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Development of the Brain Stem in the Rat. 
IV. Thymidine-Radiographic Study of the Time 
of Origin of Neurons in the Pontine Region 

JOSEPH ALTMAN AND SHIRLEY A. BAYER 
Laboratory of Developmental Neurobiology, Department of Biological Sciences, 
Purdue Uniuersity, West Lafayette, Indiana 47907 

ABSTRACT Groups of pregnant rats were injected with two successive daily 
doses of 3H-thymidine from gestational day 12 and 13 (E12+ 13) until the day before 
parturition (E21+22) in order to  label in their embryos the proliferating precursors 
of neurons. At 60 days of age the proportion of neurons generated (or no longer 
labeled) on specific embryonic days was determined quantitatively in 14 nuclei of 
the pontine region. Peak production time of neurons of the trigeminal mesence- 
phalic nucleus was on day E l l  or earlier, with a small proportion generated on day 
E12. Peak production time of the trigeminal motor neurons was on day E12, with a 
small proportion produced earlier. Neurons of the principal sensory nucleus were 
generated between days E l 3  and E16, with a peak on day E14; the late-produced 
neurons tended to belong to a class of intermediate and large cells. The bulk of the 
neurons of the supratrigeminal and infratrigeminal nuclei arose on days E 15 and 
E16. 

Neurons of the locus coeruleus are produced mostly on day E12, with about 20% 
of the cells arising on day E13. The bulk of the neurons of the dorsal tegmental 
nucleus (Gudden’s) are produced between days E l 3  and E15, whereas most of the 
neurons of the deep (ventral) tegmental nucleus are produced on day E15. A 
dorsal-to-caudal gradient was also obtained between the dorsal and ventral nuclei 
of the lateral lemniscus, the neurons of the former being generated between days 
El2  and E15; the latter, between days E l 3  and E17. The neurons of both the pars 
lateralis and the pars medialis of the parabrachial nucleus were produced simul- 
taneously between days E l 3  apd E15, with a peak on day E13. The heterogeneous 
collection of neurons of the pontine paramedial reticular formation was produced 
from day E l l  (or earlier) until day E15. Finally, the neurons of the raphe pontis 
parvicellularis were generated at  an even rate between days E 13 and E15, whereas 
the bulk of the neurons of the raphe pontis magnocellularis were produced on days 
El5  and E16. 

On the basis of datings obtained for 9 subdivisions of the entire brain stem 
trigeminal complex, hypotheses were offered of the cytogenetic components of the 
system. The sequence of neuron production in the dorsal and deep tegmental nuclei 
was related to their connections with divisions of the mammillary and habenular 
nuclei on a “first come-first serve” basis. 

A quantitative account of the time of origin of 
neurons of the major nuclei of the lower and 
upper medulla was given in the preceding pa- 
papers of this series (Altman and Bayer, ’80a,b, 
c). The present paper deals with the pontine 
region, which is delineated by two imaginary 
perpendicular lines drawn to the dorsal surface 
of the brain stem from the caudal and the ros- 
tral boundaries of the pontine gray nuclei (see 

Fig. 15; Altman and Bayer, ’80a: Fig. 1). In the 
pontine region we have examined several com- 
ponents of the rostralmost aspect of the trigem- 
inal complex: the mesencephalic, the motor and 
the principal sensory nuclei; and two additional 
structures that may be parts of this system, the 
supratrigeminal and infratrigeminal nuclei. 
Among other structures investigated were the 
neurons of the locus coeruleus; the dorsal and 
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nucleus ambiguus 
caudal 
cerebellum 
central gray 
anteroventral cochlear nucleus 
dorsal medullopontine fissure 
locus coemleus 
dorsal nucleus of lateral lemniscus 
lateral habenular nucleus 
lateral lemniscus 
lateral mammillary nucleus 
ventral nucleus of lateral lemniscus 
medial habenular nucleus 
medial mammillary nucleus 
nucleus reticularis tegmenti pontis 
parabrachial nucleus, pars lateralis 
parabrachial nucleus, pars medialis 
pontine gray nuclei 
pontine reticular formation 
rostral 
raphe magnus 
raphe pontis magnocellularis 
raphe pontis parvicellularis 

SA 
so 
so1 
TD 
TRm 
Tv 
v4 
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Vcm 

vcz 

Vin 
Vm 
VM 
Vn 
vo 
VPr 
vsu 
VII 
VIIIi 

superior salivatory nucleus 
superior olive 
lateral superior olivary nucleus 
dorsal tegmental nucleus (Gudden's) 
medial trapezoid nucleus 
deep tegmental nucleus (Gudden's) 
fourth ventricle 
caudal trigeminal nucleus, subnucleus 

gelatinosus 
caudal trigeminal nucleus, subnucleus 

magnocellularis 
caudal trigeminal nucleus, subnucleus 

zonalis (marginalis) 
infratrigeminal nucleus 
mesencephalic trigeminal nucleus 
motor trigeminal nucleus 
trigeminal nerve (radix) 
nucleus oralis of trigeminal 
principal sensory nucleus of trigeminal 
supratrigeminal nucleus 
facial nucleus 
inferior vestibular nucleus 

deep tegmental nuclei of Gudden; two raphe 
nuclei; the parabrachial nuclei; and the nuclei 
of the lateral lemniscus. Cytogenesis in the 
pontine nuclei and the nucleus reticularis teg- 
menti pontis were described previously in a 
paper dealing with the precerebellar nuclei 
(Altman and Bayer, '78a). To our knowledge 
there has been no previous comprehensive 
quantitative study made of cytogenesis in this 
region in the rat. Taber Pierce ('73) has pub- 
lished a concise summary of quasi-quantitative 
dates of neuron production in the mouse brain 
stem, and Lauder and Bloom ('74) have 
presented data on the time of origin of neurons 
of the locus coeruleus and the raphe nuclei in 
the rat. 

