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Neurogenetic Patterns in the Medial Limbic Cortex of the Rat Related to 
Anatomical Connections with the Thalamus and Striatum 
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[3H]Thymidine autoradiography was used to investi- 
gate neurogenesis in all areas of the limbic cortex in the 
medial wall of the hemisphere. The experimental ani- 
mals were the offspring of pregnant females injected 
with [‘Hlthymidine on 2 consecutive days: Embryonic 
Day (E)13-E14, E14-E15, . . .E21-E22, respectively. 
On Postnatal Day (P)60, the proportion of neurons 
originating during 24-h periods were quantified at nine 
anteroposterior levels. Three types of neurogenetic 
gradients are found. (i) Deep cells are older than super- 
ficial cells: layer VI is generated mainly on E15-E16, 
layer V on E16-E18, and layers IV-IJ on EM-E20. (ii) 
There is a ventral/older to dorsal/younger gradient be- 
tween the dorsal peduncular, infralimbic, and anterior 
cingulate areas rostral to the genu of the corpus callo- 
sum. A ventral/older to dorsal/younger gradient is also 
found between superficial cells (layers II-IV) in ante- 
rior cingulate (CG3/CGl), posterior cingulate (CG2/ 
CGl), and retrosplenial areas (RSG/RSA). (iii) An ante- 
rior/older to posterior/younger gradient is found be- 
tween areas throughout the medial limbic cortex. Some 
of these neurogenetic patterns correlate with anatomi- 
cal interconnections between the supracallosal medial 
limbic cortex (posterior cingulate and retrosplenial ar- 
eas) and the anteroventral/anteromedial thalamic nu- 
clei: older thalamic cells have longer axons that termi- 
nate in cortical areas containing younger cells, while 
younger thalamic cells have shorter axons that termi- 
nate in cortical areas containing older cells. Projections 
from the medial limbic cortex to the striatum also corre- 
late with neurogenetic gradients: older cortical source 
cells in the infralimbic area project to the older striatal 
cells in the enkephalin-rich patches, while younger cor- 
tical source cells in the cingulate areas project to youn- 
ger striatal cells in the surrounding matrix. o 1990 
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INTRODUCTION 

In 1937, Papez (29) proposed the hypothesis that a 
group of interconnected telencephalic and diencephalic 
structures (the “Papez circuit”) regulates emotional be- 
havior. The cingulate and retrosplenial areas in the me- 
dial wall of the cerebral cortex were important parts of 
the Papez circuit. Some years later, MacLean (28) popu- 

larized Papez’ hypothesis and named the interconnected 
cortical and subcortical structures the “limbic system.” 
Since then, anatomical and functional links in the limbic 
system in general and the medial limbic cortex in partic- 
ular have been intensely studied in relation to behavior 
(22), and Papez’ original hypothesis has been confirmed 
and considerably expanded. In contrast to the wealth of 
functional and anatomical literature dealing with the 
medial limbic cortex, there are only two [3H]thymidine 
autoradiographic studies of cell birthdating, both based 
on pulse labeling after single injections. Fernandez (16) 
used an interesting comparative approach in rabbits 
that questioned whether times of neuron origin in the 
cingulate cortex were linked with those in the anterior 
thalamic nuclei; he concluded that developmental pat- 
terns between the two structures appeared to be unre- 
lated. In a detailed series of papers, Richter and Kranz 
(31-35) investigated the kinetics of cell proliferation and 
cell migration in the cingulate gyrus in rats and found 
that ventral superficial cells have birthdays earlier than 
those of dorsal superficial cells, but they did not link that 
pattern to other developmental events in the cortex. 

The chief aim of this paper is to present quantitative 
data on the time of neuron origin throughout all areas 
and all layers of the medial limbic cortex using com- 
prehensive labeling after double-injections of [3H]- 
thymidine. We have been able to quantitatively reexam- 
ine the question posed by Fernandez (16) and show that 
neurogenetic patterns in the medial limbic cortex and in 
the anterior thalamic nuclear complex are closely re- 
lated and can be linked to their anatomical interconnec- 
tions. We also find associations between developmental 
patterns in the medial limbic cortex and its anatomical 
projection to the “patch/matrix” compartmentation in 
the striatum. The ventral to dorsal neurogenetic gradi- 
ent first reported by Richter and Kranz (33-34) distin- 
guishes the medial limbic cortex from neurogenetic gra- 
dients in the somatic neocortex. Since the lateral and 
medial limbic cortex share other developmental patterns 
different from those of somatic neocortex, those data are 
discussed in relation to hypotheses of cortical phylogeny 
in a companion paper (5). 

