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CHAPTERR FIVE

ELIMINATIONELIMINATION OF BAX IN MICE INCREASES THE SIZE OF THE LIMBIC
BEDBED NUCLEUS OF THE STRIA TERMINALIS AND AMYGDALA
Wilsonn C.J. Chung, Annette A. Markus and Dick F. Swaab

Thee bed nucleus of the stria terminalis (BST) and the amygdala are two major
heterogeneouss components of the limbic system in the vertebrate brain. In
humans,, studies from fetal ages onwards showed that the central subdivision of the
BSTT (BSTc) volume, as defined by its vasoactive intestinal polypeptide (VIP)
fibers,, became larger in men than in women only in adulthood. Studies in rats
suggestt that apoptosis may play an important role in the anatomical organization
off the BST. However, it is not clear whether attenuation of apoptosis itself is
sufficientt to overtly change the BST and amygdala, as defined by its dense VIPimmunoreactivee (IR) fibers. Therefore, we compared the volume of the VIP-IR
componentt in the lateral BST (BSTL) and central lateral amygdaloid nucleus (CeL)
inn Bax wildtype (+/+) mice with Bax knockout (-/-) mice. Bax is a proapoptotic
memberr of the Bcl-2 gene family, that activates pro-apoptotic caspases. We further
investigatedd whether the BSTL and CeL size in Box mice is sexually dimorphic.
Ourr results showed the BSTL and CeL were largerr in Box -I- mice than in Bax +/+
mice.. These results indicate that attenuation of apoptosis only can overtly change
thee BST and amygdala volume. However, the BSTL and CeL volume in neither
BaxBax +/+ nor Bax -I- mice differed between males and females. Therefore, these
micee do not seem to be well-suited for studying sex differences in the BST and
amygdalaa as found in humans and rats.
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INTRODUCTION INTRODUCTION
Thee bed nucleus of the stria terminalis (BST) and the amygdala are two major
heterogeneouss components of the limbic system in the vertebrate brain, both of
whichh are considered to be responsible for the regulation of a number of behavioral,
endocrinee and stress responses, in accordance with their neurochemical characteristicss and dense fiber connections to the preoptic, hypothalamic and brainstem
areass (Gray et al, 1987; De Vries and Al-Shamma, 1990, for review see Newman
etet al, 1999; De Vries and Simerly, 2002).
Inn humans, vasoactive intestinal polypeptide (VIP) immunoreactivity was used
too describe the volumetric changes of the central subdivision of the BST (BSTc)
fromfrom fetal development onwards (Zhou et al, 1995; Chung et al, 2002). Surprisingly,, the size of the BSTc, as delineated by its dense VIP immunoreactive (IR)
fiberss become larger only in men than in women in adulthood (Chung et al,
2002).Thiss male-biased sex difference in volume was confirmed using somatostatin
immunoreactivityy as a marker for the BSTc borders (Kruijver et al, 2000; Chung et
al,al, 2002). Moreover, the total number of somatostatin immunoreactive (IR) and
Nissl-stainedd BSTc neurons was higher in adult men than in adult women (Kruijver
etet al, 2000; Chung et al, 2002).
Earlierr studies in the rats showed that apoptosis is in important mechanism
responsiblee for the anatomical organization of specific brain areas, such as the
sexuallyy dimorphic nucleus of the preoptic area (SDN-POA), anteroventral periventricularr nucleus (AVPv) and visual cortex (Arai et al, 1996; Davis et al, 1996a;
Nunezz et al, 2000). Similarly, apoptosis is also an important process during the
earlyy development of the rat BST as suggested by the high incidence of apoptosis
(Chungg et al, 2000). Moreover, the incidence of apoptosis in the early postnatal rat
principall nucleus of the BST (BSTpr) was much higher in females than in males, as
reflectedd by the BSTpr size which was larger in males than in females (Chung et al,
2000). .
BoxBox is a proapoptotic member of the Bcl-2 gene family, which encodes a
cytoplasmicc protein that translocates into the mitochondrial membrane in response
too cell death signals (see for review Gross et al, 1999; Putcha et al, 1999). This
incorporationn results in the release of cytochrome C, which activates caspases
leadingg to apoptotic cell death (Putcha et al, 1999). Studies in Bax knockout mice
showedd the deletion of Bax results in the impaired regulation of normally occurring
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apoptoticc cell death during early brain development, causing an increased total cell
numberr in the facial nucleus and cerebellum (Deckwerth et alt. 1998; Fan et ai,
2001). .