MATERIALS AND METHODS 

The thymidine-radiographic material used 
in this study was identical to that used in the 
preceding investigations of the brain stem 
(Altman and Bayer, '80a,b,c). The proportion of 
labeled cells was quantified in 14 structures of 
the pontine region in 6 animals each of all rele- 
vant injection groups from days E12+13 to 
days E21+22. The method and rationale of the 
progressively delayed comprehensive labeling 
procedure used in these studies to estimate the 
proportion of neurons produced (ceasing to di- 
vide) on a particular day were presented in the 
first paper of the series (Altman and Bayer, 
'80a), together with a description and justifica- 
tion of the statistical test used (Conover's sign 
test) to evaluate the results. 

RESULTS 

Summary quantitative data 
The locations of the components of the pon- 

tine region that were evaluated quantitatively 
are indicated schematically in 2 coronal planes 
(Figs. 1A-B). The estimated "birth dates" of 
cells in 14 structures are presented in Figures 
1C-D and 2A-D. Details of the results and the 
relevant statistics are given below together 
with qualitative observations. 

The rostral components of the 
trigeminal complex 

Mesencephalic nucleus of the trigeminal 
The mesencephalic nucleus of the trigeminal 

nerve is a collection of large neurons along the wall 
of the central gray extending from the level of the 
pons, caudally, to  the superior colliculus, rostrally. 
Its neurons are typical primary sensory cells, simi- 
lar to those in the dorsal root and cranial root 
ganglia, and they are believed to be derived, unlike 
other neurons of the central nervous system, from 
the neural cre,st (Johnston, '09; Piatt, '45; Rogers 
and Cowan, '73; Narayanan and Narayanan, '78). 
Peripherally, these neurons are related to proprio- 
ceptors of the muscles of mastication (Corbin and 
Harrison, '40; Jerge, '63) and the dental supporting 
tissues (Gabrawi and Tarkhan, '67). Central con- 
nections exist with the motor nucleus of the 
trigeminal, and hypoglossal nucleus, and possibly 
other motor nuclei (Darian-Smith, '73; Panneton 
and Martin, '79). 

Over 8@0 of the large neurons of the mesen- 
cephalic trigeminal nucleus were not labeled in 
the group injected on days E12+13 (Fig. 1C). 
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Fig. 1. Schematic illustration of the rostra1 (A) and caudal (B) portion of the pontine region, with the time of origin of 
neurons in the trigeminal nuclei of this region (C) and in the raphe and reticular nuclei (D). 

The few large labeled cells (Fig. 3A) tended to 
be situated close to the midline; but this lat- 
eral-to-medial gradient was not consistent. It is 
concluded that the bulk of the mesencephalic 
trigeminal large neurons arise on day E l l  or 
earlier. (The precise date will be determined 
when earlier injection groups will be avail- 
able.) However, the majority of the small 
neurons of this region were labeled in animals 

injected on days E 12 + 13 (Fig. 3A) and E l 3  + 14 
(Fig. 3B). 

The motor nucleus of the trigeminal 
Composed of typical motor neurons, the motor 

nucleus of the trigeminal is situated medial to the 
principal sensory nucleus of the trigeminal nerve. 
The trigeminal motor fibers join the mandibular 
nerve and innervate the masticatory muscles: the 
masseter, temporalis and pterygoid. Some fibers 
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Fig. 2. Time of origin of neurons in 7 additional nuclei of 
the pontine region. 

are also supplied to the tensor tympani, the tensor 
palati and parts of the digastric muscle (Brodal, 
'69). There are several cell clusters in the nucleus, 
and these have been related to particular muscles 
(Szentagothai, '49; Mizuno et al., '75). 

The majority of neurons of the motor nucleus 
of the trigeminal were labeled in the E12+13 
injection group (Fig. 4). The slightly over 20% 

of the cells that were not labeled were gen- 
erated on day E 11 or earlier (Fig. 1C). A gra- 
dient in cell labeling was not evident. In the 
E13+14 group the large motor neurons of this 
nucleus were no longer labeled; hence it was 
concluded that the motor neurons of the trigem- 
inal nerve arise predominantly on day El2 
(Fig. lC), significantly (P < 0.0313) after the 
production of the neurons of the mesencephalic 
nucleus. 

The principal sensory nucleus of 
the trigeminal 

The nuclei caudalis, interpolaris and oralis of 
the trigeminal complex were described in the pre- 
ceding papers (Altman and Bayer, '80a,b). The 
principal nucleus of the trigeminal is the rostra1 
continuation of the nucleus oralis. It has been de- 
scribed as being comparatively small in the rat 
relative t o  higher mammals (Torvik, '56). It is 
composed of densely packed small and interme- 
diate cells, with some scattered large neurons 
(Figs. 5 7 ) .  The synaptic organization of the nu- 
cleus (Gobel and Dubner, '69) is similar to that 
found in the dorsal column nuclei (Walberg, '66). 
The cells project to the contralateral ventrobasal 
complex of the thalamus (Darian-Smith, '73; 
Fukushima and Kerr, '79). If a t  all present, projec- 
tion to the cerebellum is limited (Karamanlidis, 
'68; Ikeda, '79). On the basis of clinical evidence 
(Sjiiqvist, '38; White and Sweet, '691, it has been 
postulated that the neurons of the principal nu- 
celus mediate innocuous tactile sensibility. How- 
ever, recently obtained physiological studies seem 
to indicate the presence of units that also signal 
noxious stimulation (Sessle and Greenwood, '76; 
Nord and Young, '79). 