MATERIALS AND METHODS 

The experimental animals were the offspring of 
Purdue-Wistar timed-pregnant rats given two subcuta- 
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neous injections of [3H]thymidine (Schwarz-Mann; sp 
act, 6.0 Ci/miW; 5 j&i/g body wt) to ensure that cells 
originating after the onset of the injections will be de- 
tected as labeled (comprehensive labeling). The injec- 
tions (given between 830 and 9:00 AM) to an individual 
animal were separated by 24 h; injections separated by a 
shorter period (12-18 h) cause radiation death in some 
of the proliferating cells. Two or more pregnant females 
made up each injection group. The onset of the [3H]- 
thymidine injections was progressively delayed by 1 day 
between groups (E13-E14, E14-E15, . . .E21-E22) so 
that the amount of neurogenesis could be determined 
within a single 24-h period. The day the females were 
sperm-positive was designated Embryonic Day 1 (El). 
Normally, births occur on E23, which is also designated 
as Postnatal Day 0 (PO). All animals were perfused 
through the heart with 10% neutral formalin (pH 7.4) 
on P60. The brains were kept for 24 h in Bouin’s fixative 
and then were transferred to 10% neutral formalin until 
they were embedded in paraffin. The brains of at least 
six animals from each injection group were blocked coro- 
nally according to the stereotaxic angle of the Pellegrino 
et al. (30) atlas. Every 15th section (6 pm) through the 
cerebral cortex was saved. Slides were coated with Ko- 
dak NTB-3 emulsion, exposed for 12 weeks, developed 
in Kodak D-19, and poststained with hematoxylin and 
eosin. 

Sections were selected for quantitative analysis at 
nine anteroposterior levels (A10.6 to AO.0; drawings, Fig. 
6B). Cells were counted microscopically at X312.5 in 
unit areas set off by 10 X 10 ocular grid having 0.085 mm2 
in each division. For quantification, all neurons within a 
designated area were assigned to one of two groups, la- 
beled or nonlabeled. Cells with silver grains overlying 
the nucleus in densities above background levels were 
considered labeled. In our material, background noise is 
very low (approximately 2 to 4 silver grains per grid 
square; see the high magnification photomicrographs in 
Figs. 4A, 4B, 5A, and 5B), and a cluster of 6 to 12 silver 
grains over a nucleus (approximately 3X background) 
was enough to identify a labeled cell. However, due to 
the comprehensive labeling and the long exposure pe- 
riod, only a slight proportion of the neurons were lightly 
labeled. Obvious endothelial cells (crescent-shaped cells 
with pale nuclei surrounding capillaries) and glial cells 
(small cells with densely staining nuclei and indefinite 
nucleoli) were excluded from the counts. The proportion 
of labeled cells (percentage labeled cells/total cells) was 
then calculated from these data. 

The determination of the proportion of cells arising 
(ceasing to divide) on a particular day used a modifica- 
tion of the progressively delayed comprehensive labeling 
procedure (6) and is described in detail elsewhere (7). 
Briefly, a progressive reduction in the proportion of la- 
beled neurons from a maximal level (>95%) in a specific 
population indicates that the precursor cells are produc- 
ing nonmitotic neurons. By analyzing the rate of decline 

TABLE 1 

Neurogenesis of the Deep Cells in the Dorsal 
Peduncular Cortex” 

Injection % Labeled cells Day of % Cells 

group N (mean f SD) origin originating 

E13-El4 8 (A) 100 f0 El3 0.39 (A-B) 
E14-El5 7 (B) 99.61 f 0.55 El4 8.12 (B-C) 
E15-El6 6 (C) 91.48 + 2.96 El5 53.97 (C-D) 
E16-El7 12 (D) 37.52 + 6.65 El6 34.17 (D-E) 
E17-El8 9 (E) 3.35 f 1.32 El7 0.53 (E-F) 
E18-El9 6 (F) 2.82 + 0.54 El8 2.82 (F-G) 
E19-E20 6 (G) Ok0 El9 0 

n The data for the deep cells in the dorsal peduncular cortex are 
given as an example of how they are derived for presentation in the bar 
graphs used throughout the paper. N refers to the number of animals 
analyzed in each injection group. The percentage labeled cells for each 
injection group gives the group means + the standard deviation for the 
raw data counts (percentage of labeled cells to total cells in individual 
animals). The standard deviations are typical of the variability seen 
throughout data collection. The percentage cells originating column 
lists the data that are presented in the bar graph (Fig. 2A, bottom). To 
get the height of the bar on E15, for example, the proportion of labeled 
cells in injection group E16-El7 (entry D, column 3) is subtracted 
from the percentage labeled cells in injection group E15-El6 (entry C, 
column 3) to get the proportion of cells originating during the day on 
El5 (53.97%). 

in labeled neurons, one can determine the proportion of 
neurons originating over blocks of days (or single days) 
during development. Table 1 shows the data and calcula- 
tions for the deep cells in the dorsal peduncular cortex 
at levels A10.6-A9.8 (bottom graph, Fig. 2A). 