Althoughh apoptosis can affect the organizational development of the BST, it is
however,, not clear whether attenuation of apoptosis itself is sufficient to overtly change
thee BST and amygdala, as defined by its dense VIP-immunoreactive (IR)fibers.In the
presentt study, we investigated whether Box deletion in mice would result in overt
changess the volume of the BSTL and central lateral amygdaloid nucleus (CeL), as
delineatedd by VTP immunocytochemical staining. For this purpose, we compared the
BSTLL and CeL volume between Bax wildtype (+/+) and Bax knockout (-/-) mice
(Knudsonn et ai, 1995). Moreover, we studied whether the volume of the BSTL and
CeLL in mice, as delineated by VIP immunocytochemical staining in Bax +/+ and Box
-I--I- mice differed between males and females.
MATERIALSMATERIALS AND METHODS
Micee heterozygous for Box (Knudson et ah, 1995) were mated to yield Box +/+
(malee n=5, female n=5) and Bax -I- (male n=7, female n=6) Fl offspring mice. DNA
derivedd from the tail was used to screen for the normal and mutant allele using a
singlee polymerase chain reaction (Deckwerth et al.t 1996). Mice were sacrificed at
22 months of age, perfusion-fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer,, post-fixed for 24 hours in the same fixative and stored in 0.05 M Trisbufferedd saline (TBS) containing sodium azide at 4 °C. The brain tissue was placed
inn 30% sucrose prior to sectioning with a cryostat. Sections (25 //m) were placed in
seriess of four in cryoprotectant (30% sucrose, 1% polyvinylpyrrolidone and 30%
ethylenee glycol) and stored at -20 °C.
HistologicalHistological examination
Sectionss were rinsed 3 x 5 min in 0.05 M Tris-buffered saline (TBS) pH 7.6 and
mountedd on gelatine-coated slides and airdried. Sections were hydrated in Rhopurifiedd H 2 0, stained with 0.5% thionine for 1 min, dehydrated with increasing
gradess of ethanol and cleared with xylene. The boundaries of the BST and amygdala
subdivisionss were identified with the mouse brain atlas by Franklin and Paxinos
(1997). .
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VIPVIP Immunocytochemistry
Sectionss were rinsed 3 x 5 min in 0.05 M Tris-buffer saline (TBS) pH 7.6, and
placedd into 0.3% triton-X 100 (Sigma, St. Louis, MO), 5% milk powder (Elk,
Campinaa Melkunie BV, Eindhoven, Netherlands) diluted with TBS (TBS-XM) for
300 min to reduce non-specific staining. Sections were then incubated overnight at
4°CC with rabbit anti-VIP polyclonal (VIPER)) 1:600 diluted in TBS-XM. Following,
sectionss were rinsed 1x5 min in TBS-XM and 2 x 5 min in TBS and incubated with
biotinylatedd goat anti-rabbit (1:300, Vector Labs, Burlingame, California) diluted in
TBS-XMM for 60 min at RT. Sections were rinsed 3 x 5 min in TBS and incubated
withh ABC elite kit (1:600, Vector Labs, Burlingame, California) diluted in TBS for
600 min, and after additional 3 x 5 min rinses in TBS, reacted with 0.25% nickelammoniumm sulphate-enhanced 3,3'-diaminobenzidine tetrahydrochloride (0.5 mg/ml)
andd 0.01% H 2 0 2 in TBS. The reaction was stopped after 15 min, sections were
mountedd on gelatine coated slides, dehydrated with increasing grades of ethanol,
clearedd with xylene and coverslipped using entellan (Merck, Darmstadt, Germany).
VolumeVolume measurements
Thee volume of the lateral BST (BSTL) and lateral central amygdaloid nucleus (CeL)
weree assessed using VIP immunocytochemical staining clearly delineated the
borderss of the BSTL and CeL, a method which has been described in earlier studies
(Waltere// aL, 1991;Zhouefa/., 1995; Ball et aL, 1995; Kruijver^a/., 2000; Chung
etet aL, 2002). The volume of the BSTL and CeL was estimated by measuring the
unilaterall cross-sectional area delineated by VIP immunoreactivity in approximately
everyy fourth section using a 2.5 x objective (Plan-Neofluar) on a Zeiss Axioskop
microscopee mounted with a Sony B/W CCD camera (model XC77CE), connected
too an IBAS imaging analysis system (Kontron Elektronik). The unilateral crosssectionall measurements were left/right counterbalanced between individual animals.
