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The limbic-system-associated membrane protein (LAMP) is 
expressed early in cerebral cortical development by mi- 
grating and postmigratory neurons in limbic regions such as 
the prefrontal and perirhinal cortices (Horton and Levitt, 1988), 
but not by nonlimbic neurons such as in the primary sensory 
and motor cottices. In the present study, we used LAMP 
expression to evaluate the timing and potential cell-lineage 
and environmental determinants of the commitment of ce- 
rebral cortical neurons to limbic and nonlimbic phenotypes. 
The cerebral wall, containing either presumptive perirhinal 
or sensorimotor cortex, was removed prior to [embryonic 
day (E) 12, 141 or just after (E17) the onset of LAMP ex- 
pression, labeled with fast blue, and placed into cavities in 
either perirhinal or sensorimotor regions of postnatal day (P) 
1 hosts. Host animals were allowed to survive until at least 
Pl 0, and surviving transplanted cells were counted and eval- 
uated for LAMP expression. Sensorimotor cortical neurons 
transplanted at El4 or El 7, in either homotopic or hetero- 
topic locations, did not express LAMP. In contrast, a high 
percentage of perirhinal cortical neurons transplanted at ei- 
ther El 4 or El 7, whether situated in sensorimotor or perirhi- 
nal regions of the host, expressed the limbic marker protein. 
Surprisingly, neurons from El2 donors exhibited patterns 
of LAMP expression that reflected their new location in the 
host rather than their embryonic origin. The data suggest 
that there is an early pliant period in which precursor and 
early differentiating cells remain uncommitted to a particular 
cortical regional phenotype. After this period, one aspect of 
the molecular phenotype (determined by LAMP expression) 
of neurons destined for sensorimotor and allo- and meso- 
cortical regions has become immutable by environmental 
factors in the host. 

Specification of brain regions may be regulated by both genetic 
and epigenetic factors (Rakic, 1974, 1988; Cowan et al., 1984; 
O’Leary, 1989). While a number of modifications in brain cy- 
toarchitecture have been attributed directly to specific genetic 
mutations (Rakic, 1974; Caviness and Rakic, 1978; Nowa- 
kowski, 1987) the specific forces on a particular CNS cell type 
that may regulate its development and ultimate phenotypic fate 
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have been more difficult to identify. In the study of cerebral 
cortex specification, several hypotheses have been generated 
that implicate both lineage-based and environmental mecha- 
nisms (Jensen and Killackey, 1984; McConnell, 1988; Rakic, 
1988; O’Leary, 1989, O’Leary and Stanfield, 1989). In a classic 
example of both factors influencing cortical development, tha- 
lamic afferents to the somatosensory cortex were removed at 
birth in the rat. This removal of afferents does not affect the 
overall development of dense aggregates of granule neurons in 
layer IV of the somatosensory cortex, but subsidiary features 
such as the barrels within the aggregates fail to develop (Wise 
and Jones, 1978). 

Transplantation studies using presumptive cortical tissue have 
attempted to address issues concerning the area1 specificity of 
cerebral cortex (Floeter and Jones, 1984; McConnell, 1988; 
Hohmann, 1989; O’Leary and Stanfield, 1989). For example, 
the projection patterns developed by transplanted corticofugal 
neurons are determined by the new area1 location of the trans- 
planted cells in the host (O’Leary and Stanfield, 1989). These 
results suggest that interactions within a specific locale may be 
critical in defining at least one aspect of neocortical neuron 
phenotype, their projection patterns. In contrast, abnormal ra- 
dial position of neurons in the cerebral hemisphere, induced by 
ionizing radiation, does not appear to alter the commitment of 
cortical cells to develop normal projection patterns (Jensen and 
Killackey, 1984). In another study, it was found recently that 
some cells exhibit restricted fates, such that cells migrate to their 
appropriate laminae in the neocortex whose development is 
temporally inappropriate for the transplanted cells (McConnell, 
1988). The faithful expression of their laminar phenotype ap- 
pears to be independent of the changes in local cues that may 
occur during different periods of development. 

In each of these studies, the identification of appropriate or 
inappropriate phenotype was based on the expression of a spe- 
cific anatomical feature (e.g., projection pattern or laminar lo- 
cation). Cellular phenotype can also be evaluated on the basis 
of expression of unique molecules, a feature that has facilitated 
the identification of specific populations of neurons that express 
distinct neurotransmitters (Bloom, 1984; Berger et al., 1985; 
Levitt, 1985; Denis-Donini, 1989; Morris and Gibbins, 1989) 
second messengers (DeCamilli et al., 1984; Huang et al., 1988; 
Mochly-Rosen et al., 1987) and cell-surface molecules (Hock- 
field and McKay, 1983; McKay et al., 1983; Dodd et al., 1984; 
Levitt, 1984, 1985; Valentino and Reichardt, 1985, for review; 
Moskal et al., 1986; Bamstable, 1987; von der Weid and Zum, 
1990). Cytoarchitectonic specification, at the molecular level, 
has been more difficult to demonstrate. Olfactory regions have 
been shown to express unique molecules (Margolis, 1972; Farb- 
man and Margolis, 1980; Schwab and Gottlieb, 1988; Croucher 
and Tickle, 1989; Verhaagen et al., 1989). Recently, a 64-68- 
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Figure 1. Diagram illustrating transplant paradigms used in present 
study. The cerebral wall, including the presumptive perirhinal and sen- 
sorimotor cortices, was excised as slabs from El 2, E14, and El 7 rat 
fetuses and transplanted into a cavity in the perirhinal (A) or sensori- 
motor cortex (B) of Pl hosts. Transplanted areas can be recognized up 
to 18 d after transplantation by virtue of their labeling with fast blue. 
Open boxes indicate cortical areas from the donor that do not show 
LAMP immunoreactivity at the time of transplantation; solid boxes 
indicate areas that are immunoreactive for LAMP at the time of trans- 
plantation. Abbreviations: CC, corpus callosum; H, hippocampus. 