One-fourth of the cells of the principal nu- 
cleus were generated on day E13, and peak 
formation time was on day El4 (Fig. 1C). The 
cells that were generated on day El3 included 
neurons of all sizes. In the E15+ 16 group ( Fig. 
5 )  a high proportion of the labeled cells were 
large ones; the typical small cells of the nucleus 
were mostly no longer labeled (Fig. 6). The few 
cells that were still labeled in the E16+ 17 ani- 
mals tended to be of intermediate and large size 
(Fig. 7). The generation time of neurons of the 
principal sensory nucleus was extended and 
differed significantly (P < 0.0001) from that of 
the motor nucleus of the trigeminal. 

The supratrigeminal and 
infratrigeminal nuclei 

Torvik ('56, '57) described the supratrigeminal 
nucleus as a collection of cells intercalated dorsally 
between the principal sensory and motor trigem- 
inal nuclei (Fig. 8). A similar group of cells is 
designated by Taber ('61) as the intertrigeminal 
nucleus. Mizuno et al. ('78) designated the supra- 
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Fig. 3. Portion of the mesencephalic nucleus of the trigeminal in animals injected on days E12+13 (A) and E13+14 (B). 
Scale: 50 pm. 
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Fig. 5. Principal sensory nucleus of the trigeminal from a rat injected on days E15+ 16 (sagittal section). Note some of the 
large labeled neurons. Scale: 100 pm. 
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Fig. 6. Principal sensory nucleus of the trigeminal. Coronal section from a rat injected on days E 15+ 16. Note the cluster of 
small unlabeled neurons and many of the labeled large neurons. Scale: 50 pm. 

trigeminal region as a reticular area capping the 
motor trigeminal nucleus dorsally and rostrodor- 
sally, and the intertrigeminal region as a narrow 
reticular area interposed between the motor and 
principal sensory trigeminal nuclei. Using the 
horseradish peroxidase technique and electron mi- 
croscopic tracing, Mizuno et al. (‘78) obtained evi- 
dence of commissural projections from these re- 
gions to the motor nucleus of the trigeminal nerve. 

Lorente de NO (quoted from Berman, ’68, p. 33) 
distinguished in the mouse between the supratri- 
geminal nucleus, which appears to be identical to 
the nucleus discussed so far, and another nu- 

cleus-he called it intertrigeminal nucleus- 
which was described as being situated ventrolat- 
era1 to the motor nucleus of the trigeminal. The 
latter nucleus is  probably identical to what 
Wunscher et al. (’65: Fig. 31a) designate as “Zell- 
gruppe a,” This nucleus was conspicuous in our 
autoradiograms (Fig. 91, being composed of cells of 
all sizes, mostly between and around the fibers of 
the trigeminal nerve. They could be traced as far as  
the ventral aspect of the brain. We shall refer to 
the latter as the infratrigeminal nucleus (Fig. 9). 

The neurons of the supratrigeminal nucleus 
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were made conspicuous in autoradiograms of 
rats injected on days E15+16 (Fig. 8) by the 
labeling of many of its cells. The neurons 
ranged from small to large, some approximat- 
ing the size of the neurons of the motor nucleus. 
The cells formed an irregular band stretching 
from the vicinity of the mesencephalic nucleus 
of the trigeminal to the proximity of the an- 
teroventral cochlear nucleus. A few of the 
neurons, including the largest, were still la- 
beled in the E16+ 17 animals. 

The infratrigeminal nucleus, like the supra- 
trigeminal nucleus, is composed of cells of all 
sizes, most ofwhich were labeled in the animals 
injected on days E15+16. A high proportion of 
the cells, about 40% (Fig. lC), could still be 
labeled in the E16+ 17 group (Fig. 9), including 
some of the largest ones. The generation of 
these neurons occurred significantly later than 
the motor nucleus (P < 0.001) or the principal 
nucleus (P < 0.0015) of the trigeminal com- 
plex. 

In summary, there is a sequential order in 
the production of neurons in the rostra1 exten- 
sion of the trigeminal complex: the mesen- 
cephalic nucleus neurons arise first, followed 
by the motor and then the principal sensory 
neurons, and ending with the neurons of the 
supra- and infratrigeminal nuclei. 

The nucleus locus coeruleus 
The nucleus locus coeruleus was originally 

thought to be a part of the trigeminal nuclear com- 
plex (Russell, '55). Then Dahlstrom and Fuxe ('64), 
using the Falck-Hillarp histofluorescence tech- 
nique, showed that, in the rat, the locus coeruleus 
is rich in  catecholamines and that i ts  cate- 
cholamine-containing fibers are  distributed 
widely throughout the brain. Subsequent studies 
utilizing a variety of techniques and different 
species further delineated this presumed adrener- 
gic pathway (Loizou, '69; Ungerstedt, '7 1; Olson 
and h e ,  '71; Jones and Moore, '74; Pickel e t  al., 
'74; Lindvall and Bjorklund, '74; Swanson and 
Hartman, '75; McBride and Sutin, '76; Jones et  al., 
'77; Nygren and Olson, '77; Bowden et  al., '78). The 
efferents of the locus coeruleus are grouped into 
several pathways. The descending pathway 
reaches the lower brain stem nuclei and the spinal 
cord. The lateral pathway is distributed through- 
out the cerebellum. The largest of them, the as- 
cending pathway, has several branches. These 
have been traced, with a larger ipsilateral than 
contralateral component, to the midbrain tectum 
and tegmentum, various nuclei of the thalamus 
and hypothalamus, the hippocampus, various 
basal forebrain structures, and the neocortex. 

