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Abstract—Neurogenesis in the rat primary olfactory cortex was examined with [*H]thymidine
autoradiography. The experimental animals were the offspring of pregnant females given an injection of
[*H])thymidine on two consecutive gestation days. Nine groups of embryos were exposed to [*H]-
thymidine on E13-El4, E14-E15, . . . E21-E22, respectively. On P60, the percentage of labeled cells
and the proportion of cells originating during 24 hr periods were quantified at selected anatomical levels
of the anterior and posterior piriform cortex, dorsal lateral peduncular cortex, and posterior two-thirds
of the ventral agranular insular cortex. Throughout most of the primary olfactory cortex, deep cells are
generated earlier than superficial cells: the ‘inside-out’ pattern. Neurons in the anterior (prepiriform)
cortex are located lateral to the caudal anterior olfactory nucleus and olfactory tubercle, and are
generated mainly between E14 and E18 in a caudal (older) to rostral (younger) neurogenetic gradient.
Neurons in the posterior (periamygdaloid) cortex are located lateral to the caudal olfactory tubercle and
amygdala, and are generated mainly between E14 and E17 simultaneously along the rostrocaudal plane.
Superficial cells in the piriform cortex have some additional neurogenetic gradients; ventromedial cells
forming transition zones with either the olfactory tubercle or amygdala originate earlier than cells
located dorsally and laterally. In the posterior piriform cortex, younger neurons are located at middle
dorsoventral levels while older neurons lie above and below. Neurons in the dorsolateral peduncular
cortex originate between E14 and E20 in a caudal to rostral gradient of neurogenesis; caudal parts also
have a lateral to medial neurogenetic gradient. The most lateral part of the dorsolateral peduncular
cortex is unique and does not have the typical ‘inside-out’ cortical neurogenetic gradient. Neurons in the
ventral agranular insular cortex (area 13) originate mainly between E15 and E17 in combined caudal to
rostral and ventral to dorsal neurogenetic gradients. The neurogenetic gradients in the primary olfactory
cortex, along with patterns of neurogenesis throughout the olfactory projection field are related to the
termination patterns of afferents from the main olfactory bulb.

Key words: Piriform cortex, Insular cortex, Primary olfactory cortex, [*H}JThymidine autoradiography,
Neurogenesis.

The primary olfactory cortex is defined as that part of the telencephalic cortical mantle which
gets a direct projection from the main olfactory bulb. The projection to the piriform cortex was
first described by LeGros Clark and Meyer’ and was confirmed by several experimental
anatomical studies in the 1960s and early 1970s,'0-22:2945.46.64 Many studies on various aspects
of the projection are in the recent neuroanatomical literature,'!12.17:19:25.26.40-42.48.49.55-58.60.61
The entorhinal cortex, especially the ventral lateral part, also receives direct olfactory
input.!!12.17.29.33.41.46.48.57.58.60.61.64 Rina|ly, a few of the most recent reports indicate that the pos-
terior two-thirds of the ventral agranular insular cortex in the rhinal sulcus receives direct olfactory
input. 218415759 1n macrosmatic mammals, the primary olfactory cortex makes up asubstantial part
of the cerebral cortex. In the rat it forms the entire ventrolateral wall of the telencephalon.

In contrast to the wealth of anatomical literature, only two studies have been published on
neurogenetic patterns in the primary olfactory cortex. Pulse labeling with single injections of
[*H]thymidine was used to establish approximate times for neuronal birth dates in the piriform
cortex of the mouse; the results were reported in an abstract.>? Bayer* quantified the timetables
of neurogenesis in the entorhinal cortex using comprehensive labeling with multiple injections of
[*H]thymidine. This method was introduced by Bayer and Altman'® and allows an accurate de-
lineation of both the onset and cessation of neurogenesis as well as the determination of the
proportion of neurons that originate during single days of embryonic life. The comprehensive
labeling method has been used to quantify neurogenesis throughout the olfactory system, includ-
ing the olfactory bulb,® olfactory tubercle,® anterior olfactory nucleus,” cortical nuclei in the
amygdala,® and entorhinal cortex;* this paper completes the series. The major finding in all these
studies is that neurogenetic timetables correlate with patterns of anatomical connections.

EXPERIMENTAL PROCEDURES

The experimental animals were the offspring of Purdue-Wistar timed-pregnant rats given 2 s.c.
injections of [*H]thymidine (Schwarz-Mann; sp. act. 6.0 Ci/mM; 5 nCi/g body wt) to insure com-
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prehensive cell labeling. The injections (given between 9 and 11 a.m.) to an individual animal
were separated by 24 hr. Two or more pregnant females made up each injection group. The onset
of the [*H]thymidine injections was progressively delayed by 1 day between groups (E13-E14,
E14-El5, . . . E21-E22). The day the females were sperm positive was designated embryonic day
one (E1). Normally, births occur on E23, which is also designated as postnatal day zero (P0). All
animals were perfused through the heart with 10% neutral formalin on P60. The brains were kept
for 24 hr in Bouin’s fixative, then were transferred to 10% neutral formalin until they were em-
bedded in paraffin. The brains of at least six animals from each injection group were blocked
coronally according to the stereotaxic angle of the Pellegrino et al.** atlas. Every 15th section
(6 wm) through the olfactory peduncle was saved. Slides were dipped in Kodak NTB-3 emulsion,
exposed for 12 weeks, developed in Kodak D-19, and post-stained with hematoxylin and eosin.

The primary olfactory cortex extends nearly 11 mm (from A11.8 to A1.2) along the ventro-
lateral telencephalic wall. Sections were selected for quantitative analysis at 11 anteroposterior
levels (approximately one sample for each mm). Cells were counted microscopically at x 312.5 in
unit areas set off by an ocular grid (0.085 mm?) or in strips (0.29 mm wide). For quantification, all
neurons within a designated area were assigned to one of two groups, labeled or nonlabeled.
Cells with reduced silver grains overlying the nucleus in densities above background levels were
considered labeled; obvious endothelial and glial cells were excluded. The proportion of labeled
cells (% labeled cells/total cells) was then calculated from these data.

