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ABSTRACT 
Neurogenesis and morphogenesis in the rat bed nucleus of the stria 

terminalis (strial bed nucleus) were examined with [3H]thymidine autora- 
diography. For neurogenesis, the experimental animals were the offspring 
of pregnant females given an injection of [3H]thymidine on 2 consecutive 
gestational days. Nine groups of embryos were exposed to [’Hlthymidine on 
E13-El4, E14-El5, . . . E21LE22, respectively. On P60, the percentage of 
labeled cells and the proportion of cells originating during 24-hour periods 
were quantified at  six anteroposterior levels in the strial bed nucleus. On 
the basis of neurogenetic gradients, the strial bed nucleus was divided into 
anterior and posterior parts. The anterior strial bed nucleus shows a caudal 
(older) to rostra1 (younger) neurogenetic gradient. Cells in the vicinity of the 
anterior commissural decussation are generated mainly between El3 and 
E16, cells just posterior to the nucleus accumbens mainly between El5 and 
E17. Within each rostrocaudal level, neurons originate in combined dorsal 
to ventral and medial to lateral neurogenetic gradients so that the oldest 
cells are located ventromedially and the youngest cells dorsolaterally. The 
most caudal level has some small neurons adjacent to the internal capsule 
that originate between El7 and E20. In the posterior strial bed nucleus, 
neurons extend ventromedially into the posterior preoptic area. Cells are 
generated simultaneously along the rostrocaudal plane in a modified lateral 
(older) to medial bounger) neurogenetic gradient. Ventrolateral neurons 
originate mainly between El3 and E16, dorsolateral neurons mainly be- 
tween El5 and E16, and medial neurons mainly between El5 and E17. The 
youngest neurons are clumped into a medial “core” area just ventral to the 
fornix. 

For morphogenesis, pregnant females were given a single injection of 
t3H]thymidine during gestation, and their embryos were removed either 2 
hours later (short survival) or in successive 24-hour periods (sequential 
survival). The embryonic brains were examined to locate areas of intensely 
labeled cells in the putative neuroepithelium of the strial bed nucleus, to 
trace migratory waves of young neurons, and to establish their final settling 
locations. Two different neuroepithelial sources produce neurons for the 
strial bed nucleus. The anterior strial bed nucleus is generated by a neuro- 
epithelial zone at  the base of the inferior horn of the lateral ventricle from 
the anterior commissural decussation area forward to the primordium of the 
nucleus accumbens. The posterior strial bed nucleus i s  generated by a 
neuroepithelial zone at  the base of the transient medial horn of the lateral 
ventricle, lateral to the fusion with the anterior thalamus. Neurons destined 
for the anterior strial bed nucleus migrate radially from their neuroepithe- 
lial source so that older neurons settle ventromedially, and younger neurons 
settle dorsolaterally, closest to the inferior horn. Older neurons destined for 
the lateral parts of the posterior strial bed nucleus migrate radially, reflect- 
ing the curve taken by the neuroepithelium in the medial horn. Younger 
neurons in the medial part also migrate radially, accumulating adjacent to 
the lateral neurons. The youngest neurons in the core and medial shell 
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migrate ventromedially past older neurons and settle in clumps or diffusely 
throughout the medial part. Taken as a whole, these observations suggest 
that there is a developmental basis for the structural and functional hetero- 
geneity found in the adult bed nucleus of the stria terminalis. 

Key words: ["Wthymidine autoradiography, brain, rat, development, arnygdala 

As the bundles of the stria terminalis leave the amygdala 
and arch through the basal telencephalon to various desti- 
nations, a heterogeneous array of neurons, collectively 
called the bed nucleus of the stria terminalis, is inter- 
spersed among its axons (Johnston, '23; Gurdjian, '25; 
Young, '36, Fox, '40; de Olmos and Ingram, '73; de Olmos 
et al., '85). On the basis of the dendritic morphology of its 
neurons, the bed nucleus of the stria terminalis (henceforth 
called the strial bed nucleus) has been subdivided into lat- 
eral, medial, and juxtacapsular components (McDonald, '83). 
Furthermore, neurons of the strial bed nucleus can be sub- 
divided into at  least three classes on the basis of axonal 
branching patterns (Valverde, '63). A recent review (de 
Olmos et al., '85) of the descriptive and experimental ana- 
tomical literature on the strial bed nucleus notes four major 
subdivisions: medial, lateral, ventral, and intermediate, 
each having different sets of afferent and efferent connec- 
tions. The remarkably varied anatomical connections have 
also been reported in several other recent studies (Krettek 
and Price, '78; Kevetter and Winans, '81a; Weller and 
Smith, '82). In addition, there is a rich neurochemical diver- 
sity within the strial bed nucleus (Ben Ari et al., '76; Le 
Gal La Salle et al., '78; Walaas and Fonnum, '79; Hokfelt 
et al., '80; Woodhams et  al., '83; Nagai et al., '83). 

In contrast to the extensive literature on the heterogene- 
ity o f  the mature strial bed nucleus, most developmental 
studies have been general. Johnston ('23), Holmgren ('25), 
and Kallen ('51) briefly described its embryonic develop- 
ment and did not differentiate subdivisions. My observa- 
tions on the embryonic development of the bed nucleus 
emphasized correlations with septa1 morphogenesis rather 
than intrinsic variation (Bayer, '79b), and a recent study of 
hypothalamic morphogenesis by using short- and sequen- 
tial-survival [3H]thymidine autoradiography (Altman and 
Bayer, '86) dealt only with the posterior part of the bed 
nucleus. There have been two long-survival [3H]thymidine 
autoradioqaphic studies of the strial bed nucleus. Creps 
('74) described the qualitative aspects of development with 
the pulse-labeling method. My earlier quantitative study 
using comprehensive labeling (Bayer, '79a) was restricted 
to dorsal parts of the strial bed nucleus (above the anterior 
commissure and dorsolateral to the columns of the fornix 
behind the commissure). 