Throughout the quantitative analysis, it was noted 
that even slight trends in cell labeling were very consis- 
tent. In layers II-IV of the cingulate and retrosplenial 
areas for example, 17 of 18 rats have more unlabeled ven- 
tral superficial cells (between 10 and 15%) than dorsal 
superficial cells during the peak neurogenetic period. 
That indicates that at least some ventral cells have 
birthdays earlier than those of dorsal cells. Parametric 
statistical tests, such as a nonnested analysis of vari- 
ance, look only at the degree of divergence between 
groups, and slight consistent differences within animals 
are disregarded. Consequently, the nonparametric sign 
test (9) was used to analyze trends in cell labeling. The 
sign test determines the consistency of sequential neu- 
ron production between paired locations within indiuid- 
zu~l animals: the magnitude of the differences between 
locations is not taken into account. The comparisons are 
grouped into three categories: (i) X > Y, “-” compari- 
son; (ii) X < Y, “+” comparison; and (iii) X = Y, “0” 
comparison. The few 0 comparisons occur mainly in the 
very early stages (when both areas are close to 100% la- 
beled cells) and very late stages (when both areas are 
close to 0% labeled cells) and are discarded from the 
analysis. Depending on the total number of remaining 
“+” and “-” comparisons, either a binomial distribution 
or a normal approximation is used to calculate probabili- 
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FIG. 1. The dorsal part of the tenia tecta (TT), the dorsal peduncular cortex (DP), and the ventral part of the infralimbic area (IL) at the 
most anterior extent of the lateral ventricle (LV) in an animal exposed to [3H]thymidine on E17-El8 and killed on P60. Solid lines are bound- 
aries between areas; dashed line separates deep (D) and superficial (S) cells. Deep cells are unlabeled in all areas, while many superficial cells 

are still labeled (intense black dots above nuclei) especially in IL (6-pm paraffin section, hematoxylin/eosin stain). 

ties (P). The graphs throughout this report show the 
more variable group data rather than the consistent 
trends in data from individual animals. Consequently, 
some of the statistically significant neurogenetic gradi- 
ents (between ventral and dorsal superficial cells, for ex- 
ample) are not conspicuous in the group data. In these 
cases, additional information about the magnitude and 
consistency of the trend in neurogenesis is presented 
with the illustrated data. 

RESULTS 

Neurogenesis in the Dorsal Peduncuh and 
Infralimbic Areas 

Zilles (43) delineates two cortical areas in the ventral 
medial cortical wall anterior to the genu of the corpus 
callosum. The dorsal peduncular cortex (DP, Fig. 1) lies 
just above the tenia tecta in the anterior medial wall and 
is distinguished by a dip in the cellular superficial layers 
as sparsely cellular layer I increases in depth. The infra- 
limbic area (IL, Fig. l), also called the prelimbic area, is 

located just above the dorsal peduncular cortex and has 
a thicker superficial layer. Krieg (24, 25) includes both 
the DP and IL in area 25; he notes that layer VI contains 
“numerous flattened granular cells.” The parallel orien- 
tation of the deep cells to the underlying white matter 
(WM, Fig. 1) is in sharp contrast to the radial (perpen- 
dicular) orientation of the superficial cells (on the right 
of the dashed line, Fig. 1). When [3H]thymidine injec- 
tions are given on El7 and E18, only superficial cells are 
labeled (cells that appear solid black in Fig. 1) through- 
out both cortical areas, indicating that deep cells are 
older than superficial cells. In addition, there are propor- 
tionally more labeled superficial cells in IL than in DP, 
indicating that ventral areas are older than dorsal areas. 

