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ABSTRACT 
Short-survival, sequential, and long-survival thymidine radiograms of 

rat embryos, fetuses, and young pups were analyzed in order to examine the 
time of origin, settling pattern, and neuroepithelial site of origin of the 
anterior thalamic nuclei-the lateral dorsal (lateral anterior), anterodorsal, 
anteroventral and anteromedial nuclei-and of two rostra1 midline struc- 
tures-the anterior paraventricular and paratenial nuclei. The neurons of 
the lateral dorsal nucleus are generated over a 3-day period between days 
E14-El6 and their settling pattern displays a combined lateral-to-medial 
and dorsal-to-ventral neurogenetic gradient. The bulk of the neurons of the 
anteroventral nucleus are generated over a 3-day period between days E15- 
El7 and settle with an oblique lateral-to-medial and ventral-to-dorsal neu- 
rogenetic gradient. The bulk of the neurons of the anteromedial nucleus are 
generated over a 2-day period between days E16-El7 and show the same 
settling pattern as the anteroventral nucleus. The neurons of the anterodor- 
sal nucleus are generated over a 3-day period between days E15-El7 and 
show a lateral-to-medial neurogenetic gradient. The bulk of the neurons of 
the central part and lateral part of the paraventricular nucleus are gener- 
ated over a 2-day period (E16-El7 and E17-El8, respectively) and each part 
displays a ventral-to-dorsal neurogenetic gradient. Finally, the bulk of the 
neurons of the paratenial nucleus are generated over a 4-day period between 
days E15-El8 and settle with a lateral-to-medial neurogenetic gradient. 

Observations are presented that the anterior thalamic nuclei, constitut- 
ing the distinct “limbic thalamus,” derive from a discrete neuroepithelial 
source. This is the crescent-shaped germinal matrix lining the diencephalic 
(medial) wall of the hitherto unrecognized anterior transitional promontory, 
which we call the anterior thalamic neuroepithelial lobule. On day El6 
three migratory streams leave the anterior neuroepithelial lobule and, on 
the basis of their labeling pattern in relation to the neurogenetic gradients 
of the anterior thalamic nuclei, they are identified, from dorsal to ventral, 
as the putative migratory streams of the anterodorsal, anteroventral, and 
lateral dorsal nuclei. On day El7 the putative migratory stream of the 
anteromedial nucleus appears to leave the same neuroepithelial region that 
on the previous days was the source of the anteroventral nucleus. Dorsally, 
two neuroepithelial patches persist after day El7 and these are identified as 
the putative cell lines of the anterior paraventricular and paratenial nuclei. 
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In the preceding paper of this series (Altman and Bayer, 
'88a) we identified two hitherto undescribed neuroepithe- 
lial regions in the rostral portion of the surface (alar) plate 
of the embryonic diencephalon: the superior sublobules and 
the anterior transitional promontory. The superior sublob- 
ules form rostrally a transient vault over the foramen of 
Monro where they are embedded in mesenchymal tissue 
surrounding the hippocampal rudiment (sl in Fig. 10A of 
Altman and Bayer, '88a). Behind the foramen of Monro, the 
superior sublobules are situated above the anterior transi- 
tional promontory (sl in Figs. 10B, 22A of Altman and 
Bayer, '88a), and still more caudally they are surrounded 
by several fiber tracts, including the stria medullaris (STM 
in Figs. 15A, 22B of Altman and Bayer, '88a). We postulated 
that the germinal superior sublobules are sources not of 
neurons but of glial cells, presumably the oligodendrocytes 
of the neighboring fiber tracts. The anterior transitional 
promontory is situated below the foramen of Monro and we 

call it "transitional" because only a part of it is dience- 
phalic. The anterior transitional promontory is surrounded 
by three discrete ventricular regions, laterally by the tran- 
sient medial horn of the lateral ventricle, dorsally by the 
foramen of Monro, and medially by the third ventricle (atp 
in Fig. 10A,B of Altman and Bayer, '88a). Thus it has a 
telencephalic, a foraminal, and a diencephalic component. 
We have identified the diencephalic portion of the anterior 
transitional promontory, as the anterior thalamic lobule (at 
in Figs. 7B, 8A,B, 10B, 19A, 22A of Altman and Bayer, 
'88a). In this paper we briefly examine the fate of the 
superior sublobules and deal in detail with the structural 
derivatives of the anterior thalamic lobule. Based on a 
quantitative study of the time of origin of the rostrally 
situated nuclei of the thalamus, presented below, our work- 
ing hypothesis has been that the first wave of migrating 
neurons that leave the anterior thalamic lobule form the 
lateral dorsal nucleus, the second wave of neurons form the 
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anterodorsal neuroepithelium 
anterodorsal nucleus 
anterodorsal nucleus, caudal 
anterodorsal migratory stream 
anterodorsal nucleus, rostral 
anterior hypothalamic neuroepithelium 
anterior hypothalamus 
anteromedial nucleus 
anteromedial migratory stream 
aqueduct 
anterior thalamic neuroepithelial lobule 
anterior thalamus 
anterior thalamic migratory stream 
anterior transitional protuberance 
anteroventral neuroepithelium 
anteroventral nucleus 
anteroventral nucleus, lateral 
anteroventral migratory stream 
base plate 
basal telencephalic neuroepithelium 
basal telencephalon, posterior hillock neuroepithelium 
caudal 
cortical (cerebral) neuroepithelium 
choroid plexus rudiment 
dorsal 
dorsolateral quadrant 
dorsomedial quadrant 
fimbria 
foramen of Monro 
glioepithelium 
glial migratory stream 
habenular neuroepithelium 
hippocampal neuroepithelium 
inferior colliculus 
intermediate thalamic neuroepithelial lobule 
lateral 
lateral dorsal neuroepithelium 
lateral dorsal nucleus 
lateral dorsal nucleus, dorsal 
lateral dorsal nucleus, medial 
lateral dorsal nucleus, ventral 
sulcus limitans 
lateral ventricle 
lateral ventricle, medial horn 
medial 
mammillary neuroepithelium 
mammillary body 