In this paper, neurogenetic patterns throughout the en- 
tire strial bed nucleus are described with the aid of the 
quantitative comprehensive labeling method (Bayer and 
Altman, '74). Thc neurogenetic timetables are correlated 
with an  analysis of embryonic development by using short- 
and sequential-survival [BHIthymidine autoradiography. 
Throughout, the emphasis is on neurogenetic gradients re- 
flecting intrinsic variability. The data will show a develop- 
mental basis for the adult heterogeneity of the strial bed 
nucleus, 

METHODS 
Comprehensive [3H]thymidine autoradiography 

in adults 
The experimental animals were the offspring of Purdue- 

Wistar timed-pregnant rats given two subcutaneous injec- 
tions of [ 3H]thymidine (Schwarz-Mann; sp. act. 6.0 Ci/mM; 
5 pCi/g body wt) to insure comprehensive cell labeling. The 
injections (given between 9 and 11 A.M.) to an individual 
animal were separated by 24 hours. Two or more pregnant 
females made up each injection group. The onset of the 
[3Hlthymidine injections was progressively delayed by 1 
day between groups (E13-El4, E14-El5, . . . E21-EZ2). The 
day the females were sperm positive was designated embry- 
onic day 1 (El). Normally, births occur on E23, which is 
also designated as postnatal day zero (PO). All animals were 
perfused through the heart with 10% neutral formalin on 
P60. The brains were kept for 24 hours in Bouin's fixative 
and then were transferred to 10% neutral formalin until 
they were embedded in paraffin. The brains of at least six 
animals from each injection group were blocked coronally 
according to the stereotaxic angle of the Pellegrino et al. 
('79) atlas. Every 15th section (6 pm) through the bed nu- 
cleus of the stria terminalis was saved. Slides were coated 
with Kodak NTB-3 emulsion, exposed for 12 weeks, devel- 
oped in Kodak D-19, and poststained with hematoxylin and 
eosin. 

Sections were selected for quantitative analysis at  six 
anteroposterior levels. Cells were counted microscopically 
at  ~ 3 1 2 . 5  in unit areas set off by an  ocular grid (0.85 mm2). 
For quantification, all neurons within a designated area 
were assigned to one of two groups-labeled or nonlabeled. 
Cells with silver grains overlying the nucleus in densities 
above background levels were considered labeled; obvious 
endothelial and glial cells were excluded. The proportion of 
labeled cells (% labeled cells/total cells) was then calculated 
from these data. 

The determination of the proportion of cells arising (ceas- 
ing to divide) on a particular day utilized a modification of 
the progressively delayed comprehensive labeling proce- 
dure (Bayer and Altman, '74) and is described in detail 
elsewhere (Bayer and Altman, '87a). Briefly, a progressive 
reduction in the proportion of labeled neurons from a max- 
imal level (>95%'0) in a specific population indicates that 
the precursor cells are producing nonmitotic neurons. By 
analyzing the rate of decline in labeled neurons, one can 
determine the proportion of neurons originating over blocks 
of days (or single days) during development. Table 1 shows 
the data and calculations for the dorsomedial cells at  level 
A8.0. 

Throughout the entire quantitative analysis, it was noted 
that trends in cell labeling within animals were very con- 
sistent. For example, in the strial bed nucleus lateral to the 
anterior commissural decussation (levels A7.6 through 
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TABLE 1. Neurogenesis in the Dorsomedial Quadrant (AX.0) 

Injection % lnbclcd cells Day of' 
group N (mean k S.D.) origin 

E13-El4 8 (A)100.00 & 0.00 El3  
E14-El5 7 (B) 96.50 f 3.41 El4 
E15-El6 6 (C)  88.66 f 7.87 El5  
E16-bX7 12 (D) 48.27 k 7.65 E 16 
E 17-ElX 9 (E) 18.17 6.10 El7 
ElX-EI9 6 (F) 12.13 k 5.89 E 18 
E19-E20 6 (G) 4.77 k 3.69 E 19 
E20-E2 1 7 (H) 4.53 k 1.49 E20 
E21-E22 6 (I) 0.00 5 0.00 E21 

- -~ 

'Tup graph, Figure 5 

A7.2), the percentage of labeled cells tended to be slightly 
lower than the percentage of labeled cells at level A6.8. 
However, variability between animals in an injection group 
was large enough to mask this trend. Consequently, a non- 
parametric test (sign test; Conover, '71) was used to analyze 
cell-labeling patterns. The sign test determines the consis- 
tency of sequential neuron production between paired loca- 
tions within individual animals. The comparisons are 
grouped into three categories: (1) X > Y, " ~ " comparison; 
(2) X<Y, "+" comparison; (3) X=Y, "0" comparison. The 
zero comparisons are discarded and, depending on the total 
number of remaining ' I  + " and " - " comparisons, either a 
binomial distribution or a normal approximation is used to 
calculate probabilities (P). The graphs throughout this re- 
port show the more variable group data rather than consis- 
tent trends in data from individual animals. Consequently, 
some of the statistically significant neurogenetic gradients 
between levels A6.8 and A7.2-A7.6, for example) are not 
conspicuous in the group data. 

Short- and sequential-survival [3Hlthymidine 
autoradiography in embryos 

The experimental animals were the embryos from Pur- 
due-Wistar timed-pregnant rats given a single subcuta- 
neous injection of r'HIthymidine (Schwarz-Mann; sp. act. 
6.0 Ci/rnM; 5 pCUg body wt) between 9 and 11 A.M. The 
day of sperm positivity is designated as gestation (embry- 
onic) day El.  Several dams were injected for each day be- 
tween El3 and E21. Survival times in each injection group 
varied from 2 hours (short-survival series) to several days 
(sequential-survival series). For example, one dam in the 
El5 injection group was killed 2 hours after the injection, 
another was killed 1 day later on E16, another 2 days later 
on E17, and so on, until the last dam was killed on E22. All 
groups were treated as the El5 group. The dams were 
anesthetized with pentobarbital before the embryos were 
removed and killed by immersion in Bouin's fixative. After 
24 hours, the embryos were transferred to 10% neutral 
formalin until the time of embedding in either paraffin or 
methacrylate. The blocks were serially sectioned (every 
tenth saved) at  6 pm (paraffin) or at 3 pm (methacrylate) in 
the coronal, sagittal, and horizontal planes. For 
[%]thymidine autoradiography, the slides were coated with 
Kodak NTB-3 emulsion, exposed for 6 weeks, developed in 
Kodak D-19, and poststained with hematoxylin and eosin. 