The determination of the proportion of cells arising (ceasing to divide) on a particular day
utilized a modification of the progressively delayed comprehensive labeling procedure,'” and is
described in detail elsewhere.”® Briefly, a progressive drop in the proportion of labeled neurons
from a maximal level (>95%) in a specific population indicates that the precursor cells are
producing nonmitotic neurons. By analyzing the rate of decline in labeled neurons, one can deter-
mine the proportion of neurons originating over blocks of days (or single days) during develop-
ment. Table 1 shows the data and calculations for the superficial cells of the piriform cortex at
level A11.2.

Throughout the quantitative analysis, it was noted that trends in cell labeling within animals
were very consistent. For example, in the superficial cells in layer II of the posterior piriform

Table 1. Neurogenesis of the superficial cells in the anterior
piriform cortex (A11.2)

Injection % Labeled Day of Y% Cells
group N cells* origin originating®
E14-E15 (A) 99.43£0.53 El4 1.76 (A-B)
E15-El6 (B) 97.67x1.51 ElS 21.84 (B-C)
El6-E17 1 (C) 75.83+4.63 El6 31.50 (C-D)

E18-E19 (E) 22.50+6.35 E18 11.67 (E-F)
E19-E20 (F) 10.83+2.23 E19 8.33 (F-G)

7
6
2
E17-E18 9 (D) 44.33+7.62 E17 21.83 (D-E)
6
6
E20-E21 7 (G) 250223 E20 2.50

*X +S.D.

+ Graphed in Fig. 2 (top).

The data for the superficial cells in the anterior piriform cortex
at A11.2 are given as an example of how the data are derived for
presentation in the bar graphs used throughout the figures in this
paper. N refers to the number of animals analyzed in each
injection group. The same number of animals is used to collect
data for all graphs throughout this paper. The % labeled cells is
the group mean and standard deviation for the raw data (counts of
the % of labeled cells to total cells) for each injection group. The
standard deviations are typical of the variability seen throughout
the data collection. The % cells originating column lists the data
that are presented in the bar graph (Fig. 2, top). To get the height
of the second bar, for example, the proportion of labeled cells in
injection group E15-E16 (entry B, column 3) is subtracted from
the % labeled cells in injection group E14-E15 (entry A, column
3) to get the proportion of cells originating during the day on E 14
(1.76%).
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cortex (Fig. 3), the percentage of labeled cells in the intermediate area tended to be slightly
higher than the percentage of labeled cells either above or below this area. However, variability
between animals in an injection group were large enough to mask this trend. Cell labeling
patterns were analyzed with the sign test,'> a non-parametric test suited to the type of data
collected throughout the study. The sign test determines the consistency of sequential neuron
production between paired locations within individual animals. The comparisons are grouped
into three categories: (1) X>Y, ‘=" comparison; (2) X<Y, ‘+’' comparison; (3) X=7Y ‘0’ com-
parison. The zero comparisons are discarded and, depending on the total number of remaining
‘+’ and ‘—" comparisons, either a binomial distribution or a normal approximation is used to cal-
culate probabilities (P). The graphs throughout this report show the more variable group data
rather than consistent trends in data from individual animals. Consequently, some of the statisti-
cally significant neurogenetic gradients (between dorsal, intermediate and ventral areas of layer
I1, Fig. 3) are not conspicuous in the group data.

RESULTS

Time of origin of neurons in the piriform cortex

Cytoarchitectonic considerations. The largest part of the primary olfactory cortex is taken up by
the piriform cortex, Krieg’s**-* areas 51a and 51b. The piriform cortex extends nearly 7.4 mm
from the ventral-lateral transition area surrounded by the anterior olfactory nucleus (approxi-
mately A11.8%) to A4.4. It forms the ventral lateral wall of the telencephalon, just beneath the
rhinal sulcus (drawings, Figs 1-3). Due to its specific neurogenetic characteristics, the piriform
cortex does not extend into the rhinal sulcus. Most anatomists consider that the piriform cortex
has three cell layers and an external plexiform layer I. Layer II contains not only small pyramidal
cells,?4+43:62.63 bt also semilunar cells whose dendrites form a semicircle in layer I, and polygonal
cells of variable shape. All of these neurons send dendrites to layer Ia which contains the mitral
cell axon terminals. Layer III contains medium-sized pyramidal cells which often have branched
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Fig. 1. The time of origin of neurons throughout the rostrocaudal extent of the piriform cortex. Neurons

were counted in strips through the shaded areas shown in the drawings; all cell counts were combined.

The bar graphs represent the proportion of neurons originating during single embryonic days. Neurons

between levels A8.4 and A4.4 originate simultaneously (data are combined in the lower graph) and
carlier than neurons at more anterior levels.
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Fig. 2. Neurogenesis in the anterior piriform cortex. Counts of neurons in layers II (superficial) and III
(deep) were done separately. The bar graphs represent the proportion of cells originating during single
embryonic days. Table | indicates how the data were calculated for the top graph. Deep cells originate
earlier than superficial cells (arrows in drawings), while cells at level A9.4 tend to be slightly older than
those at level A11.2 (arrow between drawings).
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Fig. 3. Neurogenesis in the posterior piriform cortex. Neurons originate simultaneously between levels
A8.4 and A4.4, and all graphs show combined data. Bar graphs represent the proportion of cells
originating during single embryonic days. Deep cells throughout (bottom graph) originate earlier than
superficial cells (arrow pointing toward surface in drawings). There is a tendency for intermediately
located superficial cells (graph second from top) to be slightly younger than cells above and below
(arrows point toward these cells in drawings).
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apical dendrites. Double-tufted cells, containing profusely branched apical and basal dendrites
are also found here. Most cells in layer III also have dendrites extending to the olfactory terminal
zone. Large pyramidal cells and horizontal cells are found in layer I'V. In the rat, the cell density
in layer IV is quite sparse in 6 pm sections, therefore the quantification of layers III and IV are
combined as the ‘deep cells’.