Abbreviations 

MFB medial forebrain bundle 
mr 
OB olfactory bulb 
pa preoptic area neuroepithelium 
PA preoptic area 
PC posterior commissure 
PH posterior hypothalamus 
phv posterior hypothalamic neuroepithelium, ventral 
pfn pineal rudiment 
pir pineal recess 
pr 
prt pretectal neuroepithelium 
PRT pretectum 
pt posterior thalamic neuroepithelial lobule 
PT posterior thalamus 
PTm posterior thalamus migratory stream 
ptr pituitary recess of third ventricle 

anterior paraventricular neuroepithelium K anterior paraventricular nucleus 
PVAc anterior paraventricular nucleus, central 
PVAcm anterior paraventricular nucleus, central migratory stream 
PVAl anterior paraventricular nucleus, lateral 
PVAlm anterior paraventricular nucleus, lateral migratory stream 
PVAm anterior paraventricular nucleus migratory stream 
r rostral 
RT reticular thalamus 
SC superior colliculus 
se septa1 neuroepithelium 
SE septum 
SF subfornical organ 
sl superior lobules (with subscripts) 
sp surface plate 
sr superior recess of third ventricle 
STM stria medullaris 
TE tegmentum 
V ventral 
vl ventrolateral quadrant 
vm ventromedial quadrant 
v3 third ventricle 
v3d third ventricle, dorsal (thalamic) 
v3v third ventricle, ventral (hypothalamic) 

mammillary recess of third ventricle 

preoptic recess of third ventricle 

Abbreviations in capital letters refer to mature structures; capital letters 
followed by m refer to the migratory streams of a structure; letters in lower 
case refer to. the putative cell lines of a particular structure in the 
neuroepithelium 
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anterior nuclear complex (the anterodorsal, anteroventral, the rest of the thalamus by the anterior extension of the 
and anteromedial nuclei), and the third wave of neurons internal medullary lamina and the reticular thalamus (RT). 
form the thalamic paraventricular and paratenial nuclei. The dorsomedially situated anterodorsal nucleus consists 

The anterior thalamic nuclei consist of three cytologically of densely packed, dark-staining cells. It is bordered medi- 
distinct components, the anterodorsal, anteroventral, and ally by the stria medullaris (STM) and the paratenial nu- 
anteromedial nuclei (AD, AV, and AM in Figs. 1-3). This cleus (€"), and laterally by the anteroventral nucleus. The 
complex is demarcated laterally and lateroventrally from cells of the large anteroventral nucleus stain less intensely 

Fig. 1. Coronal thymidine radiograms of the anterior region of the thalamus from P5 rats that  received two 
successive doses of 3H-thymidine on days El4 and El5 (A), and on days El5 and El6  (B). Paraffin. Scale: 200 pm. 
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than those of the anterodorsal nucleus; it is composed of a 
dorsal magnocellular part and a ventral parvicellular part 
(Seki and Zyo, '84). Least distinct of these nuclei is the 
anteromedial nucleus with its pale-staining and diffusely 
distributed cells. Near the midline the cells of the antero- 
medial nucleus may fuse; this region has been called the 
interanteromedial nucleus (Gurdjian, '27). The anterodor- 
sal and anteroventral nuclei are distinguished in the thal- 
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amus by their intense cholinesterase staining (Shute and 
Lewis, '67; Jacobowitz and Palkovits, '74). 

The anterior nuclei have been described as a major com- 
ponent of the limbic circuit of the forebrain (Papez, '37). 
They receive afferents from the hippocampal formation 
(Guillery, '56; Nauta, '56), specifically its subicular portion 
(Swanson and Cowan, '75, '77), from the cingulate cortex 
and retrosplenial areas (Domesick, '69 Beckstead, '79; Kaitz 

PVAc PVAR STM AD AM AV LD FI 

Fig. 2. Coronal radiograms from the anterior region of the thalamus from P5 rats labeled on days E16+E17 
(A), and on days E17+E18 (B). Paraffin. Scale: 200 pm. 



382 J. ALTMAN AM) S.A. BAYICR 

PVAR PVAc PT STM AD AV LD FI 

Fig. 3. Coronal radiogram from the anterior region of the thalamus of a P5 ra t  labeled on days E18+E19. Paraffin. Scale: 200 pm.  

and Robertson, '81; Seki and Zyo, '84), and the mammillary The paraventricular and paratenial nuclei represent the 
body (Powell and Cowan, '54; Guillery, '57; Fry and Cowan, most rostra1 components of a series of midline thalamic 
'72; Yamadori, '73; Cruce, '75; Seki and Zyo, '84). The structures, usually referred to as the midline nuclei. The 
efferents of the anterior nuclear complex reach the cingu- paraventricular nucleus is situated dorsally and it has been 
late cortex (Domesick, '70, '72; Beckstead, '761, the retro- described to consist of an anterior and a posterior part 
splenial areas (Robertson and Kaitz, '811, and the presubic- (Gurdjian, '27). We are concerned here with the anterior 
ulum of the hippocampal formation (Wyss et al., '79). part only, which, unlike the posterior part, appears to fuse 

The lateral dorsal nucleus (LD in Figs. 1-31, more appro- fully in the midline. Cells of the paraventricular nucleus 
priately called the lateral anterior nucleus (Gurdjian, '27; project primarily to the amygdala, but its fibers also reach 
Rioch, '29; Krieg, '48), is closely related, both topographi- the entorhinal cortex, the hippocampal formation (Segal, 
cally and in terms of its connections, to the anterior tha- '77; Wyss et al., '791, and the nucleus accumbens (Jayara- 
lamic nuclei. It receives afferents from the hippocampal man, '85). The ventrally situated, paired paratenial nucleus 
formation (Valenstein and Nauta, '59; Krayniak et al., '79; is reciprocally connected with the nucleus accumbens 
Kaitz and Robertson, '811, the pretectal area (Ryszka and (Nauta et al., '78; Jayaraman, '85), and it  projects to the 
Heger, '79; Robertson et al., '831, and the retrosplenial medial orbital cortex (Krettek and Price, '77), the entorhi- 
agranular cortex (Kaitz and Robertson, '81). The efferents nal cortex (Beckstead, '78), the nucleus accumbens, and the 
of the lateral dorsal nucleus reach different components of hippocampal formation (Wyss et al., '79). 

MATERIALS AND METHODS the limbic cortex (Locke et al., '64; Robertson and Kaitz, 
'81). 

There are few studies in the literature dealing with the The material used in this study is identical with that 
development of the anterior nuclei. Angevine ('701, using described in detail in the preceding paper (Altman and 
thymidine autoradiography with the flash-labeling proce- Bayer, '88a). Special use was made of two series, a collection 
dure, found in the mouse that neurogenesis persists longer of sequential thymidine radiograms based on the flash la- 
in the anteromedial nucleus than the other two nuclei, beling procedure, and a collection of postnatal long-survival 
suggesting a lateral-to-medial gradient within the complex. thymidine radiograms based on comprehensive labeling. 
Angevine also found such a gradient within the anteroven- The first series consists of 254 pa ra in -  and methacrylate- 
tral and anteromedial nuclei. Similar gradients were re- embedded embryos or fetuses whose mothers were injected 
ported in the rabbit by Fernandez ('69) and in the rat by with a single dose of 3H-thymidine between days El2 and 
McAllister and Das ('77). We have established in our quan- E21 and were killed at daily intervals after the injection. 
titative study with the comprehensive labeling procedure The data from this collection were used for the qualitative 
(Altman and Bayer, '79) that the neurons of the anterior reconstruction of the migratory routes of young neurons. 
nuclei are generated on days El5 and E16, with a peak on The second series consists of 44 paraffin-embedded brains 
the latter day. In this earlier investigation we have not of postnatal day 5 (P5) rats whose mothers were injected 
examined either the internuclear or the intranuclear neu- with two successive daily doses of 3H-thymidine, with a 
rogenetic gradients of the anterior thalamic nuclei. single day delay between the groups, on gestational day:; 