The short-survival series reveals patches of heavy label- 
ing (intense mitotic activity) in the germinal zones and is 
suitable for locating neuroepithelial sources of cell groups 
in the bed nucleus. By following groups of heavily labeled 
cells displaced from the germinal zones through the sequen- 

% cells 
originating' 

3.50 (A-B) 
7.84 (B-C) 

40.39 (C-D) 
30.09 (D-E) 
6.05 (E-F) 
7.36 (F-G) 
0.24 (G-N) 
4.53 (H-I) 
0.00 

tial-survival series, one can trace the migratory pathways 
of neurons from their origins to their final locations. During 
the examination of the embryonic development of the bed 
nucleus, the E14, E16, and El7 series were used. 

RESULTS 
Neurogenetic gradients in the anterior 

strial bed nucleus 
The anterior strial bed nucleus is a strip of gray matter 

extending from the nucleus accumbens to just behind the 
decussation of the anterior commissure. The striatum forms 
its lateral border throughout. The drawings in Figure 2 
indicate its position and shape at various rostrocaudal lev- 
els (Pellegrino et al., '79). Rostrally, the cells in the anterior 
strial bed nucleus encircle the interbulbar part of the ante- 
rior commissure. Farther caudally, the fibers of the tem- 

- 

AC 
AH 
AT 
BAC 
bsta 
BSTa 
bstp 
BS'I'p 
DL 
DM 
FM 
FX 
IC 
IH 
L 
LS 
LV - .  

M 
mBSTp 
mh 

A hbr~oiotiorrs 

anterior commissure 
anterior hypothalamus 
anterior thalamus 
bed nucleus of tho anterior commissure 
neuroepithelium generating BSTa 
anterior part of the bed nucleus of the stria terminalis 
neuroepithcliurn generating BSTp 
posterior part of the bed nucleus of the stria torminalis 
dorsolateral quadrant of BSTa 
dorsomedial quadrant of BSTa 
foramen of Monro 
fornix 
internal capsule 
inferior horn of the lateral ventricle 
lateral shell and core o f  BSTp 
lateral septal nucleus 
lateral ventricle 
medial shell and core of SSTp 
mibqating neurons into BSTp 
medial horn of the latcral ventricle 

OC optic chiasma 
POA preoptic area 
se septal ocuroepithelium 
SE septum 
SHELL dorsolateral shell of BSTp 
DL 
SHELL medial shell of BSTp 
M 
SHELL ventrolateral shell of BSTp 
VL 
st striatal neuroepithelium 
ST striatum (caudoputamen complex) 
stse 
vIII third ventricle 
VL ventrnlateral quadrant of BSTa 
VLS 
VM ventromedial quadrant of BSTa 

subependyrnal germinal zone in the striatum 

ventral part of the lateral scptal nucleus 
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13 14 15 16 17 18 19 20 
EMBRYONIC DAY OF ORIGIN 

I 1  " i l l  

Fig. 2. Neurogenesrs throughout the anterior part of Lhe strial bed nu- 
cleus. The bar graphs indicate the proportion of the neurons originating 
during single embryonic days. Cells were counted in the areas shaded black 
in the drawings. The large arrow points in the direction of the younger 
neurons located rostrally; the small arrow points out thc gradient existing 
between the slightly older neurons along the anterior commissural decua- 
sation (A7.6, A7.2) and the younger neurons at level A6.8. 

poral limb of the commissure cut across the strial bed 
nucleus, dividing it into dorsal and ventral halves. At the 
decussation of the commissure, the anterior strial bed nu- 
cleus has its largest cross-sectional area; only the lateral 
half extends to level A6.8. All bundles of the stria termin- 
alis except the preoptic bundle course through the region of 
the strial bed nucleus at the anterior commissural decus- 
sation (Johnston, '23; Gurdjian, '25; Berkelbach Van der 
Sprenkel, '26; Smith, '30; Krieg, '32, Humphrey, '36; Young, 
'36, Fox, '40; Valverde, '63). Some fibers in the supracom- 
missural bundle extend forward, coursing through rostral 
parts of the anterior strial bed nucleus (Johnston, '23; 
Smith, '30; Humphrey, '36; Young, '36, Fox, '40); this is the 
same bundle that de Olmos and Ingram ('73) called the 
parolfactory radiation. 

The overall caudal to rostral gradient. Autoradiograms 
of different levels of the anterior strial bed nucleus show a 
higher proportion of labeled neurons rostrally (Fig. 1B) 
than caudally (Fig. lA), indicating a caudal (older) to rostral 
bounger) neurogenetic gradient. The cell counts in all sub- 
divisions at  each level were combined to give an overall 
view of this gradient (arrow to the left of drawings, Fig. 2). 
The oldest neurons are found at  the level of the anterior 
commissural decussation (A7.6-A7.2) and just posteriorly 
at level A6.8. Approximately 60% of the population at  these 
levels is generated between E l 3  and El5 (two bottom 
graphs, Fig. 2), significantly before the majority of neurons 
at more anterior levels (P< .0001). Approximately 60% of 
the neurons at  level A8.4 originate on El6 and El7 (top 
graph, Fig. 2), later than the majority of neurons at more 
posterior levels (P< .0001). 

There is one deviation from the caudal to rostral gradient. 
A higher proportion of neurons at  level A6.8 originate 

Fig. 3. An autoradiogram showing the small heavily lahrled neurons 
(arrow) at level A6.8 in the brain ofan animal exposed to ['"Hlthyrnidina on 
E17+E18 and killed on P60; 6-pm paraffin section; hcniatoxylin and eoxin. 
Scale = 0.03 mm. 

slightly later than those in the anterior commissural decus- 
sation levels (P<.OO3). This is attributed to the circum- 
stance that a few clusters of small, late-forming neurons, 
similar to those seen in the intercalated masses in the 
amygdala, are found here. These neurons are still labeled 
on El7 (Fig. 3) and originate mainly between El7 and E20. 