Thee volume of the BST and CeL was calculated according to the Cavalieri principle
(Gundersenn et aL, 1988).
StaticalStatical analysis
Thee data were examined for significant differences in the BST and CeL volume as
measuredd by VIP immunocytochemical staining with a two-way analysis of variance
(ANOVA)) with sex and genetic background as between subject variables. Dif90 0
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ferencess were considered significant ifp < 0.05. All measurements were conducted
withoutt knowledge of sex or genetic background of the animals.
RESULTS RESULTS
VIPVIP immunoreactivity in the limbic system of Bax mice
Inn agreement with earlier studies (e.g., Sims et al, 1980), densely packed VIP immunoreactivee (IR) fibers were detected in the medial anterior BST (BSTMA) surroundingg the anterior commissure, lateral dorsal BST (BSTLD), lateral posterior BST
(BSTLP)) and juxtacapsular BST (BSTLJ) (Fig 1 A, B). VIP-IR fibers were also detectedd in the stria terminalis in the BST. No VIP-IR cell bodies were detected in the
BST. .

FigureFigure 1. Representative photomicrograph of VIP immunocytochemically stained fibers in sections
counterstainedd for Nissl in the A) BSTL and C) CeL. Schematic subdivisions are given in B) and
D).. Abbreviation: ac = anterior commissure; BSTMA = medial anterior BST; BSTMV = medial
ventrall BST; CeL = lateral central amygdaloid nucleus; CeM = medial Ce; f= fornix; ic = internal
capsule;; LSV = ventral lateral septum; Me = medial amygdaloid nucleus.
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Inn the central amygdaloid nucleus (Ce), densely packed VIP-IR fibers were
mainlyy detected in the rostrocaudal extent of the lateral Ce (CeL) and capsular Ce
(CeC)) (Fig 1 C, D). Similarly, scattered VIP-IR fibers were detected in the medial
Cee (CeM) and stria terminalis present in the amygdala. In contrast to the BST, VIPIRR cell bodies were detected in the rostrocaudal extent of the basolateral amygdaloid
nucleuss (BLA).
VolumeVolume of the lateral BST
Onee female Box +/+ could not be measured due to torn sections through the BSTL.
Thee BSTL volume as delineated by VIP-IRfiberswas significantly larger in Bax -/micee than in Box +/+ [F (1,22) = 6.7, p < 0.05]. However, the volume of the BSTL
didd not significantly differ between males and females [F (1, 22) = 0.01, p = 0.9].
Norr was there a significant interaction between Bax genotype and sex [F (1, 22) =
0.2,/>> = 0.2](Fig2A).
VolumeVolume of the lateral central amygdaloid nucleus
Thee CeL volume as delineated by VIP-IR fibers was significantly larger in Box -/micee than inBax+f+ [F(\, 23) = 7.2,/? < 0.05]. However, the volume of the CeL did
nott significantly differ between males and females [F (1,23) = 12,p = 0.3]. Nor was
theree a significant interaction between Bax genotype and sex [F (1, 23) = 1.0, p =
0.3]] (Fig 2 B).
DISCUSSION DISCUSSION
Ourr results indicate that Box deletion results in a significant increase in the volume
off the BSTL and CeL in Box mice. The vulnerability and hence cell survival is
determinedd by relative levels of interacting anti-apoptotic and pro-apoptotic factors
(Yinn et al., 1994; Sedlak et al, 1995). For instance, increase in Bax homodimerizationn likely results in an increased incidence of apoptosis, whereas heterodimerizationn of Bax with an anti-apoptotic Bcl-2 or Bcl-x results in a decreased
incidencee of apoptosis (Sedlak et al, 1995). Therefore, deletion of Box will change
thee survival/apoptosis balance favoring survival over apoptosis, which may underlie
thee increase in BSTL and CeL volume found in Box -I- mice.
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FigureFigure 2. Effects of Bax deletion on BSTL and CeL size. A, B) BSTL and CeL size as defined by VIP
fibersfibers is larger in Bax -/- mice as compared to Bax +/+ mice.