THALAMIC DEVELOPMENT: 11. 383 

patterns. 
For quantification, matched sections were selected in 3-4 

equally spaced anteroposterior levels, depending on the 
length of the structure, and each level was further divided 
into a dorsal and ventral portion and, where the size of the 
structure permitted, into a lateral and medial portion. In 
these areas cells were counted microscopically at X312.5 in 
unit areas set off by an ocular grid (0.085 mm2). All neurons 
within a designated area were dichotomized as labeled or 
unlabeled. Cells with silver grains overlying the nucleus in 
densities above background levels were considered labeled; 
obvious endothelial and glial cells were excluded. The pro- 
portion of cells labeled in each animal (% labeled cells/total 
cells) was then calculated from these data. The procedure 
used to determine the proportion of cells arising (ceasing to 
divide) on a particular day and the statistical method used 
t o  evaluate the results are described briefly in the preced- 
ing paper (Altman and Bayer, '88a). 

RESULTS 
Time of origin of neurons of the anterior region of 

the thalamus 
Qualitatiue obseruations. Figures 1-3 illustrate the 

changing labeling pattern in the rostral nuclei of the thal- 
amus in P5 rats as a function of daily delays in the cumu- 
lative injection of 3H-thymidine from day El4 to E18. In 
rats injected on days E14+E15 (Fig. 1A) essentially all 
neurons in the anterior region of the thalamus are labeled, 
some heavily (these are the earlier differentiating neurons), 
others lightly (later generated neurons). Heavily labeled 
cells are limited in this region to the dorsal parts of the 
lateral dorsal (LD) and anteroventral (AV) nuclei; other 
components of the anterior thalamus are lightly labeled. In 
this injection group a high proportion of the neurons of the 
surrounding reticular nucleus (RT) are heavily labeled. In 
rats injected on days E15+E16 (Fig. 1B) some of the cells of 
the lateral dorsal nucleus and a few cells in the dorsal part 
of the anteroventral nucleus are no longer labeled, but the 
majority of the neurons of the anterior nuclei are heavily 
labeled. In rats injected on days E16+E17 (Fig. 2A) the 
neurons in the dorsal portion of the lateral dorsal nucleus 
and the anteroventral nucleus are no longer labeled, and 
some cells of the anterodorsal nucleus are no longer labeled. 
In rats injected on days E17+E18 (Fig. 2B) the neurons of 
the lateral dorsal and anteroventral nuclei are no longer 
labeled and in the anterodorsal nucleus labeled cells are 
limited to its medial border. The bulk of the neurons of the 
anterior paraventricular (PVAc and PVA1) and paratenial 
(PT) nuclei are heavily labeled in rats injected on days 
E17+E18 (Fig. 2B). In rats injected on days E18+E19 (Fig. 
3) there is a fair concentration of heavily labeled cells in 
the lateral part of the anterior paraventricular nucleus 
(PVAl), but only scattered labeled cells are seen in the 
central part of the anterior paraventricular nucleus (PVAc) 
and in the paratenial nucleus (PT). 

These qualitative observations indicate a modified lat- 
eral-to-medial gradient in the settling of neurons in the 
anterior region of the thalamus. The quantitative results of 
the time of origin of neurons of the lateral dorsal nucleus 

E13+E14, E14+E15, E15+E16, E16+E17, E17+E18, and and the anterior thalamic nuclei, and details of their in- 
E18+E19. The data from this series were used for the tranuclear neurogenetic gradients, are summarized in 
quantification of the birth dates of neurons in closely spaced Figures 4-10. 
regions of the anterior thalamic nuclei and of the rostral Lateral dorsal nucleus. The proportion of neurons gen- 
midline thalamic nuclei to  determine their internuclear erated on specific embryonic days was determined in the 
and intranuclear gradients, and to deduce their settling lateral dorsal nucleus at four coronal levels from rostral to  

caudal (L1 to L4 in Fig. 5B), and at each level the nucleus 
was divided into a dorsomedial, ventromedial, dorsolateral, 
and ventrolateral quadrant (dm, vm, dl, and vl in Fig. 4B). 
The results indicate that the lateral dorsal neurons are 
generated over a 3-day period between days E14-El6 (Figs. 
4A, 5A). The settled neurons show a combined lateral-to- 
medial (p < 0.0001) and dorsal-to-ventral (p < 0.0001) neu- 
rogenetic gradient (Fig. 4B). There was no gradient in the 
anteroposterior plane at most levels except that L1 is older 
than all other levels (Fig. 5 ;  p < 0.005). Based on the 
assumption that all diencephalic neurons generated in the 
third ventricle neuroepithelium medially settle in an out- 
side-in pattern, the strong dorsal-to-ventral gradient super- 
imposed on the lateral-to-medial gradient suggests that the 
neurons of the lateral dorsal nucleus are generated in a 
neuroepithelial zone situated ventromedial to their settling 
area (Id in Fig. 8). 

Antemventral and antemmedial nuclei. The labeled and 
unlabeled neurons of the anteroventral nucleus (AV) were 
counted in four quadrants (dl, dm, vl, vm in Fig. 6B) at 
three anteroposterior levels (Ll-L3). The bulk of the antero- 
ventral neurons are generated over a 3-day period between 
days E15-El7 (AV1 and AVm in Fig. 6A) with an oblique 
lateral-to-medial (p < 0.001) and an oblique ventral-to-dor- 
sal gradient (p < 0.0001). There was no neurogenetic gra- 
dient along the anteroposterior plane. The ventral-to-dorsal 
gradient superimposed on the lateral-to-medial gradient 
indicates that the neurons of the anteroventral nucleus are 
generated in a neuroepithelial zone situated dorsomedial 
to where they will settle (av in Fig. 8). A similar pattern is 
indicated for the anteromedial nucleus (AM in Fig. 6A). 
The bulk of the neurons of the anteromedial nucleus are 
generated over a 2-day period between days E16-El7. There 
is an oblique ventral-to-dorsal neurogenetic gradient (p 
< 0.003) and no gradient along the anteroposterior plane. 
These neurons may represent the second wave of cells orig- 
inating at the same site as the neurons of the anteroventral 
nucleus. 