Zntriilsic gradients at each rostrocaudal level. Neurons 
are generated in characteristic patterns at  each rostrocau- 
dal level. Since the pattern is similar at all levels, only the 
data for level A8.0 are presented. Generally, younger neu- 
rons tend to be located laterally and dorsally in the nucleus. 
In an animal exposed to [3H]thymidine on E16-El7, for 
example, many of the neurons in the ventromedial area 
(Fig. 4C) are unlabeled, while most of the neurons in the 
dorsolateral area (Fig. 4B) are labeled; a mixture of labeled 
and unlabeled cells is found in the dorsomedial (Fig. 4A) 
and ventrolateral (Fig. 4D) areas. To quantify these intrin- 
sic neurogenetic gradients, the anterior strial bed nucleus 
was subdivided into four quadrants, and cells were counted 
separately in each (Fig. 5).  Neurons in both ventral parts 
(black shading, Fig. 5) originate significantly earlier than 
neurons located straight above them in dorsal parts fstip- 
pled shading, Fig. 5; P <  ,0001). For example, more ventro- 
medial cells WM, Fig. 5) are generated on El4 than 
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Fig. 5. Neurogenesis in the four quadrants of the anterior strial bed 
nucleus at lcvel A8.0. The bar graphs indicate the proportion of neurons 
originating during single embryonic days. Cells were counted in the shaded 
areas in the drawings. The arrows directed upward in the drawing point to 
dorsal areas with younger neurons; thc arrows directed sideways in the 
drawing point to lateral areas with younger neurons. The overall neuroge- 
netic gradient is a combination of the two: the oldest neurons are ventro- 
medial (VM, third graph from top); the youngest neurons are dorsolateral 
(DL, second graph from top). 

dorsomedial cells (DM, Fig. 5). Similarly, neurons in the 
ventrolateral quadrant (VL, Fig. 5 )  have a neurogenetic 
peak on E15, while those in the dorsolateral quadrant (DL, 
Fig. 5) peak on E16. Neurons in the ventrolateral and 
dorsomedial parts are generated simultaneously (all 
P >  .05). In the dorsal half, there is a strong medial (older) 
to  lateral (younger) neurogenetic gradient (P< .0001). In the 
ventral half, lateral neurons are younger than medial ones, 
but the neurogenetic gradient is not as strong (P<.O42). 
Only lateral parts of the anterior strial bed nucleus contain 
an appreciable proportion of neurons generated on E17. 

Embryonic development of the anterior 
strial bed nucleus 

The embryonic development of the anterior strial bed 
nucleus was followed in the El6 series of the short- and 
sequential-survival autoradiograms. By E16, most of the 
caudal neurons at the decussation of the anterior commis- 
sure have originated (A7.6-A7.2, Fig. 21, while rostral neu- 
rons are still to be generated by their precursors (A8.4, Fig. 
2). By looking at  cells pulse labeled with ['Hlthymidine on 

Fig. 6. Short-survival autoradiograms of the anterior part of the strial 
bed nucleus at  rostral (A) and caudal (B) levels in the brain of an animal 
exposed to r3Hithymidinc on El6 and killed 2 houra later: 6-pm paraffin 
sections; hematoxylin. Scale = 0.1 mm. 

€316, one can follow the migration and settling of heavily 
labeled (young) cells rostrally and see the already-settled 
unlabeled (old) cells caudally. 

El6 injection: 2-hour survival. Throughout most of its 
length, the neuroepithelial zone generating the anterior 
strial bed nucleus (bsta, Fig. 6A) is sandwiched between the 
germinal sources of the septim (se) and the striatum (st) in 
the inferior horn (IH) of the lateral ventricle. This neuro- 
epithelium continues caudally until the medial wall of the 
lateral ventricle flattens at the foramen of Monro (FM, Fig. 
6B). Both rostrally and caudally, the striatal primordium is 
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Fig. 7. Sequential-survival autoradiograms of the anterior strial bed 
nucleus at rostral (A) and caudal (I9 levels in the brain of an animal 
exposed to I3H]thymidine on El6 and killed on E18; 6-pm paraffin sections; 
hematoxylin. Scale = 0.1 mm. 

characterized by a thick subependymal layer (stse) filled 
with mitotically active cells a t  a considerable distance from 
the ventricular matrix. In contrast, the neuroepithelium in 
the inferior horn and along the medial wall of the lateral 
ventricle does not have a subependymal layer since cells 
outside of the neuroepithelium are unlabeled. The few 
heavily labeled cells in the parenchyma (arrows, Fig. 6A) 
are probably locally multiplying glial precursors. The an- 
terior commissure is not present on E16; it will cross the 
midline on El7 just below the bridge of neuroepithelium 

Fig. 8. Sequential-survival autoradiograms of the anterior strial bed 
nucleus at rostral (A) and caudal (H) levels in the brain of an animal 
exposed to L3H]thymidine on El6 and killed on E19; 6-pm paraffin sections; 
hematoxylin. Scale = 0.1 mm. 

extending across the floor of the foramen of Monro (Fig. 
6B). A zone of densely packed unlabeled young neurons has 
accumulated beneath the posterior inferior horn (sur- 
rounded by a dashed line in Fig. 6B). These neurons were 
generated before El6 and are sitting lateral to the future 
decussation of the anterior commissure, just where the old- 
est neurons in the anterior strial bed nucleus are located 
(two bottom graphs, Fig. 2). For this reason, the area sur- 
rounded by dashed lines in Figure 6B is tentatively identi- 
fied as the caudal part of the anterior strial bed nucleus 
(BSTa). No zone of unlabeled young neurons is seen outside 
of the strial bed nucleus neuroepithelium rostrally (Fig. 
6A). This is expected since most of  the rostral neurons are 
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Fig. 9. A low-magnification autoradiogram showing the posterior part of the strial bed nucleus at level A6.8 
in  the brain of an animal exposed to [3H]thymidine on E16+E17 and killed on P60. Thc letters A-D indicate 
areas selected for high-magnification views in Figure 10; 6-pm paraflin section; hematoxylin and eosin. Scale = 

0.15 mm. 

generated on or after El6 (top graph, Fig. 2). Thus, the 
prominent caudal to rostral neurogenetic gradient within 
the BSTa is reflected in a similar morphogenetic gradient. 