O’Leary*® describes anterior and posterior differences in the cytoarchitectonics of the piriform
cortex: layer Il is thicker anteriorly and contains smaller cells than those found posteriorly (com-
pare the cell sizes in the photomicrographs in Figs 4 and 6). The posterior piriform cortex begins
at the level of the interface between the posterior olfactory tubercle and the anterior amygdala
(top drawing, Fig. 3) and is characterized by a thinner layer II (Fig. 4) and a more densely packed
layer ITI-TV.

Neurogenesis along the rostrocaudal axis. Cell counts of neurons in layers II and III-IV were
combined at 10 levels between A11.8 and A4.4 to present an overview in Fig. | of the major
neurogenetic gradients along the rostrocaudal axis. These gradients served to differentiate the
anterior and posterior parts of the piriform cortex. The sign test shows that all neurons between
levels A8.4 and A4.4 originate simultaneously, and these data are combined in the bottom graph
(Fig. 1). Approximately 62% of the population arises between E12 and E15, significantly earlier
(P<0.01) than more rostral cells. The posterior piriform cortex was considered to be the entire
caudal expanse of cortex that lies lateral to the amygdala and caudal parts of the olfactory
tubercle. This is also called periamydaloid cortex by Valverde®*** and piriform cortex medialis by
Gray.?* Beginning at level A9.4, a stepwise caudal to rostral gradient is found in which neurons at
A9.4 originate significantly earlier (P<0.035) than those at A10.4, and those at A10.4 (middle
graph, Fig. 1) significantly earlier (P<0.0001) than those at A11.2. Both deep cells (P <0.02)
and superficial cells (P <0.0001) have significant caudal to rostral neurogenetic gradients (Fig. 2).
Beyond A11.2, the piriform cortex merges with the ventral-lateral transition area associated with
the anterior olfactory nucleus. Neurogenesis in the ventral-lateral transition area continues the
caudal (older) to rostral (younger) gradient (top graph, Fig. 1): 66% of the population originates
late, between E16 and E20. The part of the piriform cortex showing the more pronounced caudal
to rostral gradient (A9.4 and forward) is designated anterior piriform cortex according to the
terminology of Gray;** Valverde®*** calls this the prepiriform cortex.

Superficial-deep gradients. Between levels A11.2 and A9.4, the anterior piriform cortex widens
in the dorsoventral dimension. For quantification, cells in layers I and III-IV were counted
separately in dorsal and ventral strips. The sign test shows no differences between the time of
origin in dorsal vs ventral strips so the data are combined in Fig. 2. At levels A11.2 and A9.4,
deep cells originate signficantly earlier than superficial cells (P<0.0001) in a prominent deep
(older) to superficial (younger) neurogenetic gradient (Fig. 2). For example, at level A11.2, 65%
of the cells in layers ITII-IV originate between E12 and E15, while 76% of the layer II cells are
generated between E16 and E20.

Throughout the posterior piriform cortex (drawings, Fig. 3), cells in layers III-IV were counted
separately from cells in layer II in three strips, dorsal, intermediate and ventral. The sign test
shows that the deep cells in all three strips are not significantly different so the data in the bottom
graph of Fig. 3 are combined. As in the anterior piriform cortex, deep cells originate significantly
(P<0.0001) earlier than superficial cells in a very strong deep to superficial gradient. Approxi-
mately 82% of the deep cells are generated between E12 and E15, while most of the superficial
cells in dorsal, intermediate and ventral locations are generated on or after E15.

Intrinsic layer Il neurogenetic gradients. Layer II cells in the posterior piriform cortex show an
additional neurogenetic gradient along the dorsoventral axis. The areas shown in Fig. 4 are from
dorsal (Fig. 4A), intermediate (Fig. 4B) and ventral (Fig. 4C) parts of layer II; the highest density
of labeled cells is found in the intermediate area. Neurogenesis in all parts of layer II occurs
mainly on E16 and E17 (three top graphs, Fig. 3). On and after E17, significantly less (P <0.019)
neurogenesis occurs in dorsal and ventral areas (21 and 18%, respectively) than in the inter-
mediate area (32%). This is an example of a young center ‘sandwich’ type neurogenetic gradient.

In both the anterior and posterior parts of the piriform cortex, layer II forms transition zones as
it extends farther ventrally and medially than layers III and IV (drawings, Fig. 5). Ventral exten-
sions are prominent between A11.2 and A9.4 as zones of tightly packed small cells (Fig. 6B)

DN 4:3-D
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Fig. 5. Neurogenesis in the ventromedial superficial cells forming transition areas to either the olfactory

tubercle (two top graphs) or the amygdala (bottom graph). Cells were counted in the shaded areas indi-

cated in the drawings. Bar graphs represent the proportion of neurons originating during single

embryonic days. Neurons between levels A7.4 and AS.4 originate simultaneously (data are combined in
the bottom graph) and earlier than those at more anterior levels (arrow between sections in drawings).

adjacent to the layer II cells in the olfactory tubercle. The ventromedial extension is reduced at
AS8.4, but it reappears at level A7.4 and extends throughout the posterior piriform cortex as a
ventral lamina of tightly packed cells (Fig. 4D). These cells form a transition zone to the super-
ficial cells of the anterior and posterolateral cortical amygdaloid nuclei. Gray?* called these ven-
tromedial specializations the subpiriform cortex.

