5 2 5.2 (15) 
34.2 2 8.0 (15) 
26.1 ? 12.0 (1 1) 
22.4 2 11.4(15) 

Testes 
180 2 22 (4) 

Fig. 2. Histology and immu- 
nohistochemical staining of 
6%-/ testis and ovary. (A 
and 6) Hematoxylin- and eo- 
sin-stained section of Bau '' ' 
(A) and B a r -  testis (B). 
6%-/- hypocellular tubules 
(arrow) and multinucleated gi- 
ant cells (arrowheads) are not- 
ed. (C and D) Plastic-embed- 
ded sections (1 I L ~ )  con- 
firmed the disordered tubule 
in Em-/- (D) compared to 

sa cells are present in the 
ovaries of 6%-'- mice [arrow in (K), low magnification]. These atypical atretic follicles, detailed in (L) (arrow, high magnification), are rarely detected in WT mice. 
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thickness of this cell layer from the normal 
1 to 2 layers to 5 to 6 layers (Figs. 2, A 
through D, and 3). The accumulated cells 
were in the expected location for spermato
gonia and preleptotene spermatocytes (Figs. 
2, C and D, and 3). Their nuclear morphol
ogy (Fig. 2, C and D), lack of LDHC4 (a 
marker of pachytene cells and spermatids) 
(17) (Fig. 2, E and F), and staining for 
GCNA1 (a nuclear antigen present in sper-
matagonia through the round spermatid 
stage) were consistent with this cellular 
identity (18) (Fig. 2, G and H). 

Electron microscopy also documented 
the disordered maturation scheme (Fig. 3). 
These premeiotic cells have an atypical dis
tribution of decondensed chromatin and 
irregular size and shape not typical of sper
matogonia or preleptotene spermatocytes 
(Fig. 3). Of the remaining spermatogenic 
cells, pachytene cells were reduced in num
ber, round spermatids with PAS (periodic 
acid-Schiff)-positive acrosomes were rare 
(13), and elongated spermatids were absent. 
In a comparison with the extent of cell 
death known to occur in normal spermato
genesis (19), TUNEL (TDT-mediated 
dUTP-biotin nick end labeling) (20) iden
tified a marked increase in apoptosis in 
Bax~f~ testes with clustered apoptotic germ 
cells (Fig. 2, I and J). The most severely 
affected tubules were partially or completely 
devoid of germ cells (Fig. 2, A and B). 

Flow cytometry of cells stained with pro-
pidium iodide revealed a marked aberration 
in the distribution of cells within the 
Bax~'~ testes (Fig. 4)- A relative increase in 
2N cells reflected the abnormal premeiotic 
cell expansion noted in the testicular sec
tions. Although 4N cells were present, only 
a small IN peak representing the round 
spermatids existed and the more condensed 
IN population corresponding to elongated 
spermatids and spermatozoa was missing. 
The multinucleated spermatocytes were 
fragile and not detected by this assay. 

Because of such abnormalities, the 
Bax~f~ mice represent a genetic aberration 
in the cell death pathway and provide an 
unexpected model of male infertility that 
results in aspermatogenesis. In contrast, the 

Bax~'~ ovaries displayed relatively normal 
oocyte development and follicular forma
tion. However, a marked accumulation of 
unusual atretic follicles contained numer
ous atrophic granulosa cells that presumably 
failed to undergo apoptosis (Fig. 2, K and 
L). This result establishes a role for Bax in 
granulosa cell death, a role also suggested by 
the responsiveness of Bax RNA to ovarian 
steroids (21). 