El6 injection: Survival to E18. The pattern of labeling 
in the anterior strial bed nucleus is similar both 24 and 48 
hours after injection on E16; therefore, only the pattern .at 
El8 will be described. By E18, the fibers in the anterior 
commissure (AC) cross the midline (Fig. 7B). The unlabeled 
cells in the strial bed nucleus occupy a semicircular area 
lateral and ventral to  the decussation. Even though the 
neurogenetic data indicate that cells dorsal to the commis- 
sure are generated by El6 (two bottom graphs, Fig. 21, 
unlabeled young neurons cannot be seen above the commis- 
surd  fibers at low magnification. On El7 and E18, the area 
dorsolateral to  the commissure is filled with labeled cells 
as the subependymal zone (stse) generates the medial part 
of the striatum. The relatively few unlabeled supracommis- 
sural strial bed nucleus neurons are masked. Rostrally, 
young strial bed nucleus neurons have migrated away from 
the neuroepithelium forming a “halo” of heavily labeled 
cells (BSTa, indicated by dashed line, Fig. 7A). Heavily 
labeled young neurons are also accumulating just outside 
the neuroepithelium in the region of the lateral septa1 
nucleus as). 

El6 injection: Survival to El9 and beyond. Unlabeled 
cells are seen at  low magnification above the commissural 
fibers on El9 beneath the receding inferior horn of the 
lateral ventricle (IH, Fig. 8B). A broad zone of heavily 
labeled cells extends from the ventral lateral septum to a 
region just above the commissural fibers (VLS, Fig. 8B). A 
wedge of unlabeled neurons borders the VLS; these are 
interpreted as the cells in the dorsomedial quadrant of the 
anterior strial bed nucleus (DM, Fig. 8B). In the caudal part 
of BSTa, only the dorsolateral quadrant (DL, Fig. 8B) is 
composed mostly of heavily labeled cells. A few heavily 
labeled cells are also found in the lateral parts of  the dor- 
somedial quadrant (DM) and in the ventrolateral quadrant 
(VL), but they are rare in the ventromedial quadrant (VM). 
This pattern of cell labeling persists up to the time of birth 
and is retained in the adult brain as the intrinsic neuroge- 
netic gradients found in the longsurvival autoradiography 
series (Fig. 5). In the rostral part of BSTa, the first fibers of 
the interbulbar part of the anterior commissure (AC) are 
located laterally. All quadrants at the rostral level are 
filled with heavily labeled cells, with the exception of a few 
unlabeled cells in the ventromedial quadrant (VM, Fig. 8A). 
The El7 and El8 injection series show neurogenetic heter- 
ogeneity between quadrants in anterior parts of BSTa. Since 
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to [‘Hlthymidine on E16+E17 shows a preponderance of 
heavily labeled (younger) cells medially. This differs from 
the anterior strial bed nucleus where younger cells are 
located laterally. The border between the posterolateral 
preoptic area and the strial bed nucleus is characterized by 
subtle changes in cell orientation and packing density. Upon 
closer examination at  high magnification, the posterior 
strial bed nucleus is characterized by a “core” (Fig. 10D) of 
nearly all labeled cells (this is Young’s [’SS] encapsulated 
area) surrounded above and below by a medial “shell” (Fig. 
10B) that contains a mixture of labeled and unlabeled cells. 
Fewer labeled cells are found in the dorsolateral shell (Fig. 
lOA), and fewest in the ventrolateral shell (Fig. 1OC). 

The quantitative data (Fig. 11) confirm the presence of 
the neurogenetic gradients seen qualitatively. Over 50% of 
the neurons in the ventrolateral shell are generated on or 
before E14, significantly earlier than in any other part of 
the posterior strial bed nucleus (P<  ,0001). The dorsolateral 
shell is the only part of the posterior strial bed nucleus that 
extends to level A6.4; neurons are generated simultane- 
ously throughout (all P>.O5) and the data are combined. 
Likewise, both dorsal and ventral parts of the medial shell 
are generated together (all f> .05) and their data are com- 
bined. On the average, neurons in the dorsolateral shell 
originate slightly but significantly earlier (more neurons 
generated on or before E16) than in the medial shell 
(P<  .002). Approximately 80% of the core neurons originate 
on or after El6 (top graph, Fig. l l) ,  significantly later than 
those in any other part of the posterior strial bed nucleus 
(P< .0001). Since the core neurons are always found in the 
medial part of the posterior strial bed nucleus, the predom- 
inant neurogenetic gradient is lateral (older) to medial 
bounger). 

Ernbmonic development. Since most of the older neu- 
rons in the ventrolateral shell of the posterior strial bed 
nucleus originate on or after El4 (bottom graph, Fig. 111, 
they are labeled by an El4 r3H]thymidine injection and can 
be followed fi-om their neuroepithelial zone to their final 
location, The El7 injection series was used to isolate the 
neuroepithelial zone and migratory route of the core neu- 
rons and the younger neurons in the medial shell, since 
these are the only parts of the posterior strial bed nucleus 
to show any appreciable neurogenesis on El7 (two top 
graphs, Fig. 11). 

The presumptive neuroepithelial zone generating the pos- 
terior strial bed nucleus (bstp, Figs. 12, 13) lies in a deep 
cleft in the lateral ventricle, the transient medial horn 
(mh). This neuroepithelium is just lateral to  the area where 
the anterior thalamus (AT) fuses with the dorsal border of 
the posterior preoptidanterior hypothalamic (AH) portion 
of the third ventricle (vIII). One day after an injection of 
1‘HH]thymidine on El4 (Fig. 12), heavily labeled young neu- 
rons mingle with unlabeled cells (generated before E14) in 
a wave front (mBSTp) just outside the germinal zone (Fig. 
12B). The semicircular border of the presumptive posterior 
strial bed nucleus is set off by dashed lines in Figure 12B. 
The predominant migratory pattern is radial, conforming 
to the curve taken by the posterior strial bed nucleus neu- 
roepithelium on El5 and before (bstp, Fig. 12) as it extends 
toward the diencephalon. On El6 (not shown) the wave 
front of heavily labeled strial bed nucleus neurons widens 
as younger neurons accumulate medial to older ones. By 
El7 (Fig. 13), the posterior strial bed nucleus neuroepithe- 
lium (bstp) recedes and is located dorsolateral to the differ- 
entiating cells at the base of the medial horn (mh). A broad 
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Fig. 11. Neurogenesis of the posterior strial bed nucleus. The bar graphs 
indicate the porportion of neurons originating during single embryonic 
days. Cells were counted in the areas shaded in the drawings. Thc vcrtically 
directed arrow along the lateral side of the shaded areas in level A6.8 
indicates and older (ventral) to younger (dorsal) neurogenetic gradient in 
the lateral shell (darkest and lightest stipple, two botton graphs}. The 
sideways-directed arrows point to areas containing younger neurons in the 
mcdial shcll (solid black, second graph from top). The converging arrows on 
the medial side indicate that the younger neurom are located in a core 
(encapsulated) area (dark stipple, top graph). 