All cells within the layer II transition zones were counted at six levels between A11.2 and AS.4.
The sign test shows that neurons in the piriform—amygdaloid transition zone (A7.4-A5.4) origi-
nate simultaneously; consequently, the data in the bottom graph of Fig. 5 are combined. These
cells originate significantly earlier (P <(0.0001) than those in the transition zone adjacent to the
anterior piriform cortex. Here, neurons originate in a pronounced stepwise caudal to rostral
neurogenetic gradient. Cells at A9.4 (middle graph, Fig. 5) originate signficantly earlier than
those at A10.4 (P<0.0001); those at A10.4 significantly earlier than those at A11.2 (P <0.0001;
top graph, Fig. 5). These data repeat the pattern seen throughout the entire piriform cortex
proper (Fig. 1). The caudal to rostral gradient is especially strong: in the posterior transition
zone, 77% of the population originates between E13 and E15, while 76% of the population in the
anterior transition zone at A11.2 originates between E16 and E19.

The cells in the posterior transition zone originate earlier than cells throughout layer II in the
posterior piriform cortex (compare labeling levels in Fig. 4D with Fig. 4A-C). Similarly, Fig. 6
shows fewer labeled cells in the anterior transition zone (Fig. 6A) than in layer Il in the anterior
piriform cortex proper (Fig. 6B). The data for level A10.4 are shown in Fig. 7. (Other levels show
similar data and are not illustrated.) While a few neurons are generated in all parts of layer Il on
E14, on and after E15 there is a distinct ventral to dorsal neurogenetic gradient. Neurons in the
ventromedial transition zone (bottom graph) originate significantly earlier (P <0.003) than those
in the dorsal parts of layer II.
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Fig. 4. Autoradiograms of layer 11 in the posterior piriform cortex at level A6.4 in an animal exposed to

[*H]thymidine on E17+E18 and killed on P60 (6 pum paraffin sections, hematoxylin and eosin,

scale = 0.05 mm). The levels shown are: (A) dorsal; (B) intermediate; (C) ventral; (D) ventromedial

transition area. Notice that only one labeled cell is seen in (D). while most labeled cells are seen in (B).

The lamina in the intermediate area (B) is thicker, and can be subdivided into superficial (IIa) and deep
(11b) parts. Notice that Ila contains proportionately fewer labeled cells than 11b.
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Fig. 6. Autoradiograms of superficial cells in the anterior piriform cortex at level A10.4 in an animal

exposed to [*H]thymidine on E16+E17 and killed on P60 (6 pm paraffin sections, hematoxylin and

eosin, scale =0.05 mm). Dorsal (A) areas have a higher proportion of labeled cells than ventral (B)

areas. The dorsal area (A) is thicker and can be subdivided into superficial (1la) and deep (1lb) parts;
notice that layer Ila contains proportionately fewer labeled cells than 1lb.
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Fig. 8. Autoradiograms of the dorsolateral peduncular cortex in an animal exposed to [*H]thymidine-on
El6+E17 and killed on P60 (6 wm paraffin sections, hematoxylin and eosin). The low magnification
view in (A) (scale =0.25 mm) shows the mediolateral extent of this area at level Al1.2; Roman
numerals (I-1V) indicate cortical layers. The arrow points to the junction with the ventrally positioned
piriform cortex; at this point, the proportion of labeled superficial cells sharply decreases. The propor-
tion of labeled superficial cells begins to increase medially (beneath asterisk). (B) High magnification
view of the area just above the arrow in (A); superficial cells are mostly unlabeled, while deep cells still
are labeled. (D) High magnification view of the area just below the asterisk in (A); deep cells are un-
labeled, while superficial cells are mostly labeled. (C) High magnification view of a cluster of mostly
unlabeled superficial cells at level A10.4, probably an extension of the early forming superficial cells at
A11.2. Scales from (B) to (D)=0.05 mm.

259



260 S. A. Bayer

N > 'y [ 3 & - - 2
e i
. i, - ® - i 5"
8 A g i - - - Ik
' - O " %ot g ,
’ Pt i, (S T IR RS
L LI 4 a8 L - \
. Les toes p
L ‘ [ T -
y - » X e i e’
L 3 . e "
! - D""l e . ; =
F » S y . 3
L . r B 0 o .
i » » r [ ] -
. | ¢ 4.
12 , B S =
- -——"-T“—-—-..v-.__ i -
L 3 - e o o -
Pt ! ! | - . __l‘_ P =,
i " -
. L X - . ‘l -
s . - %
. o, e I 4 .
4 r 2 \ ‘ 5 | n
’ o . g 2 " B
9 | ‘ ® -
“ " v r 5
d ; , A ‘ "
24 - e -
wh E : - x » BT
A s ‘ & = @
—
; 1 . ;
» - \

Fig. 11. An autoradiogram of the ventral agranular insular cortex (area 13) at level AS.4 in an animal

exposed ta [*H]thymidine on E16+E17, and killed on P60 (6 um paraffin section, hematoxylin and

eosin, scale =0.1 mm). The rhinal sulcus (RS) is visible on the left. The claustrum (CL) forms the deep

border of this area. Roman numerals refer to layers within the insular cortex; the dashed line indicates

how the superficial (I-111) and deep (IV~VI) parts were subdivided for the cell counts. There are pro-

portionately fewer labeled cells located ventrally (toward bottom) and deeply, indicating a combined
ventral to dorsal and deep to superficial neurogenetic gradient.
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Fig. 7. Neurogenesis of the superficial cells in the piriform cortex at level A10.4. The bar graphs

represent the proportion of cells originating over single embryonic days. Ventromedial cells originate
earlier than dorsal and lateral cells (arrow in drawing).

An additional trend in labeling patterns was noted but not quantified during the analysis of
layer II neurogenesis. Throughout the anterior piriform cortex proper and in the intermediate
part of the posterior piriform cortex, layer II is thicker. Superficial cells are less densely packed
(I1a) than are deeper cells (IIb). Layer Ila cells tend to become unlabeled sooner (they are
slightly older) than the more densely packed cells in IIb (Figs 4B and 6A). This indicates a de-
viation from the ‘inside-out’ cortical neurogenetic gradient.