Not only the output but also the input to the 
locus coeruleus is quite widespread. Afferent sup- 
ply has been described from the marginal zone of 

913 

Fig. 7. Labeled neurons in the principal sensory nucleus 
of the trigeminal in a rat injected on days El6  + 17. Scale: 50 
Pm. 

the dorsal horn of the spinal cord; from the raphe 
nuclei, the reticular nuclei and the central gray of 
the brain stem; and from various regions of the 
basal telencephalon and the hypothalamus (Sakai 
e t  al., '77; Cedarbaum and Aghajanian, '78; and 
others). 

In the animals injected on days E l 2  + 13 
95% of the cells of the locus coeruleus (Fig. 10A) 
were labeled. In animals injected on days E l 3  + 
14 only 19% of the cells could be labeled (Fig. 
2A). In the latter group the labeled cells tended 
to be situated dorsomedially, close to  the ven- 
tricle. This suggests a lateroventral-to- 
dorsomedial cytogenetic gradient. In some 
animals injected on days E l 4  + 15 a rare 
labeled neuron could be found in various po- 
sitions (Fig. 10B). The neurons of the locus 
coeruleus are generated significantly later 
than the neurons of the mesencephalic nucleus 
(P < 0.0005) or motor nucleus (P < 0.0005) of 
the trigeminal complex. 

The tegmental nuclei of Gudden 
The dorsal tegmental nucleus 

The dorsal tegmental nucleus of Gudden (Fig. 
11) consists of at least two parts, the compact pars 
centralis and the more diffuse pericentral division 
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Fig. 8. A. Location of the supratrigeminal nucleus in coronal section from a rat injected on days E15+ 16. The nucleus (in 
rectangle) is shown at higher magnification in B. Scales: A, 200 pm; B, 500 pm. 
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Fig. 10. Neurons of the locus coeruleus from a rat injected on days E12+13 (A) and E14+15 (B). Scale: 50 pm. 

(Berman, ’68). The nucleus is a source of fibers of the 
mammillary peduncle (Akert and Andy, ’55;  Guil- 
lery, ’56; Morest, ’61; Cowan et al., ’64). According to 
Morest (’61), fibers from the pars centralis terminate 
in the medial mammillary nucleus, whereas those 
from what he designates the pars ventromedialis end 
in the lateral mammillary nucleus. A more recent 
study (Briggs and Kaelber, ’71) describes an ipsilat- 
era1 projection to the lateral mammillary nucleus 
and a contralateral projection to parts of the medial 
mammillary nucleus. Afferents to the dorsal tegmen- 
tal nucleus have been described (Akagi and Powell, 
’68) from the habenular nuclei by way of the 
habenulopeduncular tract, or more specifically from 
the lateral habenular nucleus (Smaha and Kaelber, 
’73). However, according to Herkenham and Nauta 
(’791, the fibers from the lateral habenular nucleus in 
the rat “encapsulate” rather than “pervade” (p. 25) 
both the dorsal and the deep tegmental nuclei. 

In the E13+14 group all the neurons of the 
pars centralis of the dorsal tegmental nucleus 
were labeled; the dorsally situated cells heav- 
ily, the ventrally situated cells lightly. In the 
E14+15 rats (Fig. 11) a small proportion of the 
cells were no longer labeled; the unlabeled cells 
tended to be of small size (Fig. 12A). In the 
E15+16 injection group most of the dorsally 
located cells were no longer labeled, whereas 
the ventral cells were heavily labeled. The lat- 
ter included a group of cells in the midline (best 
seen in sagittal sections) that formed a bridge 
to the deep tegmental nucleus. In the E16+17 
animals (Fig. 13) labeled cells were concen- 
trated in the ventral aspect of the dorsal teg- 
mental nucleus. These observations indicated a 
dorsal-to-ventral cytogenetic gradient. Some 
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Fig. 11. The dorsal (top) and deep (bottom) tegmental nuclei of Gudden in a sagittal section from a rat injected on days 
El4 + 15. Areas enclosed in rectangles a and b shown at higher magnification in Figures 12A and 12B, respectively. Scale: 
100 Wm. 

very small cells, which may have been neurons 
or glia (and were not counted) were still labeled 
in E17+18 animals. The quantitative results 
(Fig. 2D) showed two peaks of cell generation: 
ondayE13anddayE15. It ispossiblethatthese 
two peaks reflect the differential generation 
time of the larger and smaller neurons of the 
nucleus. 

The deep tegmental nucleus 
The term deep tegmental nucleus (Hatschek, 

’03; Cowan et  al., ’64) may be preferable to the 
more commonly used “ventral tegmental nucleus,” 
as it lessens confusion with the ventral tegmental 
nucleus (or area) of Tsai located in the midbrain 
tegmentum. The efferent outflow of the deep nu- 
cleus resembles that of the dorsal tegmental nu- 
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Fig. 12. Dorsal tegmental nucleus (A) and deep tegmental nucleus (B) in a sagittal section from a rat injected on days 
E l 4  + 15 (detail of Fig. 11). Arrows point to some of the unlabeled cells in the dorsal nucleus. Scale: 50 pm. 

cleus to the mammillary region by way of the 
mammillary peduncle (Fox, '41; Akert and Andy, 
'55; Guillery, '56; Morest, '61). According to Briggs 
and Kaelber ('71) the projection is restricted to the 
medial mammillary nucleus. The projection may 
be an exclusive one, as the severance of the mam- 
millary peduncle causes total cell loss in  the deep 

tegmental nucleus (Cowan et al., '64). However, 
Briggs and Kaelber ('71) have described a projec- 
tion to the nucleus centralis superior, the inter- 
peduncular nucleus and, possibly, to the dorsal 
tegmental nucleus. According to Smaha and Kael- 
ber ('731, there is a difference in habenular affer- 
ents to the dorsal and deep tegmental nuclei: the 
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Fig. 13. Dorsal tegmental nucleus in a sagittal section from a rat injected on days E16+17. The labeled cells are 
preferentially concentrated in the ventral aspect of the nucleus. Scale: 100 Fm. 

deep tegmental nucleus receives input from the 
medial habenular nucleus, whereas the dorsal 
tegmental nucleus receives afferents from the lat- 
eral habenular nucleus. 