Antemdorsal nucleus. The anterodorsal nucleus was di- 
vided into a lateral and a medial half and the proportion of 
neurons generated on specific embryonic days was deter- 
mined at three anteroposterior levels (Ll-L3; illustrated at 
L1 and L3). The bulk of the anterodorsal neurons are gen- 
erated over a 3-day period between days E15-El7 (Fig. 7A). 
There is a lateral-to-medial neurogenetic gradient in the 
nucleus (p < 0.0001) and also a rostral-to-caudal gradient 
as determined by the difference between levels 1 and 3 (Fig. 
7B; p < 0.001). These results suggest that the anterodorsal 
neurons originate in a neuroepithelial zone situated medial 
(ad in Fig. 8) and caudal to their settling area. The hypo- 
thetical neuroepithelial site of origin of neurons of the 
lateral dorsal, anteroventral, and anterodorsal nuclei (the 
first wave of neurons generated predominantly on days El5 
and E16) is illustrated in Figure 8 as a crescent-shaped 
structure, presumably the diencephalic wall of the anterior 
transitional promontory (at in Fig. 12). 

Anterior paraventricular nucleus. The anterior para- 
ventricular nucleus was divided into a central and a lateral 
part (PVAc and PVAl in Figs. 1-31. Labeled and unlabeled 
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Fig. 4. Time of origin of neurons (A) in four quadrants (dl, dm, vl, vm) of the lateral dorsal nucleus (B). The 
results indicate a pronounced lateral-to-dorsal and a less pronounced (but statistically significant) dorsal-to- 
ventral gradient. 

cells were counted in the relevant injection groups at four 
anteroposterior levels in the dorsal and ventral halves of 
the central part (Fig. 9B) and lateral part (Fig. 10B) of the 
nucleus. The bulk of the anterior paraventricular neurons 
are generated over a 2-day period (E16-El7 or E17-El8) 
with a peak on day El7 (Figs. 9A, 10A). There is a medial- 
to-lateral gradient between the central (earlier) and lateral 
(later) components of the nucleus (p < 0.0001) and within 
each part there is a ventral-to-dorsal gradient (p < 0.0001) 
but no gradient along the anteroposterior plane. These re- 
sults suggest that the neurons of the central and lateral 
parts of the paraventricular nucleus are generated in two 
separate neuroepithelial zones dorsal to their settling area. 

Paratenial nucleus. The proportion of neurons gener- 
ated on specific embryonic days was determined in the 
medial and the lateral halves of the paratenial nucleus (PT 
in Figs. 1-3) at four anteroposterior levels (Fig. 1lB). The 
bulk of the paratenial neurons are generated over a 4-day 
period (Fig. 11A) with a peak on day E17. There is a pro- 
nounced lateral-to-medial gradient (p < 0.0001) but no gra- 
dient along the anteroposterior plane. These results suggest 

that the paratenial neurons originate in a neuroepithelial 
zone situated medial to their nearby settling area. 

Structure and transformations of the anterior 
region of the thalamic neuroepithelium 

The anterior region of the dorsal diencephalic neuroepi- 
thelium has two unique components, what we have called 
in the preceding paper the superior sublobules and the 
anterior transitional promontory (sl and atp in Figs. 10A- 
C, 15A, 22A of Altman and Bayer, '88a). Both are promi- 
nent in day El5 rats but undergo drastic transformations 
on the subsequent days. Insofar as the most likely source of 
neurons of the anterior thalamic nuclei is one or both of 
these transient germinal structures, our first task has been 
to follow the transformations of both of them about the time 
that the neurons of the anterior thalamus are generated. 

Superior sublobules. In short-survival radiograms of day 
El5 rats, we previously identified three sublobules beneath 
the superior recess: an everted dorsal sublobule, an in- 
verted intermediate sublobule, and an everted ventral sub- 
lobule (~11, sIz, and slg in Figs. IOC, 15A of Altman and 
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Because there was no statistically significant difference between levels 2, 3 and 4 (B), the data were combined 
(bottom graph in A). Arrow in B indicates rostra1 to caudal gradient between levels 1 and 2. 

Bayer, '88a). Because these sublobules do not have a clearly 
defined differentiating zone surrounding them, but are, 
instead, surrounded by fiber tracts, we have suggested that 
they are sources not of neurons but of glial cells, presum- 
ably of oligodendrocytes that penetrate these fiber tracts. 
Observations in sequential thymidine radiograms de- 
scribed below provide support for this hypothesis. These 
observations indicate that the superior sublobules progres- 
sively diminish in size and then disappear altogether and, 
concurrently, the anterior transitional promontory expands 
rostrally and its derivatives form the anterior nuclear com- 
plex of the thalamus. 

Dissolution of the superior sublobules. On day E16, as 
illustrated in a rat labeled on day El5 and killed 24 hours 
later, the three components (sll, slz, and s 1 ~  in Fig. 12A,B) 
of the shrinking superior sublobules are still recognizable 

above the enlarging and forward expanding anterior tran- 
sitional promontory (atp). On day E17, as illustrated in a 
rat labeled on day El5 and killed 2 days later (sl in Fig. 
13A-C), the superior sublobules shrink further and the 
distinction between the components are becoming less clear. 
One of the fiber tracts flanking the superior sublobules is 
tentatively identified as the stria medullaris (STM in Fig. 
13B,C). By day E18, as illustrated in a rat labeled on day 
El5 and killed 3 days later, the superior recess and the 
superior sublobules (asterisks in Fig. 13D,E) are no longer 
present above the foramen of Monro rostrally and the re- 
gion is now dominated by the expanding anterior transi- 
tional promontory and its derivatives. The superior recess 
and the shrunken remnant of the superior sublobules are 
still visible caudally where the latter is surrounded by a 
large fiber tract (STM in Fig. 13F). 
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Fig. 6. Time of origin of neurons (A) in four quadrants (dl, dm, vl, vm) of the anteroventral nucleus (AV) and 
two halves of the anteromedial nucleus (AM). Arrows in B indicate the oblique lateral-to-medial and ventral-to- 
dorsal gradients in the anteroventral nucleus, and the ventral-to-dorsal gradient in the anteromedial nucleus. 

Growth of the anterior transitional promontory. The ap- 
pearance of the anterior transitional promontory, and its 
relation to other components of the thalamic neuroepithe- 
lium, is illustrated in short-siirvival radiograms from day 
El6 rats in sagittal (Fig. 14) aQd coronal (Fig. 15) sections. 
Sagittal sections show that the anterior transitional prom- 
ontory (atp in Fig. 14A,B) is a discrete bulbous structure 
situated rostral to the much larger intermediate thalamic 
neuroepithelial lobule (it). Coronal sections show that the 
germinal zone of the anterior transitional promontory ex- 
tends laterally along the transient medial horn of the lat- 
eral ventricle (lvm in Fig. 15A,B). The continuing expansion 
of the anterior transitional promontory in the rostral direc- 
tion on the subsequent days is illustrated in sequential 
radiograms from rats labeled on day El6 and killed on day 

El7 (Figs. 16A, 171, El8  (Figs. 16B, 18), and El9 (Figs. 16C, 
19). 