To quantify the time of origin of neurons in DP, cells 
were counted in superficial and deep halves at levels 
A10.6 and A9.8 (shaded areas in drawings, Fig. 2A). 
Since the sign test indicated that neurogenesis was si- 
multaneous at both levels (all P > 0.05), the data illus- 
trated in Fig. 2A were combined for both levels. There is 
a power-X deep (older) to superficial (younger) neuro- 
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FIG. 2. (A) Neurogenetic timetable in the dorsal peduncular cor- 
tex. Bar graphs are the proportion of cells (y axis) originating on single 
embryonic days (n axis). The derivation of the data shown in the bot- 
tom graph is given in Table 1. Cells are generated simultaneously in 
the anterior-posterior plane. Deep cells are generated mainly on E15- 
E16, superficial cells on E16-E17. (B) Time of neuron origin in the 
infralimbic area. Bar graphs are the proportion of cells generated on 
single embryonic days. There are both deep (older) to superficial 
(younger) and anterior (older) to posterior (younger) neurogenetic gra- 
dients. 

genetic gradient (P < 0.0001). That same gradient will 
be found in every area of the medial limbic cortex. 

To quantify the time of neuron origin in IL, that area 
was divided into superficial and deep halves at levels 
A10.6 and A9.8 (drawings, Fig. 2B). The sign test indi- 
cated two neurogenetic gradients. (1) Deep cells origi- 
nate earlier than superficial cells (P < 0.0001) at both 
levels. The deep cells have peak neurogenesis on El5 and 
E16, while the superficial cells originate between El6 
and E18. (2) Cells at level A10.6 originate slightly earlier 
than cells at level A9.8. For example, the anterior deep 
areas (top right graph, Fig. 2B) have more neurogenesis 

on E15, while the posterior deep areas (bottom right 
graph, Fig. 2B) have more neurogenesis on El6 (P 
< 0.038). When neurogenesis in the superficial cells is 
compared, the anterior level (top left graph, Fig. 2B) has 
more cells originating on E16, while the posterior level 
has more cells originating on El7 and El8 (bottom left 
graph, Fig. 2B; P < 0.002). 

Neurogenesis in the Cingulute Cortex 

CGlICG3: The anterior cingulate cortex. Zilles (43) 
describes two areas of the cingulate cortex that extend 
anterior to the genu of the corpus callosum. Dorsal CGl 
has more laminar definition than ventral CG3 (draw- 
ings, Fig. 3C). CGl is Krieg’s (24,25) area 24, while CG3 
is his area 32. In the rat, the areas designated as layers 
V and VI in the drawings of Fig. 3C are continuations of 
the same layers in the neocortex. A granular layer IV is 
greatly reduced (24, 25, 43), and the remaining superfi- 
cial layers are much thinner than those in the neocortex 
(24). In this study, the superficial layers are undivided in 
laminae IV-II. When [3H]thymidine injections are given 
on El8 and E19, there is a higher proportion of unla- 
beled superficial cells in CG3 (Fig. 3B) than in CGl, indi- 
cating a ventral (older) to dorsal (younger) neurogenetic 
gradient. 

To quantify time of neuron origin in the anterior cin- 
gulate cortex, cells were counted in dorsal (CGl) and 
ventral (CG3) strips through layers VI and V and com- 
bined layers IV-II at levels A10.6 and A9.8 (drawings, 
Fig. 3C). Neurogenesis in each layer occurs simulta- 
neously along the anterior/posterior plane (all P > 0.05), 
and these data are combined in Fig. 3C. There is a highly 
significant deep (older) to superficial (younger) neuro- 
genetic gradient between laminae (all comparisons, P 
c 0.0001); cells in VI are generated mainly on E15-E16, 
in V on E16-E18, and in IV-II on E18-E19. Supporting 
the qualitative observations (Figs. 3A and 3B) the super- 
ficial cells in CG3 originate slightly earlier than those in 
CGl (two top graphs, Fig. 3). In the E18+E19, E19+E20, 
and E20+E21 injection groups, all 19 rats showed the 
same labeling pattern; consequently, the sign test indi- 
cated that the trend is highly significant (P < 0.0001). 
The magnitude of the divergence between populations is 
approximately 16%: 53% of the superficial CG3 cells are 
generated on or before El8 (graph second from the top, 
Fig. 3C) while only 37% of the superficial CGl cells are 
generated in the same time period (top graph, Fig. 3C). 