Time of origin of the dorsolateral peduncular cortex

Krieg*-*> named the cortex along the ventral lip of the deeply invaginated rhinal sulcus (Fig. 8

and drawings, Fig. 9) area 51b of the piriform cortex. He did not differentiate it from the part of
the piriform cortex which is lateral to the amygdala (which he also called area 51b). Today, most
anatomists follow Krieg’s terminology and consider this area part of the piriform cortex.

As layer I makes a sharp curve to form the lateral prominence in the olfactory peduncle, the
high proportion of labeled cells seen in the dorsal part of the piriform cortex suddenly decreases
(arrow, Fig. 8A). This sharp drop in the density of layer II labeled cells is considered to be the
lateral boundary of a cortical area unique to the adjacent piriform cortex and is termed the dor-
solateral peduncular cortex in the following discussion. Most of the superficial cells are unlabeled,
while many deep cells are still labeled just beyond the division (Fig. 4B). The density of labeled
cells in layer II begins to increase along the medial ventral bank of the rhinal sulcus. A high mag-
nification view of cortex in this area (Fig. 8D) shows that most superficial cells are labeled while
deep cells are unlabeled. A tongue-like extension of the lateral superficial cells extends pos-
teriorly to level A9.4 (bottom drawing, Fig. 10). These cells are easily recognized as a densely
packed cluster of unlabeled neurons (Fig. 8C) wedged between the piriform cortex below and the
ventral insular cortex (Krieg's*** area 13) above.

Figure 9 shows the neurogenesis of layer II cells in the dorsolateral peduncular cortex through-
out the rostrocaudal axis. Cells were counted in unit areas laterally at A9.4 and A10.4, and in
lateral, intermediate and medial areas at levels A11.2 and A11.4, respectively. Medial and inter-
mediate areas of cortex along the dorsal part of the olfactory peduncle at level A11.4 are the same
as the dorsal transition area immediately posterior to the pars dorsalis of the anterior olfactory
nucleus, while the most lateral part of the cortex at A11.4 is the same as the lateral transition area
posterior to the pars lateralis. The sign test shows that lateral cells between A11.2 and A9.4
originate simultaneously, and their data are combined in the bottom graph (Fig. 9). The sign test
also shows that lateral, intermediate and medial areas of superficial cells originate simultaneously
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Fig. 9. Neurogenesis of the superficial cells throughout the dorsolateral peduncular cortex. Bar graphs

are the proportion of cells generated during single embryonic days. Neurons were counted in the shaded

areas shown in the drawings. Lateral cells between levels A11.2 and A9.4 originate simultaneously (data

are combined in the bottom graph) and earlier than all other cells: similarly. cells at A11.2 originate

earlier than those at All.4 (arrow to the left of drawings). Within level All.2 there is an additional
lateral to medial neurogenetic gradient (arrow within middle drawing).
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Fig. 10. Neurogenesis along the superficial-deep plane of the dorsolateral peduncular cortex at level
A11.2. Bar graphs are the proportion of neurons originating during single embryonic days. There is a

strong superficial to deep gradient in the medial area (left panel of graphs. arrow pointing toward
surface in drawing). In contrast, the lateral area has no gradient.
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at level A11.4, and their data are combined in the top graph (Fig. 9). Neurogenesis occurs in com-
bined lateral to medial and caudal to rostral gradients. The lateral cells in levels A11.2-A9.4
originate signficantly earlier (P<0.0001) than intermediate cells at level A11.2, intermediate
cells originate earlier than medial cells (P<0.001), and finally, medial cells at A11.2 are signfi-
cantly older than cells throughout A11.4 (P<0.0001). The gradient is robust, especially when
caudolateral cells (83% originate between E12 and E16) are compared with rostral cells (92%
originate between E17 and birth).

Superficial-deep gradients in the dorsolateral peduncular cortex are shown in Fig. 10. Deep
(layer 1V), intermediate (layer III) and superficial (layer II) cells were counted separately in
lateral and intermediate strips at level A11.2, while superficial (layer IT) and deep (layer III) cells
were counted separately in a lateral area at this same level. The sign test shows that a stepwise
superficial to deep gradient occurs in both medial (left, Fig. 10) and intermediate strips
(P<0.0001). The difference in times of origin between deepest and most superficial cells is
dramatic. Most deep cells originate on E15 and before, while most superficial cells originate
between E16 and E18. In contrast, the lateral area showed no neurogenetic gradient along the
superficial-deep plane (lateral panel of graphs, Fig. 10). The deep cells originate either on E14
(before most superficial cells are generated) or on E18 (after most superficial cells are generated).

Neurogenesis of the ventral agranular insular cortex

The insular cortex is found in the depths of the rhinal sulcus and along its dorsal lip. Krieg***

divides it into a dorsal part containing granule cells in layer IV (area 14) and a ventral agranular
part (area 13). This latter part contains small pyramidal type cells in layer I1 and medium-sized
pyramidal cells in layer III; layer IV is indistinct due to the lack of granule cells and layers V-VI
contain larger pyramidal and polymorph cells (Fig. 11). Beneath the deepest layers of the insular
cortex are the smaller cells in the claustrum. Between levels A10.4 and A4.4, the ventral agranu-
lar insular cortex forms the dorsal boundary of the piriform cortex. Between levels A4.4 and
A1.2, it forms the dorsal boundary of the entorhinal cortex. Beyond level A1.2, it blends in with
the perirhinal cortex (Krieg's**-*® area 35). The posterior two-thirds of the ventral agranular
insular cortex receives a direct projection from the olfactory bulb in the opossum,*'-*7 guinea
pig,'? and mouse.**>? This projection has not been officially reported in the rat, but de Olmos et
al.'® showed that anterograde transport of horseradish peroxidase from the rat olfactory bulb ex-
tended into the depths of the rhinal sulcus, beyond the dorsal limit of the piriform cortex. Due to
the high probability of a direct olfactory projection in the rat, neurogenesis in the ventral
agranular insular cortex was quantified at 10 levels between A10.4 and A1.2.