As the anterior transitional promontory grows, the differ- 
ent fates of the diencephalic and the nondiencephalic 
(foramina1 and telencephalic) components of the neuroepi- 
thelium become manifest. On day El6  (Fig. 15A, B), the 
differentiating zone surrounding the diencephalic compo- 
nent of the anterior transitional promontory (designated as 
at) is not obviously different from the differentiating zone 
surrounding the nondiencephalic components (atp). But be- 
ginning on day El7 and continuing through days El8  and 
E l 9  (Figs. 16-19), it becomes evident that whereas the 
diencephalic component is a source of migrating neurons 
that will form the anterior thalamus (discussed below) the 
nondiencephalic component has a different fate. In rats 
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Fig. 7. Time of origin of neurons (A) at the rostra1 (Ll in B) and caudal levels (L3 in B) of the anterodorsal 

nucleus. Arrows in B indicate lateral-to-medial and rostral-to-caudal neurogenetic gradients. 

labeled on day El6 and killed on day El7 (Figs. 16A, 171, 
labeled cells appear to be migrating perpendicularly from 
the nondiencephalic germinal zone of the anterior transi- 
tional promontory into a fibrous layer (arrows in Fig. 17B). 
In rats labeled on day El6 and killed on day El8 (Figs. 16B, 
181, these migrating elements form a thin band of spindle- 
shaped cells that are now oriented parallel to the surface of 
the anterior transitional promontory (arrow in Fig. 18A), as 
if migrating laterally along the fibers of the stria medul- 
laris (STM) and in the direction of the internal capsule (IC). 
In rats labeled on day El6 and killed on day El9 (Figs. 16C, 
19), most of the labeled migratory cells seem to have left 
the stria medullaris (asterisk in Figs. 16C, 19). We hypoth- 
esize on the basis of these observations that the germinal 
zone of the nondiencephalic component of the anterior tran- 
sitional promontory is not, strictly speaking, a neuroepithe- 
lium but a glioepithelium (ge? in Figs. 16B,C, 18, 19) and 
the cells that leave it constitute a glial migratory stream 
(gm? in Figs. 16B,C, 18) that moves laterally in the direc- 
tion of the internal capsule. 

First wave of neurons from the diencephalic 
neuroepithelium of the anterior 

transitional promontory 

In rats labeled on day El5 and killed on day El6 (Fig. 12), 
some unlabeled cells and a much higher proportion of la- 
beled cells (ATm) occupy the core of the anterior transi- 
tional promontory (at). But in rats labeled on day El6 and 
killed 2 hours later (Fig. 15), these cells are not labeled. We 
postulate that this unlabeled cell mass represents the ear- 
liest generated neurons destined for the different anterior 
thalamic nuclei and, accordingly, designate this region the 
anterior thalamic migratory stream (ATm in Fig. 15A,B). 
The growth of the anterior transitional promontory and its 
transformation into the anterior thalamic complex are il- 
lustrated in Figure 16 at low power in sequential thymidine 
radiograms from rat fetuses labeled on day E l 6  and killed 
at daily intervals thereafter. 

In the rat labeled on day El6 and killed on day El7 (Fig. 
16A), the anterior transitional promontory is still small and 
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Fig. 8. Hypothetical site of origin of the anterodorsal, anteroventral and lateral dorsal nuclei (AD, AV, LD) in 
a crescent-shaped neuroepithelium (ad, av, and Id). Small left arrows indicate neurogenetic gradients in the three 
nuclei, and large left arrows (opposite in direction to the neurogenetic gradient) the presumed paths of migration, 

its core is mostly occupied by unlabeled cells, those gener- 
ated on day El5 or earlier (ATm). In the rat labeled on day 
El6 and killed on day El8 (Fig. 16B), the formative anterior 
thalamus has greatly expanded and now the unlabeled cells 
have been displaced laterally (ATmJ The wave front of the 
labeled cells, those generated on day E16, have by now 
reached the midportion of the formative anterior thalamus 
(ATm2). This lateral displacement of the leading wave com- 
ponent of unlabeled cells and of the trailing wave compo- 
nent of labeled cells continues in rats labeled on day El6 
and killed on day El9 (ATml and ATmz in Fig. 16C). 

We tentatively identify the different components of the 
anterior thalamic neuroepithelial lobule and the migratory 
streams associated with them, at  higher magnification, in 
sequential thymidine radiograms from rats labeled on day 
El6 and killed at daily intervals thereafter (Figs. 17-19). In 
rats labeled on day El6 and killed on day El7 (Fig. 17), the 
thin and relatively uniform anterior thalamic neuroepithe- 
lium is flanked caudally (at in Fig. 17B) by several clusters 
of heavily labeled migrating cells that vary in shape and 
size in different coronal planes. We designate these clusters, 
from dorsal to ventral, as the migratory streams of the 
anterodorsal, anteroventral, and lateral dorsal nuclei (ADm, 
AVm, LDm), respectively, in line with the hypothesis pre- 
sented in Figure 8 and on the basis of the following obser- 
vations. 

In rats labeled on day El6 and killed on day El8 (Fig. 18), 
the heavily labeled dorsal migratory stream (composed of 
cells generated on day E16) is prominent rostrally (ADm in 
Fig. 18A) and is receding caudally (ADm in Fig. 18B). This 

migratory stream has a small unlabeled wave front, limited 
to rostral levels (upper horizontal arrow in Fig. 18A), com- 
posed of cells generated before day E16. We identify this 
relatively small dorsally situated migratory stream with 
its large labeled component as that of the anterodorsal 
nucleus in line with the quantitative evidence (Fig. 7) that 
only a small proportion of anterodorsal neurons are gener- 
ated on day El5 and peak production is on day E16. 

The intermediate migratory stream (AVm in Fig. 18A,B), 
appears to have three components rostrally: a lateral com- 
ponent composed of unlabeled cells (middle horizontal ar- 
row in Fig. 18A), a middle component composed of an 
admixture of lightly labeled and unlabeled cells, and a 
component of heavily labeled cells near the midline. More 
specifically, this intermediate migratory stream has an ear- 
lier generated rostral component (AVm in Fig. 18A), and a 
later generated caudal component (AMm in Fig. 18B). We 
tentatively assume that these two components represent 
the migratory streams of the earlier generated anteroven- 
tral nucleus and the later generated anteromedial nucleus 
(AV1, AVm, and AM in Fig. 6), both of which, as we postu- 
lated earlier, derive from the same neuroepithelial source. 
The identity of the small ventral migratory stream ros- 
trally is uncertain (? and bottom horizontal arrow in Fig. 
18A). 

The large ventral migratory stream caudally (bottom hor- 
izontal arrow in Fig. 18B) is assumed to be that of the 
lateral dorsal nucleus on the basis of the following features. 
(1) Ahead of this migratory stream there is an aggregate of 
mostly unlabeled, apparantly settling cells laterally (LD). 
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DAY OF ORIGIN 
Fig. 9. Time of origin of neurons in dorsal and ventral halves of the central part of the anterior paraventricular 

nucleus (summed data in A) at four anteroposterior levels (L1 is not illustrated in B). Small arrows in B indicate 
the midline; the large arrow indicates the ventral-to-dorsal gradient. 