These knockout mice indicate that Bax 
deficiency can be manifest as hyperplasia or 
hypoplasia, depending on the cellular con
text. The widespread expression of Bax and its 
capacity to heterodimerize with multiple fam
ily members suggest that it may have a central 
role in regulating apoptosis. However, the 
most substantial developmental defects of Bax 
deficiency proved restricted to lineage. Sever
al other family members, bad (7) and bak (22), 
also promote cell death and may provide func
tional redundancy in unaffected lineages. Be
cause the most severe phenotypes in Bcl2- and 
Bax-deficient mice involve different lineages, 
BCL2 does not appear to function solely 
through interactions with BAX. Individual 
cell types vary considerably in their composi
tion of BCL2 family members (23), and elim
ination of BAX would cause different imbal
ances of dimer pairs. Both positive and nega
tive regulators of apoptosis can be encoded 
within the same gene (BclxL and Bclxs) or 
gene family. The Bax knockout indicates that 
even the same molecule can have a positive or 
negative effect depending on the cell type. 
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Fig. 4. Flow cytometry histogram of a suspension 
of testicular cells stained with propidium iodide. 
Percentage of Bax+/+ or Bax''' cells in each gate 
is indicated. 

Fig. 3. Electron micrograph 
of testes. (A) Normal testis 
with preleptotene spermato
cytes (PI), which are sepa
rated from the adluminal 
compartment by tight junc
tional complexes between 
Sertoli cells (arrowhead). 
Pachytene spermatocytes 
(Pa) are easily distinguished 
by their nuclear synaptone-
mal complexes. (B) Bax~y~ 
testis shows the expansion 
of premeiotic germ cells with 
an atypical, decondensed (less electron dense), and dispersed chromatin distribution. Size bar, 2.45 |xm 

It is unknown why lymphopoiesis and 
spermatogenesis are predominantly affected 
by this mutation. One shared characteristic 
of lymphopoiesis and spermatogenesis is the 
need for continuous self-renewal and differ
entiation programs to generate mature cells. 
In that respect, spermatogenesis is more af
fected than oogenesis, and the former re
quires continued production of gametes in 
mature testes. A giant cell testicular degen
eration syndrome is seen occasionally in p53 
knockout mice of certain strains and more 
dramatically in p53 promoter-CAT (chlor
amphenicol acetyltransferase) reporter trans
genic mice, which have decreased p53 levels 
in testes (24). The defects in spermatogene
sis in both Bax and p53 models signify a role 
for the apoptotic pathway in monitoring 
male gametogenesis. The massive apoptosis 
and disorganized spermatogenesis we saw 
may also indicate a role for Bax in regulating 
the meiotic cycle. The accumulation of atyp
ical premeiotic germ cells may reflect their 
prolonged survival or a differentiation block 
that ultimately results in cell death. In other 
models, overexpression of Bcl2 or BclxL has 
promoted maturation of lymphocytes (25). 
Bax-deficient mice provide evidence for an 
interrelationship of proliferation, differenti
ation, and cell death. 
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Dissociation of Synchronization and Excitability tissue light-scattering or reflectance (intrill- 
sic optical signal) (8). Stimulus-evolted 

in Furosemide Blockade of Epileptiform Activity c~,a,ges in 1,llt tra,s~nissi,, thmugh the  

Daryl W. Hochman, Scott C. Baraban, James W. M. Owens, 
Philip A. Schwartzkroin* 

Furosemide, a chloride cotransport inhibitor, reversibly blocked synchronized burst 
discharges in hippocampal slices without reducing the pyramidal cell response to single 
electrical stimuli. Images of the intrinsic optical signal acquired during these slice 
experiments indicated that furosemide coincidentally blocked changes in extracellular 
space. In urethane-anesthetized rats, systemically injected furosemide blocked kainic 
acid-induced electrical discharges recorded from cortex. These results suggest that 
(i) neuronal synchronization involved in epileptiform activity can be dissociated from 
synaptic excitability; (ii) nonsynaptic mechanisms, possibly associated with furo- 

C A 1  regloll of hippocalnpal slices are 
blocked hy  f~~rosemide  (C) ) ,  hut furosem~cie- 
treated tlssile continues to show ~ ~ o r m a l -  
or e17en enhanced-exci ta tq  synaptic re- 
sponses (9-1 1 ) .  Because the effect of f i l l . ~ -  

s e m ~ d e  o n  the ECS suggests a blockade of 
nonsynaptlc synchronizat~on mechanisms, 
hut its effect on i n d ~ r ~ ~ d u a l  neurons suggests 
a n  e l lhance~nent  of synaptic excitability, we 
performed a series of studies using hip- 
noca~nnal  slices to investigate the  efkcts of 