The majority of the neurons of the deep teg- 
mental nucleus resemble the larger cells of the 
dorsal tegmental nucleus (Fig. 12). All, or 
nearly all, of the neurons were labeled in the 
early injection groups, including the E15+16 
animals, but only a rare cell was labeled in the 
E16-t 17 rats. Thus over 90% of the neurons of 
this nucleus are generated on day El5 (Fig. 
2D). As a group, the neurons of the deep teg- 
mental nucleus were produced later than the 
neurons of the dorsal nucleus. However, in- 
stead of a dorsal-to-ventral internuclear gra- 
dient, it is more likely that the larger neurons 
in both nuclei (including those forming the cell 
bridge) are generated concurrently (day E15). 
The difference in the generation time of 
neurons of the dorsal and deep tegmental nu- 
clei did not reach the significance level 
(P < 0.0703). 

Some higher-order sensory relay nuclei 
The dorsal and ventral nuclei of the 
lateral lemniscus 

The dorsal and ventral nuclei of the lateral lem- 
niscus are located in the lateral aspect of the pon- 
tine brain stem (Fig. 1A). Second-order auditory 
afferents reach these nuclei from the cochlear nu- 

clei (Fernandez and Karapas, '67; Strominger and 
Strominger, '71; Harrison and Howe, '74). Their 
efferents go to the central nucleus of the inferior 
colliculus: the projection is contralateral from the 
dorsal nucleus (Woolard and Harpman, '40; Gold- 
berg and Moore, '67) and ipsilateral from the ven- 
tral nucleus (Elverland, '78). Physiological studies 
indicate that neurons of the dorsal nucleus are 
primarily binaural units (Aitkin et al., '70; Brugge 
and Imig, '70). 

The typical neurons of the dorsal nucleus of 
the lateral lemniscus are medium-sized cells 
that appear spindle-shaped both in sagittal and 
coronal sections. Presumably the cells have a 
flattened disk shape and they are oriented hori- 
zontally, a t  a right angle to the fibers of the 
lateral lemniscus. The majority of the cells are 
generated between days El2 and E14, with a 
peak on day E l 3  (Fig. 2B). The few neurons 
that can be labeled with injections beginning 
on day El5 tend to be located ventrally, in the 
vicinity of the ventral nucleus of the lateral 
lemniscus. 

The neurons of the ventral nucleus of the 
lateral lemniscus are much more densely 
packed than the neurons of the dorsal nucleus, 
and they did not appear to  be aligned in any 
direction (Fig. 14). The bulk of these neurons 
were produced between days E l 4  and E16, with 
some being generated on day El3 (Fig. 2B). The 
difference between the two nuclei was signifi- 
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Fig. 14. A. The ventral nucleus of the lateral lemniscus in horizontal section from a rat injected on days E16+17. The 
nucleus is bounded caudally by the lateral superior olivary nucleus (not shown) and rostrally by the pontine gray (not shown). 
Many of the lightly labeled cells are illustrated at  higher magnification in B. Scales: A, 100 km; B, 50 km. 
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cant (P < 0.0001), indicating a dorsal-to-ven- 
tral internuclear gradient. In some animals 
injected on days E16+ 17 the labeled cells were 
concentrated ventrally in the ventral nucleus, 
suggesting a dorsal-to-ventral intranuclear 
gradient; but this was not consistent. Indeed, 
the few labeled cells in the E17+18 rats ap- 
peared t~ be scattered randomly. 

The parabrachial nucleus 
The parabrachial nucleus surrounds the bra- 

chium conjunctivum a t  a level that extends from 
the motor nucleus of trigeminal caudally, to the 
caudal aspect of the base of the inferior colliculus 
rostrally. It is often subdivided into a medial and a 
lateral nucleus (Taber, '61; Wunscher et al., '65). 
The medial nucleus has been described a s  a 
"pneumotaxic center" (Bertrand and Hugelin, '7 1; 
Bertrand et al., '73) playing a role in determining 
volume threshold during inspiration. But the 
parabrachial nuclei have also been shown to be 
part of the gustatory pathway (Norgren and 
Leonard, '73). Fibers have been traced to it from the 
solitary nucleus, and from it to the thalamus and 
basal forebrain structures (Norgrean, '76; McBride 
and Sutin, '76; Nomura et al., '79). In addition, 
afferents also reach the nucleus from the peri- 
aqueductal gray (Jurgens and Pratt, '791, and some 
efferents pass to the cerebellum (Somana and 
Walberg, '79). 

Nearly 70% of the neurons of both the medial 
and lateral parts of the parabrachial nuclei are 
produced on day E l 3  (Fig. 2C). The rest of the 
cell population is generated on days El4  and 
E15. There was no difference between the two 
structures (P < 0.60721, reinforcing the idea 
that they represent a single entity segregated 
into two structures by the traversing fibers of 
the brachium conjunctivum. 