(2) Within the large migratory stream, there is a relatively 
large, mostly unlabeled leading wave component and an 
admixture of unlabeled, lightly labeled, and heavily labeled 
trailing component. (3) The neuroepithelium is thinner than 
in other portions of the anterior thalamic lobule. These 
features best fit the lateral dorsal nucleus, which is the 
earliest generated anterior thalamic structure (with a peak 
of neuron production on day E15; Fig. 41, and has a com- 
bined dorsolateral-to-ventromedial (Fig. 41, and rostral-to- 

caudal (Fig. 5) neurogenetic gradient, suggesting a com- 
bined ventromedial (Fig. 8) and caudal origin. The compo- 
nents of the anterior thalamic neuroepithelium related to 
the three anterior thalamic migrations are distinguished 
as three discrete committed cell lines (atl, atz, and at3 in 
Fig. 18B) even though they are not demarcated as separate 
sublobules by recognizable inversions or eversions. 

In rats labeled on day El6 and killed on day El9 (Fig. 
19A,B) the early generated (mostly unlabeled) neurons of 
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Fig. 10. Time of origin of neurons in the dorsal and ventral halves of the lateral part of the anterior 
paraventricular nucleus (summed data in A) a t  four anteroposterior levels (L-L4 in B). Small arrows in B 
indicate the midline; the large arrow indicates the ventral-to-dorsal gradient. 

the anteroventral nucleus appear to be settling laterally Settling pattern of the first wave of (AV) and the wave front of heavily labeled cells (AVm) has 
advanced farther laterally. Trailing behind these labeled anterior thalamic neurons 
cells is a large population of lightly labeled cells (AMm). In rats labeled with 3H-thymidine on day El5 and killed 
The label dilution suggests that the latter are composed of on day E22, most of the neurons of the anterodorsal, antero- 
neurons generated late on day El6 or day E17. On the basis ventral, and anteromedial nuclei (AD, AV, and AM in I?ig. 
of evidence of the late production of neurons of anterome- 20) are labeled, except for a small proportion of cells far 
dial nucleus (AM in Fig. 61, this wave of lightly labeled laterally (those generated before day E15). Heavily labeled 
cells is identified as the anteromedial migratory stream cells (those generated early on day El51 are seen through- 
(AMm in Fig. 19A,B). out the anterodorsal nucleus and the dorsolateral portion 
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Fig. 11. Time of origin of neurons in the lateral and medial halves of the paratenial nucleus (summed data in 
A) at four anteroposterior levels (B). Arrow in B indicates the oblique lateral-to-medial gradient. 

of the anteroventral nucleus. In the ventromedial portion of lightly labeled cells. The neurogenetic gradients seen in 
of the anteroventral nucleus and the entire anteromedial both injection groups (days El5 and E16) on day E22 closely 
nucleus, the cells are lightly labeled (these are presumably resemble the quantitative pattern obtained on day P5 (Figs. 
generated late on day El6 or on day E17). In rats labeled 4, 6, 7), indicating that the neurogenetic gradient is estab- 
on day El6 and killed on day E22 (Fig. 21), relatively few lished before birth. 
labeled cells are seen in the lateral dorsal nucleus (LD) and Second wave of anterior thalamic neurons: 

The rostra1 midline nuclei these are concentrated ventromedially. A large portion of 
the dorsolateral component of the anteroventral nucleus 
(AV) is composed of unlabeled cells (those generated before The two latest produced structures in the anterior pole of 
day E 161, whereas the more medially situated components the thalamus are the anterior paraventricular nucleus 
of the nucleus have a high proportion of heavily labeled (Figs. 9,lO) and the paratenial nucleus (Fig. 11). Peak pro- 
cells. The bulk of the anteromedial nucleus is still made up duction of neurons in both nuclei is on day El7 with a small 
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Fig. 12. Coronal radiograms, from rostra1 (A) to caudal (B), of the supe- 
rior suhlobules (51) and the anterior transitional promontory [atp) from a rat 
labeled on day El5  and killed 24 hours later. Open circles indicate neuro- 

proportion of cells generated on day E18. In rats labeled on 
day El7 and killed 2 hours later two clusters of heavily 
labeled cells are seen in the diencephalic wall of the former 
anterior transitional promontory beneath the foramen of 
Monro (Figs. 22A, 23A); we designate the dorsal patch as 
the putative cell line of the anterior thalamic paraventric- 
ular nucleus (pva) and the ventral patch as the putative cell 
line of the paratenial nucleus (pt). Beneath these two clus- 
ters of labeled cells, three less distinct thickenings of the 
ventricular lining, composed predominantly of unlabeled 
cells, are seen (Fig. 23A). The upper two of these thicken- 
ings that contain some heavily labeled cells may be the 
dissolving neuroepithelia of the anterodorsal (ad?) and an- 
teroventral (including anteromedial) nuclei (av?), which re- 
ceive a small proportion of neurons generated on day El7 
(Figs. 6, 7); the lower thickening adjacent to the sulcus 
limitans (1s) may be the dissolving neuroepithelium of the 
lateral dorsal nucleus (Id in brackets) which does not con- 
tain neurons generated on day El7 (Figs. 4,5). 

epithelial eversions, and closed circles inversions, into the third ventricle. 
Broken lines indicate the boundaries of the anterior transitional promon- 
tory. Paraffin. Scale: 200 pm. 

The fate of the labeled cells generated on day El7 antero- 
dorsally beneath the foramen of Monro can be followed in 
rats tagged with 3H-thymidine on day El7 and killed on 
days El9  (Figs. 22B, 23B), E20 (Fig. 22C), E21 (Figs. 22D, 
24A), and E22 (Fig. 24B). On the basis of the location of the 
labeled cells, we have tentatively identified on day El9 the 
migratory streams of the central and lateral subnuclei of 
the paraventricular nucleus and of the paratenial nucleus 
(PVAcm, PVAlm, and PTm in Fig. 23B). The lateral disper- 
sion of the mostly heavily labeled cells appears to be com- 
pleted by day E20 and, again on the basis of their locations, 
we have distinguished in perinatal rats the two subnuclei 
of the paraventricular nucleus and the paratenial nucleus 
(PVAc, PVAl, and PT in Figs. 22C,D, 24A,B). We were not 
able to identify in these prenatal animals the neurogenetic 
gradients that we have observed on day P5 (Figs. 9-11). 
Possibly this region becomes reorganized in the neonate as 
the third ventricle disappears and the central subnucleus 
of the paraventricular nucleus comes to occupy the midline. 
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Fig. 13. Coronal radiograms of the anterior region of the thalamus, from 
rostra1 to caudal, from a rat labeled on day El5 and killed on day 17 (A-C), 
and from a rat labeled on day El5  and killed on day El8 (D-F). The superior 
sublobules (sl) have shrunken greatly by day El7 and are either no longer 

visible (asterisks in  D and El, or very small (F) by day E18. The anterior 
transitional promontory (atp) and its medial component, the anterior tha- 
lamic lobule (at), are concurrently expanding. Paraffin. Scale: 220 pm. 