the sequence of appearance is similar to what is seen in 
posterior BSTa, this is not illustrated. 

Development of the posterior strial bed nucleus 
Unlike the anterior strial bed nucleus, which extends 

along the rostrocaudal axis of the forebrain, the posterior 
strial bed nucleus extends in a dorsolateral to ventromedial 
direction occupying a wedge between the basal ganglia and 
the diencephalon. The posterior strial bed nucleus is most 
prominent at  level A6.8; only the dorsolateral part extends 
to level A6.4, and it disappears farther caudally (drawings, 
Fig. 11). Since it invades the posterolateral preoptic area, 
this part of the strial bed nucleus is often called the “preop- 
tic continuation” (Gurdjian, ’27; Loo, ’31; Krieg, ’32; Young, 
’36; Fox, ’40). The preoptic component of the stria termin- 
alis (Johnston, ’23; Gurdjian, ’25; Berkelbach Van der 
Sprenkel, ’26; Smith, ’30; Krieg, ’32; Humphrey, ’36; Young, 
’36; Fox, ’40), called the retrocommissural component by de 
Olmos and Ingram, (‘73), permeates the posterior strial bed 
nucleus. The orientation of the strial fibers may be respon- 
sible for the palisades of cells seen in ventrolateral parts 
(area D, Fig. 9). 

Neurogenetic gradients in adults. The low-magnifica- 
tion view of the posterior strial bed nucleus at  level A6.8 
(surrounded by dashed lines, Fig. 9) in an animal exposed 
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Fig. 12. Sequential survival autoradiograms of rostra1 (A) and slightly more caudal (B) parts of the posterior 
strial bed nucleus in the brain of an animal exposed to a single injection of [3H]thymidine on El4 and killed on 
E15. Tho ventral border of the brain ie outlined with a heavy solid line. The dashed line in B indicates the 
presumptive border of the strial bed nucleus; older (unlabeled) neurons lie beyond this line, closer to the base of 
the brain; 6-pm paraffin sections; hematoxylin. Scale = 0.1 mm. 

swath of‘ cells (BSTpj extends ventromedially into the pos- or at  daily intervals after El7 (Fig. 14B-F). The neuroepi- 
terolateral preoptidanterior hypothalamic areas (AH); these thelial zone cbstp, Fig. 14A) at the base of the medial horn 
are the presumptive ventrolateral and dorsolateral shells (mh) of the lateral ventricle is apparently actively produc- 
of the posterior strial bed nucleus. ing the younger medial neurons. Heavily labeled cells gen- 

Figure 14 shows the pattern of cell labeling in the poste- erated on or after El7 remain close to  the neuroepithelial 
rior strial bed nucleus in animals given a single injection zone on El8 (Figs. 14B, 15A) and medial parts of the poste- 
of [“Hlthymidine on El7 and killed 2 hours later (Fig. 14A) rior strial bed nucleus contain only older (unlabeled) cells. 
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Fig. 13. Sequential-survival autoxadiograms through rostra1 (A) and 
slightly more caudal (R) parts of the posterior strial bed nucleus in the 
brain of an animal exposed to a single injection of L3H]thymidine on El4  
and killed on E17; 6 p m  paraffjn sections, hematoxylin. Scale = 0.1 mm. 

The medial horn disappears on El9 (Fig. 14C) as the fusion 
between the lateral part of the anterior thalamus with the 
telencephalon expands. Labeled cells are still close to the 
lateral ventricle (mBSTp), but are beginning to extend to- 
ward the older (unlabeled) cells in the posterior strial bed 
nucleus (BSTp). A high-magnification view of the “head- 
waters” of the migratory stream is shown in Figure 15B. 
By E20 (Fig. 14D), heavily labeled cells (rnBSTp) migrate 
ventromedially (arrow, Fig. 14D), past older neurons in the 
dorsomedial shell. By E21 (Fig. 14E) and E22 (Fig. 14F) 

some of the young neurons form clumps (BSTp CORE and 
arrows, Fig. 14E,F) while other later-forming (labeled) neu- 
rons are diffusely scattered throughout dorsal and ventral 
parts of the medial shell. 

DISCUSSION 
The dual origin of the bed nucleus of the 

stria terminalis 
The long-survival radiographic data show that while neu- 

rons of both anterior and posterior parts of the strial bed 
nucleus originate simultaneously (mainly between El3  and 
E17), they express different neurogenetic gradients (Figs. 2, 
5, 11). Older neurons in the anterior strial bed nucleus 
settle caudally and ventromedially, while younger neurons 
settle rostrally and dorsolaterally (arrows within BSTa, 
Fig. 16). In contrast, older neurons in the posterior strial 
bed nucleus settle laterally and ventrally, younger neurons 
settle medially, and there is no rostrocaudal gradient (ar- 
rows within BSTp, Fig. 16). Creps (‘74) noted that there 
were neurogenetic differences along the anteriorlposterior 
axis of the nucleus. The caudal to rostra1 gradient within 
the anterior strial bed nucleus and the simultaneous origin 
of the posterior strial bed nucleus were previously reported 
along with septal neurogenesis (Bayer, ’79a). The intrinsic 
neurogenetic gradients within each level have not been 
described before. 