CGlICG2: The posterior cingulate cortex. Zilles (43) 
divides the supracallosal cingulate cortex into two areas: 
dorsal CGl, Krieg’s (24, 25) area 24, and ventral CG2, 
Krieg’s (24,25) area 23. The histological characteristics 
of the posterior cingulate cortex are virtually identical 
to those of the anterior cingulate cortex. When [3H]- 
thymidine is injected on El9 and E20, there are fewer 
labeled cells in the superficial layers of CG2 (Fig. 4B) 
than in CGl (Fig. 4A), indicating a ventral (older) to 
dorsal (younger) neurogenetic gradient. 
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To quantify the time of neuron origin in the supracal- 
losal cingulate cortex, that area was divided into dorsal 
(CGl) and ventral (CG2) strips. In each strip, cells were 
counted in laminae VI and V and the combined laminae 
IV-II. Neurogenesis in each layer occurs simultaneously 
along the anterior/posterior plane (all P > 0.05), and 
these data are combined in Fig. 4C. There is a highly 
significant deep (older) to superficial (younger) neuro- 
genetic gradient between laminae (all comparisons, P 
< 0.0001); cells in VI are generated mainly on El&E17, 
in V on E17-E18, and in IV-II on El&E19. As in the 
anterior cingulate cortex, the superficial cells in CG2 
originate slightly but significantly (P < 0.001) earlier 
(59% generated on or after E19; graph second from the 
top, Fig. 4C) than those in the same laminae in CGl 
(67% generated on or after E19; top graph, Fig. 4C). 

Neurogenesis in the Retrosplenial Cortex 

Throughout its entire extent, the retrosplenial cortex 
is characterized by densely packed granule cells in the 
most superficial cellular layer (Figs. 5A and 5B), which 
is collectively called layers II-IV in this study. Zilles (43) 
divides the retrosplenial cortex into dorsal agranular 
(RSA) and ventral granular (RSG) areas, corresponding 
to Krieg’s (24,25) areas 29c and 29d, respectively. Krieg 
(24) mentions that both retrosplenial areas are granular 
in nature as can be seen in the photomicrographs in Figs. 
5A and 5B. When [3H]thymidine is injected on E20 and 
E21, there are fewer labeled cells in RSA (Fig. 5B) than 
in RSG (Fig. 5C), indicating that at least some ventral 
cells have birthdays earlier than those of dorsal cells. 

To quantify time of neuron origin, the retrosplenial 
cortex was divided into dorsal (RSA) and ventral (RSG) 
strips. In each strip, cells were counted in laminae VI 
and V and the combined laminae IV-II. Neurogenesis 
occurs simultaneously along the anterior/posterior 
plane (all P > 0.05), and these data are combined in Fig. 
5C. There is a highly significant deep (older) to superfi- 
cial (younger) neurogenetic gradient between laminae 
(all comparisons, P < 0.0001); cells in VI are generated 
mainly on E16-E17, in V on E17-E18, and in IV-II on 
E18-E19. In addition, the superficial cells in RSG origi- 
nate slightly but significantly earlier (P < 0.0001; 53% 
generated on or after E19; graph second from the top, 
Fig. 5C) than those in the same laminae in RSA (61% 
generated on or after E19; top graph, Fig. 50. 

FIG. 3. (A, B) Photomicrographs of superficial cells in areas CGl 
(A) and CG3 (B) in an animal exposed to [3H]thymidine on EM-El9 
and killed on P60. CG3 (B) has a higher proportion of unlabeled cells 
than CGl (A), indicating a ventral (older) to dorsal (younger) neuro- 
genetic gradient (6-pm paraffin section, hematoxylin/eosin stain). (C) 
Time of neuron origin in the anterior cingulate areas. Neurons in all 
layers are generated simultaneously in the anterior-posterior plane. 
Laminae V-VI cells are generated simultaneously in dorsal and ven- 
tral locations. There is a ventral (older) to dorsal (younger) gradient 
between the superficial layers. 
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FIG. 4. (A, B) Photomicrographs of the superficial cells in the posterior cingulate cortex in areas CGl (A) and CG2 (B) in an animal 

exposed to [3H]thymidine on E19-E20 and killed on P60. Area CGl (A) has a higher proportion of labeled cells than area CG2 (B) (6-pm 
paraffin section, hematoxylin/eosin stain). (C) Time of neuron origin in the posterior cingulate areas. Neurons in all layers are generated 
simultaneously in the anterior-posterior plane. Laminae V-VI are generated simultaneously within each level, while the superficial laminae 

have a ventral (older) to dorsal (younger) neurogenetic gradient. 

Neurogenetic Gradients between Areas 

Ventral to dorsal gradient. Anterior to the corpus 
callosum, the medial cortical wall lengthens considera- 
bly in the ventral/dorsal direction. At level A10.6, four 
different areas are stacked up in the following order, be- 
ginning with the most ventral: the dorsal peduncular 
cortex, infralimbic cortex, CG3, and CGl (shaded areas, 
Fig. 6A). To compare neurogenesis between these areas, 
all cell counts in each laminae of the four cortical areas 
were combined. The patterns of times of origin were 
nearly identical in CG3 and CGl, and their data were 

combined (top graph, Fig. 6A). The sign test indicated 
a highly significant ventral (older) to dorsal (younger) 
neurogenetic gradient between DP and IL (P < 0.0001) 
and between IL and CGl/CG3 (P < 0.0001). 