A few labeled cells are present in the putative neuroepi- of neurons of these nuclei generated on day El8 (Figs. 9- 
thelial patches of the paraventricular and paratenial nuclei 11). The labeled cells are dispersed throughout the paraven- 
in rats labeled on day El8 and killed 2 hours later (pva and tricular and paratenial nuclei without any indication of a 
pt in Fig. 25A). These may represent the small proportion neurogenetic gradient. 
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Fig. 14. Sagittal radiograms, from medial (A) to lateral (B), from a rat labeled on day El6 and killed 2 hours 
later. Broken lines separate the surface plate (sp) and base plate bp) of the neuroepithelium. Paraffin. Scale: 
300 pm. 
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Fig. 15. Coronal radiograms of the anterior region of the thalamus, from rostra1 (A) to caudal (B), from a rat 
labeled on day El6 and killed 2 hours later. Paraffin. Scale: 200 gm. 

dients within these structures. The purpose of the quanti- DISCUSSION 
This study confirms our earlier dating of the time of tative determination of neurogenetic gradients between and 

origin of neurons of the lateral dorsal (lateral anterior), within these nuclei was to use the settling patterns of 
anteroventral, anterodorsal, anteromedial, anterior para- neurons as “directional arrows” of the likely migratory 
ventricular, and paratenial nuclei (Figs. 6, 10 of Altman routes and neuroepithelial sources of the neurons of differ- 
and Bayer, ’79), and extends that finding by providing ent nuclei. The neurogenetic gradients obtained suggested 
details of internuclear and intranuclear neurogenetic gra- that the early generated nuclei of the anterior region of the 
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Fig. 16. Coronal radiograms of the anterior region of the thalamus from rats labeled on day El6 and killed on 
day 17 (A), day El8 (B), and day El9 (C). Two principal migratory components of the anterior thalamus are 
distinguished by subscripts (ATml , ATmZ 1. Paraffin. Scale: 200 pm. 

thalamus-the anterodorsal, anteroventral, and lateral dor- 
sal nuclei-originate from a crescent-shaped neuroepithe- 
lium in a dorsoventral sequence (Fig. 8). This led us to 
examine in detail the embryonic development of compo- 
nents of the anterior transitional promontory. 

In the preceding paper we described in young rat embryos 
three derivatives of the rostra1 lobe of the thalamus, the 
reticular lobule, the anterior lobule, and the superior sub- 
lobules (summarized in Fig. 24 in Altman and Bayer, '88a). 
Insofar as the reticular lobule is the source of neurons of 
the reticular thalamus (Altman and Bayer, '88b), the two 
possible sources of the anterior thalamic nuclei are the 
superior sublobules and the anterior lobule. Our proposal 

in the preceding paper that the superior sublobules sur- 
rounded by large fiber tracts are sources of glial cells rather 
than neurons obtained support in the present study. We 
noted that the entire cone-shaped region above the foramen 
of Monro in which the superior sublobules are embedded 
gradually disappears between days El6 and El8 (Figs. 12, 
13) and that the vacated space is occupied by the rostrally 
expanding anterior transitional promontory. Detailed ex- 
amination of the anterior transitional promontory indi- 
cated that its nondienecephalic (foramina1 and telen- 
cephalic) component is a source of glial cells rather than 
neurons. These cells invade the underlying fibrous matrix 
and then disappear in the direction of the internal capsule 
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Fig. 17. Coronal radiograms of the anterior transitional promontory (atp), 
from rostra1 (A) to caudal (B), from a rat  labeled on day El6  and killed on 
day E17. Broken lines in B outline three clusters of labeled cells leaving the 
anterior thalamic neuroepithelium (at), the presumed migratory streams of 

the anterodorsal (ADm), anteroventral (AVm), and laterodorsal (LDm) nu- 
clei. Arrows on the left side in B indicate the apparent migration of cells 
from the nondiencephalic component of the germinal layer into an indistinct 
fibrous zone. Paraffin. Scale: 100 pm. 

(Figs. 16-19). Thus we were left with the crescent-shaped tory streams could be traced from the anterior thalamic 
neuroepithelium of the diencephalic component of the an- lobe laterally. The dorsal migratory stream contained a 
terior transitional promontory as the only possible source high proportion of labeled cells and a small proportion of 
of neurons of anterior thalamic nuclei. We designated this unlabeled cells; the reverse held for the ventral migratory 
region as the anterior thalamic lobe. stream. The middle migratory stream differed from the two 

In rats labeled on day El6 and killed on day El7 (Figs. by its large size and the continuing outflow of neurons 
16A, 17B) and day El8  (Fig. 18A,B), three distinct migra- through day El9  (Fig. 19). By comparing these patterns 
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Fig. 18. Coronal radiograms of the anterior transitional promontory, 
from rostra1 (A) to caudal (B), from a rat  labeled on day El6  and killed on 
day E18. Upper arrow in A indicates the presumed migration of glial 
precursor cells in the direction of the internal capsule (IC). Other arrows 

indicate unlabeled and labeled migratory wave components presumably 
composed of young neurons destined to form different anterior thalamic 
nuclei. Paraffin. Scale: 100 pm. 

with the time of origin of neurons of the three early gener- 
ated anterior thalamic nuclei (Figs. 4, 6, 71, we identified 
the three migratory streams, from dorsal to ventral, in line 
with the hypothesis illustrated in Figure 8, as those of the 
anterodorsal, anteroventral, and lateral dorsal nuclei. The 
later generated anteromedial nucleus seems to arise from 
the same source as the anteroventral nucleus (Fig. 19A,B). 
This is in line with the quantitative evidence that the two 
represent a single cytogenetic sector (Fig. 6). If these iden- 

tifications are correct, it follows that in contrast to the 
putative neuroepithelial sources of most of the other early 
generated thalamic nuclei, the anterior thalamic nuclei do 
not derive from true “sublobules” but from a continuous 
sheet covering the medial surface of the anterior transi- 
tional promontory. After the outflow of the anterior tha- 
lamic nuclei by day E17, this neuroepithelial sheet is greatly 
reduced in thickness with the exception of two dol-sal 
patches. The latter have been identified as the putative cell 
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Fig. 19. Coronal radiograms of the anterior transitional promontory, from rostra1 (A) to caudal (B), from a rat 
labeled on day El6 and killed on day E19. Asterisks point to cell depletion in the stria medullaris (STM). Paraffin. 
Scale: 100 cLm. 

lines of the anterior paraventricular and paratenial neu- connectivities, the anterior paraventricular and paratenial 
rons (Figs. 22-24), which are generated predominantly on nuclei may also qualify as part of this system. Our present 
day El7 (Figs. 9-11). observations indicate that this discrete thalamic system 