The raphe and reticular nuclei of the pons 
The raphe nuclei of the pons 

Usually a single nucleus is described in this re- 
gion under the name of nucleus raphe pontis. This 
nucleus contains neurons that are rich in sero- 
tonin, designated as the B5 group in the rat (Dahl- 
strom and Fuxe, '64) and as S6 in the monkey 
(Hubbard and Di Carlo, '74). In the cat (Bobillier et 
al., '76) ascending and descending projections have 
been described from this region. The ascending 
projection is organized into three separate bundles 
that distribute rostrally to brain stem structures, 
the cerebellum, various diencephalic and telen- 
cephalic structures, but not to the hippocampus or 
basal ganglia. The descending fibers reach various 
components of the pontine and medullary reticular 
formation and can be traced as far caudally as the 
cervical levels of the spinal cord. Our observations 
(Fig. 15) indicate the existence of two separate 

nuclei, a caudally situated, smaller magnocellular 
nucleus and a more extensive rostral parvicellular 
nucleus. 

The neurons of the nucleus magnocellularis 
raphe pontis can be traced from the dorsal 
medullopontine fissure of the fourth ventricle 
(Fig. 15) to the vicinity of the nucleus retic- 
ularis tegmenti pontis. Cells of all sizes, includ- 
ing very large ones, form a cylinder that is 
made conspicuous by its labeling pattern in 
late-injected groups of animals. In the E 15 + 16 
group 90% of the cells were still labeled (Fig. 
ID), including all the large neurons. The unla- 
beled cells tended to be small ones resembling 
those of the rostral parvicellular nucleus. A 
high proportion of the large cells were still la- 
beled in the E16+17 injection group (Figs. 15, 
16). The neurons were no longer labeled in the 
E17+18 rats, although a small proportion of 
neurons in the nucleus reticularis tegmenti 
pontis (ventrally and ventrolaterally) were still 
labeled (Altman and Bayer, '78a: Fig. 3). 

The labeling pattern was different in the 
parvicellular nucleus of the raphe pontis situ- 
ated beneath the pontine central gray as far 
rostrally as the deep tegmental nucleus. The 
majority of the cells are of small size and, ac- 
cording to quantitative data (Fig. lD), the 
neurons are generated, without an obvious 
peak, between days E l3  and E15. The neurons 
of the parvicellular nucleus are produced sig- 
nificantly before the neurons of the magno- 
cellular nucleus (P < 0.0007). 

The nuclei of the pontine reticular formation 
The nucleus reticularis pontis has been sub- 

divided into a rostral and caudal component (the 
latter containing many large neurons), and a 
paramedian and lateral component (Valverde, '62; 
Cohen and Komatsuzaki, '72; Henn and Cohen, 
'76). Anatomical studies indicate projection to this 
region from the cerebral cortex, particularly the 
sensory regions, which may be partially topo- 
graphical (Valverde, '62) or diffuse (Bentivoglio et 
al., '78). Such a projection from the cortex has been 
confirmed physiologically with additional evi- 
dence of input from the deep layers of the superior 
colliculus (Peterson et al., '74). Some neurons in 
the region could be driven by converging input 
from the optic tract and the vestibular system 
(Kubo et  al., '78). Several investigators have re- 
ported discharge in  pontine reticular units prior to 
or during eye movement (Sparks and Travis, '71; 
Luschei and Fuchs, '72; Keller, '74; Henn and 
Cohen, '76). The major efferent outflow from this 
region is to the nuclei controlling eye movements 
and the spinal cord. Injection of radioactive amino 
acid in the region of the nucleus pontis centralis in 
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Fig. 15. Sagittal section through the pontine region showing the locations of the nuclei raphe pontis magnocellularis and 
parvicellularis. Rat injected on days E16+17. Note pyramid-shaped labeled zone extending from the pontine gray dorsally. 
Scale: 200 pm. 

the cat labeled an ipsilateral pathway to the ab- 
ducens nucleus and prepositus nucleus (Graybiel, 
'77); in the monkey additional projection was found 
from the paramedian region to the contralateral 
abducens nucleus and to several peri-oculomotor 
nuclei (Buttner-Ennever and Henn, '76). Stimula- 

tion of the region in monkeys produces horizontal 
eye movements (Cohen and Komatsuzaki, '72), 
and small lesions (Bender and Shanzer, '64) re- 
stricted to the paramedian region (Goebel et al., 
'71) lead to paralysis of horizontal conjugate eye 
movements. Physiological studies indicated mono- 
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Fig. 16. Labeled neurons in nucleus raphe magnocellularis in a rat injected on days E16+17. Scale: 50 pm 

synaptic input to the oculomotor nucleus (High- 
stein e t  al., '74). These studies suggest that the 
pontine reticular formation forms a link between 
visual and vestibular input and the nuclei produc- 
ing eye movements. There is evidence that it also 
provides a link to the spinal cord controlling head 
movements and body posture. According to Torvik 
and Brodal ('57) pontine reticular neurons of all 
sizes are a source of reticulospinal fibers. Investi- 
gations on the physiological effects on spinal 
motoneurons suggest a division into a rostra1 ex- 
citatory and caudal inhibitory zone in the pontine 
and medullary reticular formation (Llinas and 
Terzuolo, '64; Grillner and Lund, '68; Peterson et 
al., '74). 