Corresponding to the gradients shown in long-survival 
autoradiograms, the morphogenetic analysis with short- 
and sequential-survival autoradiograms identify young 
strial bed nucleus neurons migrating away from two sepa- 
rate neuroepilhelial zones: the anterior part from the infe- 
rior horn of the lateral ventricle at the level of the 
decussation of the anterior commissure and forward (striped 
neuroepithelial area, Fig. 161, and the posterior part from 
the medial horn of the lateral ventricle near the fusion of 
the anterior thalamus with the hypothalamus and medial 
basal telencephalon (solid black neuroepithelial area, Fig. 
16). The germinal sources of the strial bed nucleus were 
indicated in an earlier study of septal morphogenesis (Bayer, 
’79b), and the neuroepithelial source of the posterior strial 
bed nucleus was more specifically identified in a recent 
study of hypothalamic development (Altman and Bayer, 
’86). Cells differentiating in anterior vs. posterior parts of 
the strial bed nucleus appear in separate, nortcontigzcous 
basal telencephalic areas (dashed lines surrounding BSTa 
and BSTp in drawings of an El7 brain, Fig. 16). These data 
are reminiscent of those gathered in the amygdala (Bayer, 
’80), where the central, basolateral, and corticomedial nu- 
clei show diverse neurogenetic gradients, and separate neu- 
roepithelial zones were postulated to give rise to them. 

The dual anatomical functional character of the 
strial bed nucleus related to neurogenetic gradients 

Descriptive and experimental neuroanatomical studies in 
adult brains report areas containing neurons with different 
dendritic configurations, areas receiving different com- 
plexes of afferents, and areas projecting to different targets. 
In the following discussion, several examples are cited in 
which adult anatomical heterogeneity can be related to 
temporal heterogeneity as expressed in neurogenetic gra- 
dients. Possibly the different origins of anterior and poste- 
rior parts of the strial bed nucleus set the stage for adult 
heterogeneity within the entire structure. 

Subdiviswns baed  on descriptive anatomical tech- 
niques. The intrinsic neurogenetic gradients found 
throughout the strial bed nucleus can be related to the 
morphological subdivisions propsoed by McDonald (‘83) in 
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Fig. 15. A: High-magnification view of the boxed area in Figure 14B. 13: High magnification vicw of the boxed 
area in Figure 14C. (Scale for both = 0.05 mm) 

his studies using the Golgi stain and those proposed by de 
Olmos et al. (‘85) using a variety of’ techniques. Areas con- 
taining older neurons in the medial part of the anterior 
strial bed nucleus have, according to McDonald (’831, fewer 
dendritic branches and lower spine densities than areas 
containing younger neurons in the lateral part. The small 
late-generated population of neurons (Fig. 3) in the most 
caudal level of the anterior strial bed nucleus (A6.8, bottom 
graph, Fig. 2) fits the description of McDonald‘s juxtacap- 
sular subdivision. He notes that these neurons have the 
same dendritic morphology as neurons in the intercalated 
masses of the amygdala. Incidentally, they also have ap- 
proximately the same time of origin, mainly between El7 
and E20 (Bayer, ’80). Within the lateral parts of the ante- 
rior strial bed nucleus, de Olmos et al. (’85) found a morpho- 
logical difference between ventral and dorsal parts that 
correspond to the ventral to dorsal neurogenetic gradient 
in the anterior strial bed nucleus and the medial to  lateral 
neurogenetic gradient in the central amygdaloid nucleus 
(Bayer, ’80). For example, younger cells in the dorsolateral 
quadrant resemble younger cells in the lateral part of the 
central nucleus; older cells in the ventrolateral quadrant 
resemble older neurons in the medial part of the central 
nucleus. Both McDonald and de Olmos et al. conclude that 
the lateral part of the anterior strial bed nucleus represents 

a “continuum” of the central nucleus of the amygdala, and 
the developmental data presented here confirm their 
hypothesis. 

In the posterior part of the strial bed nucleus, McDonald 
(‘83) finds differences in dendritic orientation that correlate 
with neurogenetic gradients. Older neurons in the lateral 
part have dendrites oriented perpendicular to the strial 
axons, while younger neurons in the medial part have 
dendrites oriented parallel to incoming axons. de Olmos et 
al. (‘85) find that the large-celled lateral column (the lateral 
shell in this paper) stains more intensely for the Timm’s 
reaction than the small-celled medial column. McDonald 
(’83) noted that dendrites throughout the entire medial part 
of the strial bed nucleus have the same degree of branching 
and spine density. de Olmos et al. (’85) found a lighter 
staining with the Timm’s reaction throughout the entire 
medial strial bed nucleus. For these reasons, both authors 
conclude that the posterior strial bed nucleus is a contin- 
uation of the medial subdivision in the anterior strial bed 
nucleus. The developmental data reported here would ar- 
gue against this conclusion on two grounds: (1) In the ante- 
rior part, medial neurons are generally older and lateral 
neurons are younger; a reversal of this neurogenetic gra- 
dient is found in the posterior part. (2) Medial neurons in 
anterior vs. posterior parts of the strial bed nucleus can be 
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Fig. 16. A summary of both the embryonic origins and neurogenetic 
gradients found in development of the strial bed nucleus. The upper draw- 
ings are tracings of the right sides of coronal sections (spaced approximately 
90 pm apart) in an El7 brain. Two noncontiguous zones in the neuroepithe- 
lium (indicated by light titipple) are the presumptive germinal sources of 
anterior (striped) and posterior (solid) parts of the strial bed nucleus. Dashed 
lines surrounding each nouroepithelial zone indicate the area8 where young 
neurons accumulate in the anterior (BSTa) and posterior (BSTp) stria1 bed 
nucleus. The lower drawings are diagrams showing the shape of the adult 

traced from different neuroepithelial sources. There is ad- 
ditional evidence that the anatomical connections of the 
strial bed nucleus differentiate anterior and posterior 
subdivisions. 