We noted in the introduction that the anterior thalamic derives from a distinct germinal source, the diencephalic 
nuclei, including the lateral dorsal (lateral anterior) nu- component of the anterior transitional promontory, or an- 
cleus, constitute a single functional system, sometimes de- terior thalamic lobe. 
scribed as the “limbic thalamus.” In terms of their 
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Fig. 21. Coronal radiogram of the region of the anterior thalamic nuclei from a rat labeled on day E l6  and killed on day E22 Paraffin. Scale: 100 fim. 
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Fig. 22. Coronal radiograms of the anterior region of the thalamus from rats labeled on day El7 and killed 
two hours later (A), on day El9 (B), E20 (C), and E21 (D). Paraffin. Scale: 200 pm. 
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Fig. 23. Coronel radiograms of the midline anterior thalamic region from rats labeled on day El7 and killed 2 
hours later (A) and on day El9 (B). Paraffin. Scale: 100 pm. 
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killed 2 hours later. B. Coronal radiogram of the midline anterior thalamic region from a rat labeled on day El8 
and killed on day E22. Paraffin. Scales: A, 200 pm; B, 100 pm. 



THALAMIC DEVELOPMENT: 11. 

Domesick, V.B. (1972) Thalamic relationships of the medial cortex in  the 
rat. Brain, Behav. Evol. 6:457-483. 

Fernandez, V. (1969) An autoradiographic study of the development of the 
anterior thalamic group and limbic cortex in the rabbit. J. Comp. Neu- 
rol. 136t423-452. 

Fry, J.F., and W.M. Cowan (1972) A study of retrograde cell degeneration in 
the lateral mammillary nucleus of the cat with special reference to the 
role of axonal branching in the preservation of the cell. J. Comp. Neurol. 
144t1-24. 

Guillery, R.W. (1956) Degeneration in the postcommissural fornix and the 
mammillary peduncle of the rat. J. Anat. CLond.) 90t350-370. 

Guillery, R.W. (1957) Degeneration in the hypothalamic connexions of the 
albino rat. J. Anat. (Lond.) 92191-115. 

Gurdjian, E.S. (1927) The diencephalon of the albino rat. J. Comp. Neurol. 
43t1-114. 

Jacobowitz, D.M., and M. Palkovits (1974) Topographic atlas of catechol- 
amine and acetylcholinesterase-containing neurons in the rat brain. I. 
Forebrain (telencephalon, diencephalon). J. Comp. Neurol. 157t13-28. 

Jayaraman, A. (1985) Organization of thalamic projections in the nucleus 
accumbens and the caudate nucleus in cats and its relation with hippo- 
campal and other subcortical afferents. J Comp. Neurol. 231:396-420. 

Kaitz, S.S., and R.T. Robertson (1981) Thalamic connections with limbic 
cortex. 11. Corticothalamic projections, J. Comp. Neurol. 195:527-545. 

Krayniak, P.F., A. Siegel, R.C. Meibach, D. Fruchtman, and M. Scrimenti 
(1979) Origin of the fornix system in the squirrel monkey. Brain Res. 
160t401-411. 

Krettek, J.E., and J.L. Price (1977) The cortical projections of the mediodor- 
sal nucleus and adjacent thalamic nuclei in the rat. J. Comp. Neurol. 
171t157-191. 

Krieg, W.J.S. (1948) A reconstruction of the diencephalic nuclei of macacus 
rhesus. J. Comp. Neurol. 88:l-51. 

Locke, S., J.B. Angevine, and P.I. Yakovlev (1964) Limbic nuclei of thalamus 
and connections of limbic cortex. VI. Thalamocortical projection of lat- 
eral dorsal nucleus in  cat and monkey. J. Comp. Neurol. 21-12, 

McAllister, J.P., and G.D. Das (1977) Neurogenesis in  the epithalamus, 
dorsal thalamus and ventral thalamus of the rat: An autoradiographic 
and cytological study, J. Comp. Neurol. 172647-686. 

Nauta, W.J.H. (1956) An experimental study of the fornix system in the rat. 
J. Comp. Neurol. 104t247-271. 

405 

Nauta, W.J.H., G. P. Smith, R.L.M. Faull, and V.B. Domesick (1978) Effer- 
ent connections and nigral afferents of the nucleus accumbens septi in 
the rat. Neuroscience 3:385-401. 

Papez, J.W. (1937) A proposed mechanism of emotion. Arch. Neurol. Psy- 
chiat. 38r725-743. 

Powell, T.P.S., and W. M. Cowan (1954) The connexions of the midline and 
intralaminar nuclei of the thalamus of the rat. J. Anat. 88r307-319. 

Rioch, D. M. (1929) Studies on the diencephalon of Carnivora. I. The nuclear 
configuration of the thalamus, epithalamus, and hypothalamus in the 
dog and cat. J. Comp. Neurol. 49t1-120. 

Robertson, R.T., and S.S. Kaitz (1981) Thalamic connections with the limbic 
cortex. I. Thalamocortical projections. J. Comp. Neurol. 195t501-525. 

Robertson R.T., S.M. Thompson, and S.S. Kaitz (1983) Projections from the 
pretectal complex to the thalamic lateral dorsal nucleus of the cat. Exp. 
Brain Res. 51t157-171. 

Ryszka, A,, and M Heger (1979) Afferent connections of the laterodorsal 
thalamic nucleus in  the rat. Neurosci. Lett. 15:61-64. 

Segal, M. (1977) Supersensitivity of hippocampal neurons to acidic amino 
acids in decommissurized rats. Brain Res. 119r476-479. 

Seki, M., and K. Zyo (1984) Anterior thalamic afferents from the mammil- 
lary body and the limbic cortex in the rat. J. Comp. Neurol. 229t242- 
256. 

Shute, C.C.D., and P. R. Lewis (1967) The ascending cholinergic reticular 
system: Neocortical, olfactory and subcortical projections. Brain 90t497- 
520. 

Swanson, L. W., and W. M. Cowan (1975) Hippocampo-hypothalamic connec- 
tions: Origin in subicular cortex, not in  Ammon's horn. Science 289:303- 
304. 

Swanson, L.W., and W.M. Cowan (1977) An autoradiographic study of the 
organization of the efferent connections of the hippocampal formation 
in the rat. J. Comp. Neurol. 172:49-84. 

Valenstein, E.S., and W.J.H. Nauta (1959) A comparison of the distribution 
of the fornix system in the rat, guinea pig, cat, and monkey. J. Comp. 
Neurol. 113t337-363. 

Wyss, J.M., L.W. Swanson, and W.M. Cowan (1979) Evidence for an input 
to the molecular layer and the stratum granulosum of the dentate gyrus 
from the supramammillary region of the hypothalamus. Anat. Embryol. 
156t165-176. 

Yamadori, T. (1973) An experimental anatomical study of the fasciculus 
mammillothalamicus in rats. 3. Hirnforsch. 6:457-467. 