The paramedian nucleus was considered to 
occupy a zone extending from an imaginary 
line drawn dorsoventrally from the lateral 
boundary of the deep tegmental nucleus to the 
dorsal and lateral boundaries of the nucleus 
reticularis tementi pontis (Figs. 1A-B). All the 
large neurons were labeled in the E12+13 
group; the few unlabeled neurons tended to be 
of intermediate size. Some of the largest 
neurons were labeled in the E13+ 14 animals, 
and the unlabeled cells included some small 
ones. In the E14+15 animals large neurons 
were no longer labeled, indicating that the 

large pontine reticular neurons are generated 
on days El2 and E13. The cells that were la- 
beled in animals with injections beginning on 
days El4  and E l 5  were either of small or 
intermediate size. The prolonged generation 
time of reticular neurons (Fig. 1D) may be re- 
lated to the great cellular heterogeneity of this 
region. The neurons of the paramedian reticu- 
lar formation, as a group, were produced before 
the neurons of either the parvicellular or 
magnocellular raphe nuclei of the pons 
(P < 0.0001). 

DISCUSSION 
The trigeminul complex 

The present survey of the time of origin of 
neurons of the pontine region completes the 
dating of all the central nervous components of 
the trigeminal complex. The results relating to 
9 nuclei extending from the lower medulla 
(Altman and Bayer, '80a), through the upper 
medulla (Altman and Bayer, '80b) to the 
boundary of the midbrain (present study) are 
summarized in chronological order in Figure 
17. The trigeminal complex includes the ear- 
liest generated neurons that we have encoun- 
tered far in the brain, the primary sensory 
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Fig. 17. Summary diagram of the time of origin of 
neurons of the entire trigeminal complex of the brain stem. 

neurons of the mesencephalic nucleus of the 
trigeminal, and neurons that belong with the 
latest generated nuclei of the brain stem, 
namely, the infratrigeminal nucleus. In the 
first paper of the series we postulated that the 
caudal nucleus of the trigeminal complex con- 
stitutes a cytogenetic unit designated zone TR 

(Altman and Bayer, '80a: Fig. 26B). This zone 
was characterized by a medial-to-lateral cyto- 
genetic gradient. Such a gradient is not seen in 
the other components of the trigeminal com- 
plex. This fact, and some other considerations 
described below, suggest a minimum of three 
cytogenetic units within the trigeminal com- 
plex, designated TR1, TR2, and TR3 (Fig. 18). 

Zone TR1 designates the nucleus caudalis, 
which is a laminated structure with three sub- 
nuclei. Neurons of the subnucleus magnocellu- 
laris are generated first, followed by the subnu- 
cleus gelatinosus and then the subnucleus 
zonalis. This medial-to-lateral gradient in the 
nucleus was noted before in the mouse (Taber 
Pierce, '70), and it resembles the gradient ob- 
served in the dorsal horn of the spinal cord 
where the neurons of the substantia gelatinosa 
are produced last (Nornes and Das, '73). The 
temporal order here is from large neurons to 
small ones, and the laminar organization im- 
plies the migration of small neurons through 
the ranks of the larger cells to their external 
position. Such a lamination is not apparent in 
the nuclei interpolaris, oralis and principalis. 
Moreover, in these nuclei the temporal order in 
the generation of large and small neurons is 
reversed, and large neurons are among the lat- 
est produced elements in all three nuclei. There 
was no significant difference in cytogenesis be- 
tween the nuclei interpolaris and oralis 
(P < 0.1435), but the neurons of the principal 
nucleus were generated significantly later 
than the adjacent nucleus oralis (P < 0.0227). 
This is in agreement with the pattern reported 
by Taber Pierce ('73) in the mouse. If we assume 
that these three nuclei constitute a second 
cytogenetic zone (TR2), a caudal-to-rostra1 gra- 
dient is indicated here. 

The remaining nuclei of the trigeminal com- 
plex might constitute a third cytogenetic zone, 
designated with a question mark as TR3 (Fig. 
18). If this is correct, the gradient here would be 
a medial-to-lateral one, neurons of the mesen- 
cephalic nucleus situated near the ventricle 
being generated first, and the neurons of the 
lateroventrally situated infratrigeminal nu- 
cleus last. However, it is more likely that there 
are a t  least 3 separate cytogenetic systems 
here. The early-generated neurons of the 
mesencephalic nucleus of the trigeminal are 
believed to derive from the neural crest (John- 
ston, '09; Piatt, '45; Rogers and Cowan, '73; 
Narayanan and Narayanan, '78). If so, they 
clearly are components of a separate cyto- 
genetic system. It remains to be determined 
how the time of origin of these centrally mi- 
grated primary sensory neurons compares 
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Fig. 18. A. Location of the three postulated cytogenetic zones of the trigeminal complex of the brain stem. The numbers 
correspond to the chronological order of the nuclei as shown in Figure 17. Arrows indicate the internuclear gradients in the 
three zones. Arrows are shown only where the differences between components of the trigeminal complex were significant. 
(The difference between 4 and 5 was not significant; see text.) B. An alternative hypothesis that places the trigeminal motor 
nucleus in cytogenetic zone MB (branchial motor), together with the facial and ambiguus nucleus (Altman and Bayer, '80a); 
and the supra and infratrigeminal nucleus, together with the superior salivatory nucleus (Altman and Bayer, '80b) into 
cytogenetic zone PG (parasympathetic, preganglionic). 
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with the cytogenesis of neurons in the ganglia 
of the cranial nerves. We have suggested pre- 
viously (Altman and Bayer, '80b: Fig. 15) that 
the motor nucleus of the trigeminal complex 
may be a part of an anteroposteriorly arranged 
chain of branchial motor nuclei that includes 
the nucleus of the facial nerve and the nucleus 
ambiguus. If so, the gradient of this cyto- 
genetic zone, designated MB, is a rostral-to- 
caudal one. Finally, the late-generated neurons 
of the supratrigeminal and infratrigeminal nu- 
clei may constitute a third system. As there is 
little information available about the struc- 
tural afEliations and functional role of these 
neurons, all statements about them must be 
speculative. The neurons, with their wide size 
range and interfascicular position resemble 
those of the superior salivatory nucleus (Alt- 
man and Bayer, '80b). Therefore, they might be 
part of the parasympathetic preganglionic sys- 
tem that has been designated PG (Altman and 
Bayer, '80b: Fig. 15). 