Anterior to posterior gradient. To compare neuro- 
genetic patterns in the entire rostrocaudal extent of the 
medial cortical wall, all data were pooled in the anterior 
cingulate (CGl/CGS, top graph, Fig. 6B), posterior cin- 
gulate (CGl/CGB, middle graph, Fig. 6B), and retro- 
splenial areas (RSA/RSG, bottom graph, Fig. 6B). The 
sign test indicated a powerful anterior (older) to poste- 
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FIG. 5. (A, B) Photomicrographs of the superficial cells in the retrosplenial cortex in areas RSA (A) and RSG (B) in an animal exposed to 
[3H]thymidine on E20-E21 and killed on P60. Area RSA (A) has a proportion of labeled cells higher than that of area RSG (B) (6-pm paraffin 
section, hematoxylin/eosin stain). (C) Time of neuron origin in the retrosplenial areas. Neurons in all layers are generated simultaneously in 

the anterior-posterior plane. Laminae V-VI are generated simultaneously within each level, while the superficial laminae have a ventral (older) 
to dorsal (younger) neurogenetic gradient. 

rior (younger) neurogenetic gradient between the ante- not be predicted by the deep layers (V-VI), since the 
rior and posterior cingulate (P < 0.0001) and between data in Figs. 3C, 4C, and 5C show similar times of origin. 
the posterior cingulate and retrosplenial cortices (P What is different is the amount of deep cells when com- 
< 0.0001). The data in Figs. 3C, 4C, and 5C indicate an pared to superficial cells. The deep cell layers are more 
anterior to posterior neurogenetic gradient in the super- thick and make up the largest proportion of the anterior 
ficial laminae (II-IV). These cells are simultaneously cingulate areas, a slightly lower proportion of the poste- 
generated in all areas up to and including E19. However, rior cingulate areas, and the lowest proportion of the ret- 
every rut in the E20+E21 and E21+E22 injection groups rosplenial areas. Conversely, the densely packed granule 
has more labeled cells in the retrosplenial areas than in cells in the superficial layers (II-IV) of the retrosplenial 
either the posterior cingulate areas or the anterior cingu- areas make up a substantial proportion of the total num- 
late areas. The overall rostra1 to caudal gradient would ber of cells there. When the cell counts are combined for 
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FIG. 6. (A) Time of origin in the anterior medial wall at level 
A10.6. Data from all layers have been combined in each strip to facili- 
tate comparisons between areas. Neurogenesis is more prominent ear- 
lier in the dorsal peduncular cortex (DP) and is progressively later in 
the infralimbic (IL) and cingulate (CG3, ventral; CGl, dorsal) areas. 
(B) Time of origin of neurons in layers II-VI in the medial limbic cor- 
tex along the anterior-posterior plane. Data for CGl and CG3 are 
combined for the anterior cingulate cortex (top graph), CGl and CG2 
for the posterior cingulate cortex (center graph), and RSA/RSG for 
the retrosplenial cortex (bottom graph). There is an overall anterior 
(older) to posterior (younger) neurogenetic gradient: the anterior cin- 
gulate has proportionally more neurogenesis on or before E16, the ret- 
rosplenial on or after El3 

all layers, the overall effect is that more cells originate 
early in the anterior cingulate areas, fewer in the poste- 
rior retrosplenial areas. 

DISCUSSION 

General Implications of the Neurogenetic Gradients 

The data presented here show that there are three 
neurogenetic gradients in the medial limbic cortex: First, 