. . 

semide-sensitive cell volume regulation, may be critical for synchronization of neuronal this enil, spontaneous e l~~ le f t i fo rm ac t iv~ ty  
activity; and (iii) agents that affect extracellular volume may have clinical utility as was ellcited hy a variety of treatments (12) .  
antiepileptic drugs. In  the  first of these ~ ~ r o c e d i ~ r e s ,  en~sodes  . . 

of afterdischarges \yere evoked hy electrical 
s t i m ~ ~ l a t ~ o n  of the Schaffer collaterals (12 .  
1 3 ) ,  ancl the extracellular field response lvas 

T h e  two primary features that characterize porter plays an important role in this func- mon~to red  11, the C A I  pyram~dal cell re- 
seizure-associated ("epileptiform") electri- tion (7). In tissue slices, changes in ECS gion. T h e  C A I  response to synaptic input 
cal activity in the brain are hyperexcitabil- volume associated with synaptic activity n.as first tested hy recorcling the  f ~ e l d  poten- 
ity and hypersynchronization ( I ) .  Although can be monitored by measuring changes in tial evoked by a si~lgle stimulus pulse In  
either of these features alone mieht be suf- - 
ficient for the development and spread of 
epileptiform activity, it has not been possi- 
ble to dissociate them clearly in experimen- 
tal models of e~ilensv. Much basic research . ,  
on epileptogenesis has focused on synaptic 
mechanisms underlying changes in excit- 
ability (2) ,  but some studies have suggested 
that nonsynaptic mechanisms might be suf- 
ficient to produce hyperexcitability or hy- 
persynchrony. For example, exposing hip- 
pocampal slices to Caz+-free medium abol- 
ishes synaptic transmission but produces 
synchronized burst discharges in the C A I  
subfield (3). Investigators have argued that 
this synchronized activity is mediated by 
ephaptic interactions among the densely 
packed CA1 neurons (4). More generally, it 
has long been supposed that changes in the 
extracellular space (ECS) could play a n  im- 
portant role in modulating normal activity 
and contributing to pathological levels of 
excitability or synchronization in the cen- 
tral nervous system (5). 

A number of studies have indicated that 
a major component of ECS volume regula- 
tion under normal and pathological condi- 
tions is glial dependent ( 6 ) ,  and that the 
furosemide-sensitive Na,K,2CI cotrans- 
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A Control 1 

B Furosemide 1 

C Wash 1 

Fig. 1. Effect of furosem~de on st~mulat~on evoked afterd~scharge act~vty (A) Two seconds of stmula 
t~on -ec~ ted  afterdscharge act~vty (A l )  The CAI fled response to a sngle 200-ks test pulse (arbfact at 
arrow) del~vered to the Schaffer collaterals (A21 A typ~cal afterd~scharge ep~sode recorded by the 
extracellular electrode (basene shown by hor~zontal arrow) (A3) A map of the peak change In optcal 
transmsson through the t~ssue (refectng a decrease n extracellular space) evoked by Schaffer collateral 
st~mulat~on the reglon of maxlmum optcal change (red yellow) corresponds to the aprca and basal 
dendr~t~c reglons of CAI on e~ther sde of the s t~muatng electrode (pos~t~on ~ndcated by wh~te arrow) (B) 
Responses to st~mulat~on after 20 mln of perfus~on w~ th  medum contanng 2 5 mM furosem~de (C) 
Restoraton of ~ n ~ t ~ a l  response patterns after 45 m n  of perfuson w ~ t h  normal bath~ng medum For th~s and 
the follow~ng electropliys~olog~cal recordngs negatve polar~ty IS downward 
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