Cell counts in all layers of the ventral agranular insular cortex are combined to present an over-
view of the neurogenetic patterns throughout the rostrocaudal axis (Fig. 12). The sign test shows
that between levels A8.4 and A1.2, neurogenesis occurs simultaneously; consequently, these data
are combined (bottom graph, Fig. 12). The long expanse of simultaneously arising posterior cells
are generated significantly earlier than those at level A9.4 (P<0.001). From A9.4 on, a stepwise
caudal to rostral gradient begins so that those at level A9.4 are generated significantly earlier than
those at level A10.4 (P<0.001). The gradient is mild: E15-E17 are peak days for neurogenesis
throughout the entire insular cortex, with more neurogenesis on E15 posteriorly, and more on
E16-E17 anteriorly.

The autoradiogram in Fig. 11 illustrates neurogenetic gradients along the superficial-deep
plane. Deep cells in the claustrum and ventral agranular insular cortex are mostly unlabeled,
while the superficial layers have a high proportion of labeled cells. At all levels where the insular
cortex was quantified, the cells in layers II-III were counted separately from the cells in layers
IV-VI (drawing, Fig. 13). The sign test shows a significant (P <0.0001) deep to superficial neuro-
genetic gradient throughout (Fig. 13 shows data for level AS5.4; other levels are not illustrated).
The gradient is very strong: 89% of the deep cells originate on or before E15 (75% on E15 alone),
while 77% of the superficial cells originate on or after E16.

Between levels A6.4 and A4.4, the ventral insular cortex extends beneath the rhinal sulcus
forming a shoulder-like structure overlying the piriform cortex (drawing, Fig. 14). At each of
these levels, cells were counted separately in strips through the ventral extension. The sign test
shows that ventrally positioned neurons originate significantly (P<0.0001) earlier than those
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Fig. 12. Neurogenesis throughout the rostrocaudal extent of the ventral agranular insular cortex.
Neurons were counted in the shaded areas indicated in the drawings. Bar graphs show the proportion of
cells originating during single embryonic days. Cells between levels A8.4 and Al.2 originate simul-
taneously (data are combined in the bottom graph) and earlier than cells at more anterior levels (arrow
between drawings).
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Fig. 13. Neurogenesis along the superficial-deep plane in the ventral agranular insular cortex. Figure 11

shows how the superficial and deep layers were subdivided in the strip. Bar graphs are the proportion of

cells originating during single embryonic days. There is a very strong deep to superficial neurogenetic
gradient (arrow in drawing).
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positioned dorsally at all levels (Fig. 14 shows data for level A6.4; other levels are not illustrated).
The gradient is subtle: 61% of the ventral cells are generated on or before E15 (middle graph,
Fig. 14), while slightly less (53%) of the dorsal cells are generated during the same time period
(top graph, Fig. 14).

%
40
30
20

50
40
30
20
10

E12 13 14 15 16 17 18 19 20
DAY OF ORIGIN

Fig. 14. Neurogenesis in the primary olfactory cortex at level A6.4. Cells were counted (all areas

combined) within the shaded areas indicated in the drawing. Bar graphs show the proportion of neurons

originating during single embryonic days. Within the insular cortex. there is a ventral to dorsal
neurogenetic gradient. but the insular and piriform cortices originate simultaneously.

Comparison of neurogenetic patterns between different subdivisions of the primary olfactory cortex

At levels A6.4 and A11.2 neurogenesis of the piriform cortex as a whole was compared with
neurogenesis in the insular cortex and dorsolateral peduncular cortex, respectively. The sign test
shows no significant differences between various cortical areas. When compared with the insular
cortex, neurogenesis in the piriform cortex is slightly higher on E13-E14 but is simultaneous
during the rest of the developmental period (bottom graph, Fig. 14). The same pattern is found at
A11.2 when the piriform cortex is compared to the dorsolateral peduncular cortex (data are not
illustrated). The sign test also shows that neurogenetic gradients in the ventral insular cortex
cannot be significantly related to those in the dorsolateral peduncular cortex. In addition, the
ventral lateral entorhinal cortex caudal to the piriform cortex originates nearly simultaneously
with the posterior piriform cortex. Thus, all four areas of primary olfactory cortex are generated
according to specific intrinsic neurogenetic gradients, apparently independent of each other.

DISCUSSION

Summary of the neurogenetic gradients throughout the primary olfactory cortex

There is a striking similarity in the way the primary olfactory cortical areas are generated along
the rostrocaudal axis (Fig. 15). Caudal to level A8.4 (heavy dashed line in Fig. 15), the insular,
piriform and lateral entorhinal cortices® originate simultaneously. (The lateral area is the only part
of the entorhinal cortex to receive direct input from the olfactory bulb,'!:12:17:29.41.46.48.57.60.61.64
although two recent studies*® found a few primary olfactory fibers reach the medial area.) As a



266 S. A. Bayer

NEUROGENETIC GRADIENTS IN THE — .
PRIMARY OLFACTORY CORTEX 7 Uy
|

DORSAL TRANSITION c’o/?,,

AREA IN AON &,

N — {5,
272 .4'////‘ .
,,,,//,//,'_ /) LATERAL TRANSITION =~

AREA IN AON

VENTRAL-LATERAL
TRANSITION AREA
IN AON

NN AT T
N1 V////I/////

CAUDAL > ROSTRAL

PIRIFORM CTX GRADIENT i ———
SN DORSOLATERAL PEDUNCULAR CTX

INSULAR CTX NEGRONS NSURGNS
7] ENTORHINAL CTX

Fig. 15. A diagram summarizing the neurogenetic gradients seen throughout subdivisions (see legend) of
the primary olfactory cortex along the rostrocaudal plane. All arrows indicate gradients of neurogenesis.
The heavy dashed line represents the approximate location of level A8.4. Caudal to this level, the
primary olfactory cortex originates simultaneously and earlier than the cortex located anteriorly. The
anterior parts of the primary olfactory cortex. including transition areas and anterior oifactory nucleus,
originate in a more prominent stepwise caudal to rostral gradient. Throughout this continuum, younger
neurons are positioned nearer to the olfactory bulb; an arrangement which can be related to the primary
olfactory projection (Fig. 16). [The lateral (L) entorhinal area originates simultaneously with the pos-
terior piriform cortex but earlier than intermediate (I) or medial (M) areas; this gradient is not related to
those in the primary olfactory cortex.]