Fromm earlier studies it was inferred that apoptotic cell death is important for the
volumetricc organization of the rat BST (Chung et al, 2000), which was also the case
forr other brain regions, such as the SDN-POA, AVPv and visual cortex (Arai et al,
1996;; Davis et al, 1996a; Chung et al, 2000; Nunez et al, 2000). However, these
studiess did not directly manipulate the molecular mechanisms that control apoptosis.
Therefore,, it remained uncertain whether the anatomical organization of the BST
couldd be significantly affected by manipulating apoptosis only. The present results
suggestt that attenuation of apoptotic cell death through the elimination of Bax results
inn a significant increase in BSTL and CeL volume. The volumetric increase is likely
too be a result of an increase in total cell number in the BSTL and CeL, because
earlierr reports showed a large increase in the number of motoneurons in the facial
nucleus,, sympathetic cervical ganglion neurons and Purkinje cells in the cerebellum
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off Bax -I- mice (Deckwerth et al, 1996; Fan et al, 2001). An alternative cause for
thee observed increase in BSTL and CeL volume may be caused by an increase in the
numberr of densely packed VIP-IRfiberscaused by an increase in the number of VIP
producingg cells located in the mesenphalic periaquaductal grey and linear raphe
nucleii (Eiden et al, 1985; Kozicz et al, 1997; 1998).
Thee volume of the BSTL in either Bax +/+ or Bax -I- mice did not differ between
maless and females, which was also the case in the CeL. The absence of a sex
differencee in the BSTL and CeL volume found in the present study in mice is
differentt from the situation in the adult human brain, in which a marked sex
differencee in the BSTc, as delineated by VIP immunocytochemical staining was
foundd (Zhou et al, 1995; Chung et al, 2002). An explanation for this discrepancy
mayy be the period of sexual differentiation, which extends well into adulthood in the
humann BSTc. Indeed, the BSTc volume in the human brain became only in the
adulthood,, whereas no sex difference in BSTc size was found in fetal/neonatal or
infant/pubertall development (Chung et al, 2002). Late sexual differentiation of
anatomicall brain structures also occurs in other species. For example, the vasopressin
andd oxytocin containing nucleus in the pig hypothalamic area contains a higher
numberr of neurons in females than in males only in adulthood (Van Eerdenburg and
Swaab,, 1994). The AVPv in the rat brain, which is larger in females than in males,
becomess sexually dimorphic only near the end of puberty (Davis et al., 1996b).
Therefore,, the lack of a sex difference in the BSTL in Box mice may be related to the
relativelyy young age of the mice (i.e., 2 months of age) used in our study. An
alternativee and more probable explanation for our findings may be attributed to
speciess differences. Several findings in the mouse brain support this possibility. For
instance,, one of the best-known anatomical sex difference rat brain is the SDN-POA,
whichh is several times larger in males than in females (Gorski et al, 1978), but
cannott be detected in C57BL/6J mice (Brown et al, 1999). The lack of a sex
differencee in the BSTL and CeL suggest that the organization of the BSTL and CeL
mayy not be affected by sex differences in circulating gonadal steroids and that the
BaxBax -I- mouse is not suitable for studying the sex differences in the BST and
amygdalaa that have been found in the human and rat brain.
Bothh the BST and amygdala are target areas for gonadal steroid action during
earlyy rat development, which affect the anatomical organization of the BST and
amygdala.. The adult testis in Bax -I- males are atrophied and, moreover, the
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epididymiss and vas deferens were shown to be empty, suggesting a complete cessationn of mature sperm production in Bax -/- males, as reflected by the observed
infertilityy of Box -/- males (Knudson et al, 1995). One may presume that these testicularr changes in the male Bax -I- testis have an impact on the circulating levels of
testosteronee during development or adulthood, and therefore affected sexual differentiationn of the BST and amygdala. However, this does not seem to be the case,
becausee the lack of a sex difference in the volume of BSTL was observed in both
wildtypee and knockout Bax mice. Therefore, the marked defects in testicular organizationn in Bax -/- males are not likely to be a confounding factor in this study.
Thee present study showed that attenuation of the incidence of apoptosis during
earlyy brain development caused by the deletion of Bax significantly increased the
volumee of the BSTL and CeL in mice. Although, the changes in BST and amygdala
organizationn suggest that the regulation of a number of behavioral, endocrine and
stresss responses may be affected in Box -I- mice this remains to be investigated. In
addition,, the lack of a sex difference indicates that Bax mice may not be well-suited
forr studying the mechanism of sexual differentiation in the BST and amygdala as
foundd in humans and rats.
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