Some other pontine level nuclei 
We shall discuss the dorsal and ventral nu- 

clei of the lateral lemniscus, together with 
other components of the auditory system in a 
forthcoming paper dealing with the inferior col- 
liculus (Altman and Bayer, '80e). Likewise, the 
time of origin of neurons of the pontine raphe 
and reticular nuclei in relation to caudal and 
rostra1 components of these two systems will be 
discussed in the succeeding paper dealing with 
cytogenesis in the midbrain tegmentum (Alt- 
man and Bayer, 'Sod). 

The locus coeruleus 
Our results regarding the time of origin of 

neurons of the locus coeruleus are in full 
agreement with the earlier report by Lauder 
and Bloom ('741, who found peak production 
time on day El2  and a residual production on 
day E13. According to the available evidence 
summarized earlier, based mostly on histofluo- 
rescence studies, the axons of the locus 
coeruleus are distributed widely throughout 
the brain and reach, among other structures, 
the cerebellum, the hippocampus and the neo- 
cortex. Since the locus coeruleus neurons are 
generated earlier than the earliest of the pre- 
cerebellar nuclei (Altman and Bayer, '78a), the 
septa1 neurons that project to the hippocampus 
(Bayer, '80), or any of the cortical relay neurons 
of the thalamus (Altman and Bayer, '791, it is 
likely that locus coeruleus fibers are the first to  
reach these target structures (Seiger and 
Olson, '73; Lauder and Bloom, '74). 

The tegmental nuclei of Gudden 
Our results indicate that the neurons of the 

dorsal tegmental nucleus are generated before 
the neurons of the deep (or ventral) tegmental 
nucleus. Within the dorsal nucleus there is a 
dorsal-to-ventral cytogenetic gradient. The two 
nuclei appeared interconnected by a slender 
cellular bridge in the midline. This suggested 
that they may be of common cytogenetic deri- 
vation (tentatively designated zone TG) with a 
dorsal-to-ventral internuclear gradient. 

The dorsal tegmental nucleus is a source of 
the fibers of the mammillary peduncle (Akert 
and Andy, '55; Guillery, '561, and the fibers 
terminate in both the lateral and medial 
mammillary nuclei (Cowan et al., '64). Accord- 
ing to Briggs and Kaelber ('71), the fiber dis- 
tribution from the dorsal tegmental nucleus is 
t o  the entire lateral mammillary nucleus ip- 
silaterally, and to the anterior one-third of the 
medial nucleus bilaterally. The posterior two- 
thirds of the ipsilateral medial mammillary 
nucleus receive input from the deep tegmental 
nucleus. This relationship suggests (Fig. 19) 
that the axons of the earlier produced deep nu- 
cleus neurons make connections with the early 
generated neurons of the lateral mammillary 
nucleus (Altman and Bayer, '78b: Fig. 9) and 
parts of the later arising medial mammillary 
nucleus. The younger neurons of the deep teg- 
mental nucleus, in contrast, make connections 
only with the younger neurons of the medial 
mammillary nucleus (Altman and Bayer, '78b), 
possibly because all other synaptic sites within 
this complex are already occupied. A similar 
relationship may also hold for the distribution 
of habenular afferents to the tegmental nuclei. 
According to Akagi and Powell ('681, fibers of 
the habenulopeduncular tract reach the dorsal 
and deep tegmental nuclei. More specifically 
(Smaha and Kaelber, '73), the lateral habenu- 
lar nucleus projects to  the dorsal tegmental nu- 
cleus, whereas the medial habenular nucleus 
sends fibers to  the deep tegmental nucleus. 
Previous studies (Angevine, '70; McAllister 
and Das, '77; Altman and Bayer, '79) estab- 
lished that the neurons of the lateral habenular 
nucleus originate before the neurons of the me- 
dial habenular nucleus. Hence, the preferential 
projection of the lateral habenular nucleus to 
the dorsal tegmental nucleus, and of the medial 
habenular nucleus to  the deep tegmental nu- 
cleus could, likewise, be ascribed to a chrono- 
logical ("first come-first serve") principle. 
However, the autoradiographic tracer studies 
of Herkenham and Nauta ('77) do not support 
the pattern described by Smaha and Kaelber, 



927 CYTOGENESIS IN THE PONTINE REGION 

and a more recent study questions altogether a 
projection from the habenular nuclei to the 
deep tegmental nuclei (Herkenham and Nauta, 
'79). At any rate, the hypothesis that the axons 
of the earlier generated cells reach their target 
earlier than the axons of later generated 
neurons requires experimental verification. 

I 
I €16-18 €14-15 

habenulo- 
peduncular 

I trac 
I €15 €13-14 I 

? 

Fig. 19. Merent  and efferent connections of the deep 
tegmental nuclei, based on studies described in the text. The 
approximate time of origin of neurons of the habenular nu- 
clei and mammillary nuclei are from previous studies (Alt- 
man and Bayer, '78b, '79). The results indicate preferential 
connection of the early-arising deep tegmental nucleus with 
early components of the habenular and mammillary nuclei 
(light stipple), and a similar relationship for the younger 
components of this system (heavy stipple). 
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