group, the three caudal parts of primary olfactory cortex originate earlier than rostral parts (indi-
cated by the arrows running across the interface at level A8.4 in Fig. 15). All parts of the rostral
primary olfactory cortex show a stepwise and more pronounced caudal to rostral neurogenetic
gradient (indicated by arrows running between segments in Fig. 15, also see data in the upper
graphs in Figs 1, 5 and 12). We have reported” a pronounced caudal to rostral gradient through-
out the olfactory peduncle, probably an extension of what is seen here in the rostral primary
olfactory cortex. When the anterior olfactory nucleus and the primary olfactory cortex are taken
as a continuum, the youngest neurons are located closest to the olfactory bulb.

Neurogenetic gradients along the rostrocaudal axis in the piriform cortex closely correlate with
the observations made by Leonard™ in a developmental study in the hamster. Mature primary
olfactory contacts (as judged by long-lasting degeneration agyrophilia) were present as early as
postnatal day (P) 2 in the rostral part of the posterior piriform cortex. Olfactory axons grew
rapidly throughout the posterior piriform cortex and adult levels of degeneration density were
reached by P20. In line with its later neurogenesis, the anterior piriform cortex did not show any
mature olfactory contacts until P5, and adult levels were not reached until P33. Also correlating
with the caudal to rostral neurogenetic gradient in the piriform cortex, Schwob and Price®* found
that associational fibers originating in the posterior piriform cortex developed in advance of those
coming from the anterior piriform cortex.

In contrast to their similarity along the rostrocaudal axis, various parts of the primary olfactory
cortex have characteristic intrinsic neurogenetic gradients that are independent of each other.
The strong lateral to medial gradient in the dorsolateral peduncular cortex (Fig. 10) is not a con-
tinuation of the neurogenetic gradients found in layer II of the piriform cortex (Figs 3 and 7).
Similarly, the dorsal (younger) to ventral {older) neurogenetic gradient in the ventral agranular
insular cortex is not continued in the piriform cortex (Fig. 14). The lateral to medial gradient in
the entorhinal cortex (the only arrows in Fig. 15 not pointing to the olfactory bulb) is related to
anatomical connections with the hippocampus.® These data imply that each area of primary olfac-
tory cortex is generated by a separate neuroepithelial source. However, similarities in neuro-
genesis along the rostrocaudal axis (Fig. 15) suggest that developmental events in each
neuroepithelium producing a particular part of primary olfactory cortex are linked. We will
present evidence below that the rostrocaudal gradient is related to olfactory bulb input.

The intrinsic gradients in layer II of the piriform cortex can be linked to developmental and
anatomical observations in the rat. Schwob and Price®*>* found that olfactory fibers first reach
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the ventromedial part of the piriform cortex, the areas closest to the lateral olfactory tract. The
data in Figs 5 and 7 show that superficial cells adjacent to the lateral olfactory tract are older,
possibly in connection with their earlier innervation. The area of later originating cells in layer II
of the posterior piriform cortex (Fig. 3) may be related to the observation that these neurons die
in greater numbers'? when the olfactory bulb is lesioned.

Using neurogenetic gradients to define the limits of the primary olfactory cortex

All structures receiving direct olfactory input have a plexiform layer (I) on the surface of the
brain. Price and his coworkers have studied the laminar arrangement in layer I. Axons leave the
lateral olfactory tract and terminate superficially in layer Ia; the associational afferents from other
structures in the olfactory system terminate just beneath the primary afferentsin layer [b.23:27-39:46.54
This characteristic lamination has made the delineation of primary olfactory cortex a problem in
the neuroanatomical literature.™ The piriform cortex is unanimously considered as a cortical
structure. There is occasional reference to the cortical organization of the anterior olfactory
nucleus? and portions of the amygdala have been renamed as periamygdaloid cortex.*® In addi-
tion, there is a longstanding controversy regarding the cortical nature of the olfactory tubercle.*
At one time or another all parts of the brain receiving a projection from the olfactory bulb have
been called ‘cortex’. The use of [*H]thymidine autoradiography to examine neurogenetic
gradients throughout the olfactory projection field can clearly delineate the limits of the primary
olfactory cortex.

The ‘inside-out’ pattern of neurogenesis which Angevine and Sidman® first saw in the mouse
neocortex is characterized by older cells lying next to the white matter in the deeper cortical
layers and progressively younger cells lying in the superficial cortical layers (the often mentioned
deep to superficial gradient in this paper). This neurogenetic gradient has since been found in all
telencephalic cortical areas thus far examined with [*H]thymidine autoradiography, including
various areas in the neocortex'*'*2%2147 and the entorhinal cortex.>* Thus, this gradient can be
regarded as a developmental criterion of telencephalic cortical structures. In addition to the
entorhinal cortex, four other structures in the olfactory projection field have the typical ‘inside-
out’ cortical neurogenetic gradient: the present study confirms the observations of Hinds and
Angevine*? that (1) the piriform cortex has the ‘inside-out’ gradient, and extends these observa-
tions to (2) the ventral agranular insular cortex and most of (3) the dorsolateral peduncular
cortex. The preceeding companion paper® reported an ‘inside-out’ gradient in (4) the dorsal and
ventral-lateral transition areas associated with the anterior olfactory nucleus.