deep cells are older than superficial cells in laminae VI- 
II of the dorsal peduncular (Fig. 2A), infralimbic (Fig. 
2B), anterior (Fig. 3C) and posterior (Fig. 4C) cingulate, 
and retrosplenial (Fig. 5C) cortices. That gradient, @pi- 
cal of all cortical areas, was first reported by Angevine 
and Sidman (2) in the neocortex and has been found in 
the medial limbic cortex of the rabbit (16) and rat (31- 
35). Second, ventral areas typically complete their neuro- 
genesis earlier than dorsal areas. That gradient is found 
between areas in the anterior medial limbic cortex (Fig. 
6A) and between the superficial cells in areas of the ante- 
rior cingulate (Fig. 3C), posterior cingulate (Fig. 4C), 
and retrosplenial cortices (Fig. 5C). Developmental 
differences between ventral and dorsal parts of the cin- 
gulate cortex were also observed by Richter and Kranz 
(33-34). It is important to note that the prominent ven- 
tral to dorsal gradient within the medial limbic cortex is 
in the direction opposite to that found in the neocortex, 
which has a ventrolateral (older) to dorsomedial (youn- 
ger) neurogenetic gradient (8). Thus, the “limbic” me- 
dial cortical wall is not a continuation (at least in terms 
of it ontogenetic pattern) of the “somatic” lateral and 
dorsal cortical walls. That feature can be linked to phy- 
logenetic and cytoarchitectonic studies of the cerebral 
cortex (38) and is more fully discussed in the companion 
paper (5). Third, neurogenesis in the anteromedial limbic 
cortex antedates neurogenesis in the posteromedial limbic 
cortex (Fig. 6B). That gradient results from two com- 
bined effects: (A) The earlier generated deep layers com- 
prise a progressively higher proportion of the anterior 
cingulate areas when compared to the retrosplenial ar- 
eas, while the converse is true for the later generated su- 
perficial layers. (B) The superficial cells have an anterior 
to posterior neurogenetic gradient during the latest 
stage of neurogenesis (on and after E20). As we point 
out below, the gradient between the superficial cells has 
correlations with the anatomical connections to the an- 
terior thalamic nuclear complex. 

Neurogenetic Gradients in the Medial Limbic Cortex 
Linked to Anatomical Connections 

For several years, we have noted that neurogenetic 
patterns and robust anatomical interconnections are of- 
ten correlated (reviewed in Ref. (7)). On the basis of 
those consistent findings, the temporal hypothesis has 
been formulated: neurons of different ages project to 
different targets. Here we show how that hypothesis is 
supported by the interrelated developmental patterns in 
the medial limbic cortex, the anterior thalamic nuclei, 
and the striatum. While these data indicate that time of 
neuron origin has a bearing on structural and functional 
maturation of the nervous system, it is important to em- 
phasize that several other factors (sites of origin in the 
neuroepithelium, times for onset and directions of cell 
migration, cell surface glycoproteins and variations in 
adhesion molecules, etc.) undoubtedly play important 
roles in nervous system development. 
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TARGET AREAS: 
MEDIAL LIMBIC CORTEX 

-b Neurogenetic Gradients 

SOURCE AXON 
CELLS LENGTH TARGET 

FIG. 7. A diagrammatic representation of the hypothesis that the dorsolateral to ventromedial neurogenetic gradients in the anteroventral 
and anteromedial thalamic nuclei (AV, AM) are related to the lengths that axonsgrow to reach their respective cortical targets. The anteroven- 
tral to posterodorsal neurogenetic gradients in posterior cingulate (CGl, CG2) and retrosplenial (RSA, RSG) areas may be linked to times that 
thdnmic arolls arrive in specific target zones. Older source cells in AV have longer axons (late arriving?) that terminate in RSA where younger 
neurons predominate. Younger source cells in AM have shorter axons (earlier arriving?) that terminate in CG2 where older neurons predomi- 
nate. 

Thalamocortical projections. One of the strongest Three lines of evidence indicate that neurogenetic gra- 
anatomical projections to the medial limbic cortex dients in the anterior thalamic nuclei and medial limbic 
comes from the anterior thalamic nuclei (10-13, 17, 36, cortex correlate with the pattern of anatomical intercon- 
37, 40, 42). The thalamic axons course anteriorly nections. These relationships are diagrammed in Fig. 7. 
through the medial striatum in the internal capsule and First, the work of Thompson and Robertson (40) shows 
then curve over the genu of the corpus callosum to course that thalamic anteroventral and anteromedial axons ter- 
posteriorly in the cingulum bundle (10,12,13,37). There minate in the medial limbic cortex segregated on ante- 
is a topographic relationship between the source cells rior-posterior and ventral-dorsal lines forming a “quad- 
and the target areas such that the anterodorsal nucleus rant” on the medial cortical wall (see trajectories of axo- 
projects primarily to the most posterior retrosplenial nal projections, Fig. 7). Second, neurogenetic gradients 
and presubicular areas, the anteroventral nucleus pri- in the thalamic anteroventral and anteromedial nuclei 
marily to the retrosplenial areas, and the anteromedial also form a “quadrant” (arrows in thalamus, Fig. 7) 
nucleus primarily to the supracallosal cingulate areas where older neurons are seated dorsolaterally and pro- 
(10,13,36,37,40). Early anatomical studies (10,37) in- gressively younger neurons ventromedially (1). Third, 
dicated that the anteromedial nucleus also projects to both the anterior to posterior and ventral to dorsal neu- 
the pregenual limbic cortex, later work found that this rogenetic gradients found in the supracallosal cingulate 
part of the medial limbic cortex gets input primarily and retrosplenial cortical areas (arrows in cortex, Fig. 7) 
from the thalamic mediodorsal nucleus (13, 17, 21, 23, provide the third “quadrant” on the basis of the data in 
26,27,36,39,42). this paper. Following the diagram in Fig. 7, we give two 
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examples that show how all three quadrants are linked. 
First, older neurons in dorsal AV terminate in dorsal 
parts (RSA) of the retrosplenial cortex (Fig. 6 in Ref. 
(40)); RSA contains younger target cells in the superfi- 
cial layers (approximately 23% originate on and after 
E20, Fig. 5C) where most of the thalamic axons termi- 
nate (13,36,42). Second, younger neurons in the medial 
part of AM terminate in ventral parts (CG2) of the su- 
pracallosal cingulate cortex (Fig. 4 in Ref. (40)); CG2 
contains older target cells in the superficial layers (only 
10% are generated on and after E20, Fig. 4C). 