Anatomical connections of the anterior strial bed nu- 
cleus. The afferents to the anterior strial bed nucleus ter- 
minate in either the lateral quadrants, the ventral 
quadrants, or the medial quadrants, along the same lines 
that separate older medial neurons from younger lateral 
ones and older ventral neurons from younger dorsal ones. 
The conenctions in the anterior strial bed nucleus link the 
amygdala, the brainstem, and the ventral subiculum with 
the hypothalamus. A major input to the lateral quadrants 
of the anterior strial bed nucleus comes from the central 
and basolateral amygdaloid nuclei (Kretek and Price, '78; 
Weller and Smith, '82; de Olmos et al., '85) and from the 
anterior cortical amygdaloid nucleus (Kevetter and Win- 
ans, '81b). These projections are rich in neuroactive pep 
tides as shown in a detailed study by Woodhams et al. ('83). 
Axons from the basolateral amygdala contain vasoactive 
intestinal polypeptide (VIP). Axons from the central nu- 
cleus contain substance P, neurotensin, met-enkephalin, 
and cholecystokinin (CCK); some axons from the cortical 
nucleus also contribute to the CCK projection. The ventral 

strial bed nucleus, where anterior (repretiented as a cylinder directed rostro- 
caudally) and posterior (represented as a plate extending dorsoventrally) 
parts become contiguous. Neurogenetic gradients (arrows point toward areas 
with younger neurons) differ in each part of the strial bed nucleus. In the 
anterior part, major gradients are caudal to rostra1 and ventromedinl to 
dorsolateral; in the posterior part, the predominant gradient is lateral to 
medial. The neurogenetic differences indicate that each embryonic neuroe- 
pithelial zone generates neurons in independent, apparently unrelated, 
patterns. 

quadrants get dense projections from brainstem areas- 
among them, the lateral parabrachial nuclei (Saper and 
Loewy, '80; Saper, '82), locus coeruleus (Swanson and Hart- 
man, ' 7 3 ,  and nucleus of the solitary tract (Ricardo and 
Koh, '78; Sofroniew, '83). Neurons in the media quadrants 
receive input from the ventral subiculum and the amygda- 
lohippocampal area (Swanson and Cowan, '76; Krettek and 
Price, '78). 

The major output of the anterior strial bed nucleus are to  
the hypothalamus and brainstem. Like the afferent inputs, 
they also originate from areas of the strial bed nucleus 
which are neurogenetically different. Neurons in the ven- 
tral quadrants send axons to several hypothalamic struc- 
tures, among them the dorsomedial nucleus (Berk and 
Finkelstein, '81; Kita and Oomura, '82a), ventromedial nu- 
cleus (Berk and Finkelstein, %l), paraventricular nucleus 
(Silverman et al., '81; Sawchenko and Swanson, '83), and 
the lateral hypothalamic area (Berk and Finkelstein, '82; 
Kita and Oomura, '82b). In addition, the ventral quadrants 
have an exceptionally high activity of glutamic acid decar- 
boxylase (GAD; Ben Ari et al., '76; Walaas and Fonnum, 
'79). GAD is decreased by lesions of the stria terminalis (Le 
Gal La Salle et al., '781, but some is intrinsic since neurons 
in the ventrolateral quadrant contain gamma aminobutyric 
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acid (Nagai et al., '83). Neurons in the lateral quadrants 
project to the raphe nuclei (Holstege et al., '851, nucleus of 
the solitary tract (Schwaber et al., '80; Sofroniew, '831, and 
caudal medulla (Schwanzel-Fukuda et  al., '84); the central 
nucleus of the amygdala also projects heavily to these tar- 
gets (Hopkins et  al., '81; Price, '81; Price and Amaral, '81). 

Anatomical connections of the posterior strial bed nu- 
cleus. The posterior strial bed nucleus is closely linked to 
the corticomedial nuclear complex in the amygdala, espe- 
cially in relation to the accessory olfactory bulb. Direct 
input from the accessory olfactory bulb terminates in the 
medial and posteromedial cortical amygdaloid nuclei (Scalia 
and Winans, '75; Broadwell, '75; Skeen and Hall, '77; 
Turner et al., '78) and also in the posterior strial bed nu- 
cleus (Scalia and Winans, '75; Broadwell, '75; Davis et al., 
'78; Skeen and Hall, '77). The posterior strial bed nucleus 
reciprocates with a projection to the accessory olfactory 
bulb (Conrad and Pfaff, '76; de OImos et al., '78; Macrides 
et al., '81). The projections from the corticomedial amygda- 
loid nuclei and the amygdalohippocampal area to the pos- 
terior strial bed nucleus (Leonard and Scott, '71; Krettek 
and Price, '78; Revetter and Winans, %la) correlate with 
neurogenetic gradients in both source and target cells. The 
medial amygdaloid nucleus originates early and projects 
more heavily to older neurons in the dorsolateral and ven- 
trolateral shells of the posterior strial bed nucleus, while 
the late-generated amygdalohippocampal area and postero- 
medial cortical nucleus project more heavily to the younger 
neurons in the medial shell and core (Krettek and Price, 
'78; Bayer, '80). de Olmos et al. ('85) examined the projec- 
tion from the medial nucleus in greater detail and their 
findings also correlate with the neurogenetic gradients be- 
tween source and target cells. The older neurons in the 
anterior and posteroventral parts of the medial amygdaloid 
nucleus project to the older neurons in the lateral shell of 
the posterior strial bed nucleus. The younger neurons in 
the posterodorsal part of the medial amygdaloid nucleus 
(these cells resemble an "encapsulated" part of the nucleus, 
Bayer, '80) project to younger neurons in the medial shell 
and core of the posterior strial bed nucleus. 

The accessory olfactory bulb and amygdaloid inputs can 
be linked, via the integrative center in the posterior strial 
bed nucleus, to preoptic areas that are related to the coor- 
dination of sexual function and behavior. The young neu- 
rons in the core of the posterior strial bed nucleus project 
massively to the sexually dimorphic nucleus (Simerly and 
Swanson, '86) and to the surrounding medial preoptic area 
(Swanson and Cowan, '76; Kita and Oomura, '82a). It is 
interesting to note that the sexually dimorphic nucleus 
contains the youngest neurons in the preoptic area; the 
relationship between developmental patterns in the poste- 
rior strial bed nucleus and the preoptic area is taken up in 
a companion paper (Bayer and Altman, '87b). 
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