On the other hand, four structures getting primary olfactory afferents resemble a cortex but do
not have the required neurogenetic gradient: (1) the olfactory tubercle® has no gradient along the
superficial-deep plane. Neurogenetic patterns in (2) the cortical nuclei of the amygdala® and (3)
anterior olfactory nucleus® show a superficial (older) to deep (younger) gradient, exactly the
opposite of the typical cortical gradient. (4) The posterolateral olfactory peduncle is noted for a
subgroup of late-originating deep cells (Fig. 10) which throw off the deep to superficial gradient.
Perhaps the superficial cells of the dorsolateral peduncular cortex are simply juxtaposed over
deep cells that are extensions of the pars lateralis in the anterior olfactory nucleus.’

Neurogenetic gradients in target structures correlated with anatomical projections from the
olfactory bulb

Since this paper is last in the series to study neurogenetic patterns in the olfactory system, it
seems appropriate to summarize data from all of these studies. A hypothetical scheme of the re-
lationship between the neurogenetic gradients in all structures receiving primary olfactory input
(target structures) and their connections with the olfactory bulb is shown in Fig. 16. There are
caudal to rostral neurogenetic gradients (arrows, Fig. 16) in the primary olfactory cortex and anterior
olfactory nucleus. Taken together, these structures constitute the largest target area and are the
most well-documented recipients of primary olfactory axons,'!:!2:17:19.25.26.4042.48.49.55-58.60.61
The amygdala has a rostral (older) to caudal (younger) neurogenetic gradient (arrows, Fig. 16);
only the lateral part of the cortical amygdaloid nuclei are contacted by primary olfactory fibers
(see Ref. 5 for a review). The olfactory tubercle receives direct olfactory fibers throughout its ex-
tent (see Ref. 8 for a review), and has a lateral (older) to medial (younger) gradient (arrows,
Fig. 16).
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Fig. 16. A diagram indicating the correlation between timetables of neurogenesis in the main olfactory
bulb output neurons (upper right legend) and neurogenetic gradients (arrows. lower legend) in target
structures reached by primary olfactory axons. (Abbreviations in lower left drawing: AM, amygdala;
AON. anterior olfactory nucleus: MOB, main olfactory bulb; OT. olfactory tubercle; POCa and POCp.
anterior and posterior parts of the primary olfactory cortex.) The projections in drawings along the
diagonal show the most caudal extent of axons of youngest output neurons (top drawing), and oldest
output neurons (bottom drawing). The oldest mitral cells probably project throughout the entire
primary olfactory terminal field: for clarity, the most caudal extent of their axons is shown only in the
bottom right drawing. The projections thin out caudally®*** (Bayer ¢f a/.. unpublished data) presumably
due 1o the decreased number of axons contributed by younger output neurons. Only the oldest mitral
cells contact the amygdala and posterior primary olfactory cortex (bottom right drawing).

The output neurons of the main olfactory bulb (mitral and tufted cells) have an intrinsic
neurogenetic gradient (upper right legend, Fig. 16). Mitral cells (filled, dotted and empty circles,
Fig. 16) are generated mainly between E14 and E17° and lie randomly arranged with respect to
age within the mitral cell layer. Tufted cells originate later than the mitral cells.®*' Internal tufted
cells (solid triangles, Fig. 16) originate mainly on E16-E17 and are positioned just outside the

mitral cell layer; external tufted cells (empty triangles, Fig. 16) originate mainly on E18-E19 and
lie closer to the surface of the olfactory bulb.
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Neuroanatomical evidence is accumulating which correlates the age of olfactory bulb output
neurons with the position of their target zones along the rostrocaudal axis. For example, super-
ficial (youngest) tufted cells project only as far as the pars externa and rostral (youngest) part of
the anterior olfactory nucleus.™-3! Deeper (older) tufted cells project farther back in the (older)
anterior olfactory nucleus and primary olfactory cortex.?*4 On the other hand, mitral cells pro-
ject throughout the olfactory projection field, and their axons constitute the entire projection to
the posterior primary olfactory cortex.?**-*5 In a horseradish peroxidase (HRP) and [*H]-
thymidine double labeling study, Grafe®* found only the oldest mitral cells project to the pos-
terior piriform cortex in the hamster. We have confirmed these observations in rats: more
posterior HRP injection sites retrogradely label only the oldest mitral cells (those originating on
or before E15), while more anterior HRP injection sites retrogradely label some younger mitral
cells (originating on or after E16) along with older cells (Bayer ef al., in preparation). We are con-
tinuing these experiments, and plan to inject more rostral parts of the primary olfactory cortex
and anterior olfactory nucleus to see if even younger mitral cells become retrogradely labeled.
Thus far, these data suggest that progressively younger mitral cells contribute to progressively
more anterior projections, and a tentative hypothesis is offered. Within the continuum formed by
the anterior olfactory nucleus and the primary olfactory cortex, the youngest output neurons pro-
ject to the closest targets which contain the youngest recipient neurons.

The rostral to caudal neurogenetic gradient in the amygdala has been related to the formation
of contacts between olfactory fibers and their target cells (see Ref. 6 for a review). The anterior
cortical nucleus of the amygdala contains some of the oldest neurons (generated on E13) to re-
ceive direct olfactory input (see Fig. 9 in Bayer®). The caudal part of the olfactory projection
could first become established when axons of the (presumably) older mitral cells make contacts
with the early generated neurons in the anterior cortical nucleus. Both Schwob and Price®? and
Leonard™ found this part of the olfactory projection field to develop early. The strong lateral to
medial neurogenetic gradient in the olfactory tubercle® is in line with the lateral to medial growth
of olfactory fibers.*®* Also correlating with the later neurogenesis in the olfactory tubercle,
several studies?®?355 report that some tufted cells (younger output neurons) contribute to the
olfactory tubercle projection.

All of these data, along with other [*H]thymidine autoradiographic studies throughout the
central nervous system'*” suggest that the time of neuron origin has a direct bearing on the
pattern of anatomical connections. Thus, precise patterns of neurogenesis may be an important
mechanism used by the developing nervous system (along with others) to reach maturity.
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