It is noteworthy that the anatomical connections are 
not age-matched with the neurogenetic gradients: axons 
from olcEer source cells terminate in zones populated by 
younger target cells. The distance between source cells 
and target areas is also an important consideration. The 
older cells in AV send axons to targets furthest away, 
while the youngest neurons in AM send axons to nearer 
targets. Appropriate anatomical tracing studies in the 
immature brain are needed to test the hypothesis that 
the time of neurogenesis is related to the length that the 
axon must grow to reach its target. Possibly the longest 
axons from the oldest dorsolateral AV neurons (heavy 
solid lines, Fig. 7) will be the last to arrive at the most 
distant target, the agranular retrosplenial area, where 
neurogenesis is lute. It follows that the shortest axons 
from the youngest AM neurons (thin dashed lines, Fig. 
7) will be the first to arrive at the nearest target, CG2, 
where neurogenesis is early. It is probably not coinciden- 
tal that correlations between neurogenetic gradients and 
the patterns of anatomical connections in the hippocam- 
pal region indicated that the presubiculum and hippo- 
campal area CA1 have heavy thalamic input (also via the 
cingulum) and have unusually late neurogenesis; it was 
postulated in that paper that late neurogenesis may be 
related to late thalamic axon arrival (3). 

Striatal and basal ganglia connections. The “patch/ 
matrix” compartmentation in the striatum (P and M, 
Fig. 8) is based on differences in dopamine innervation 
(18), in enkephalin immunoreactivity (20), in anatomi- 
cal connections (14, 19, 41), and in times of cell origin 
((41), Bayer, unpublished observations). Older caudate 
neurons are superficial (4) in an area called the subcallo- 
sal streak (SCS, Fig. 8). Neurons in the patches are ap- 
proximately 2 days older than neurons in the surround- 
ing matrix (Bayer, unpublished observations). In con- 
trast to the thalamocortical connections, the medial 
limbic corticostriatal projections are age-matched to 
neurogenetic gradients in sources and targets (arrows, 
Fig. 8). Older neurons in the ventral parts of the anterior 
medial prelimbic cortex (mainly from IL and some from 
DP, Fig. 8) project to older neurons in the enkephalin- 
rich patches and subcallosal streak (14, 15, 19), while 
younger neurons in dorsal parts of the medial limbic cor- 
tex (CGl-CG3, Fig. 8) project to younger neurons in the 
matrix (14). It is interesting to note that reciprocal con- 

CORTICAL AREAS STRIATUM 

FIG. 8. Neurogenetic gradients between the source cells in the 
limbic cortical areas are age-matched with neurogenetic gradients be- 
tween the target cells in the striatum. Older cells in the striatal patches 
(P) and subcallocal streak (SCS) get input from older cells in the dorsal 
peduncular (DP) and infralimbic (IL) cortex, while younger cells in 
the striatal matrix (M) get input from younger cells in the cingulate 
(CGl-CG3) cortex. 

nections between the striatum and the substantia nigra 
are also age-matched with neurogenetic gradients in the 
two structures (reviewed in Ref. (4)), and we will show 
that basal ganglia projections to the thalamic mediodor- 
sal nucleus (21) are again age-matched with neurogene- 
tic gradients (Bayer, in preparation). 
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