kDa membrane glycoprotein was localized in cortical and sub- 
cortical areas of the mammalian brain’s limbic system (Levitt, 
1984; Levitt et al., 1986; Zacco et al., 1990). The limbic-system- 
associated membrane protein (LAMP) is expressed early in fetal 
development on fiber tracts and in target areas of limbic fiber 
systems (Horton and Levitt, 1988). In the cerebral cortex, LAMP 
is expressed initially on postmitotic neurons that are in transit 
to the cortical plate in meso- and allocortical regions, such as 
the prefrontal, cingulate, perirhinal, and hippocampal areas. In 
nonlimbic areas, for example, the primary sensory and motor 
cortices, neurons never express LAMP. This specificity is main- 
tained during histogenesis and into adulthood. Thus, LAMP 
serves as an early and permanent marker of neuronal popula- 
tions that will constitute specific, architectonically well-defined 
areas of the cerebral cortex. 

The present study utilized this phenotypic feature of the lim- 
bit cortex to examine the commitment of cortical neurons to 
limbic fates. Transplantation of fetal cell populations prior to 
or just after the onset of LAMP expression was performed by 
using presumptive limbic (perirhinal) and nonlimbic (sensori- 
motor) areas of the cerebral wall and placing them into homo- 
topic and heterotopic locations of newborn hosts. The moni- 
toring of LAMP expression by immunocytochemical methods 

was used as an assay of intrinsic and local host influences on 
the molecular fate of these 2 phenotypically distinct populations 
of neurons. 

Materials and Methods 
Timed pregnant Sprague-Dawley rats were housed in separate cages in 
a 12-hr light : dark cycle with free access to food and water. A total of 
70 host rats at postnatal day 1 (Pl) were used. Twenty-six successful 
heterotopic transplants from donor animals aged embryonic day (E) 12 
(8 recipients), E 14 (8 recipients), and E 17 ( 10 recipients) were analyzed. 
Plue date is defined as EO: the date of birth is considered to be PO. 
Appropriate homotopic controls of presumptive perirhinal tissue trans- 
planted into the perirhinal cortex and presumptive sensorimotor tissue 
transplanted into the sensorimotor cortex were performed to ensure 
neuron survival after excision, dye labeling, and transplantation. Twen- 
ty-five successful homotopic transplants from donor animals aged El2 
(8 recipients), El4 (8 recipients), and El7 (9 recipients) were analyzed. 

Cortical transplantation. Variations of a basic heterotopic transplant 
strategy were used. The transplant paradigm is summarized in Figure 
1. Areas of the cerebral wall containing presumptive perirhinal and 
sensorimotor cortical areas were excised as blocks from rat fetuses at 
E 12, E 14, and El 7 and were transplanted into perirhinal or sensorimotor 
areas of Pl hosts. By selecting these developmental time points, we 
transplanted presumptive limbic cortical cells either before LAMP is 
expressed (E 12 and E 14) or after LAMP is expressed (E 17; see Fig. 2). 
At E 12, the cerebral wall is comprised of a cell-proliferative area (ven- 
tricular zone) and a cell-free marginal zone. At E14, the wall consists 
of a ventricular zone, an intermediate zone containing postmitotic mi- 
grating neurons, an early cortical plate that consists of postmigratory 
cells, and a marginal zone. At E17, the same fetal zones as noted for 
the El4 cerebral wall are present, with a larger cortical plate and a 
smaller mitotic region in the ventricular zone. The fetal zones corre- 
spond to the nomenclature as defined by the Boulder Committee (1970). 

Pregnant rats were anesthetized with Nembutal(50 mg/kg body weight), 
the uterine horns were excised, and the fetuses were removed. The 
fetuses were anesthetized by hypothermia, and the desired areas of 
brains were rapidly dissected in ice-cold FlO medium supplemented 
with 6.5 mg/ml glucose (Gibco). The meninges were carefully removed, 
and, with the aid of a surgical microscope, the appropriate area of the 
wall was dissected as a 0.4-mm3 slab. The slabs were labeled with 0.002% 
fast blue in cold FlO (stock = 0.02% fast blue in water, diluted in FlO) 
for 20 min with gentle agitation. The tissue was washed in 3-5 changes 
of FlO for 5 min each to remove residual unincorporated dye. The host 
rat pups (Pl) were anesthetized by hypothermia, and the skull over the 
desired areas was cut and pulled aside as a flap. Transplants into sen- 
sorimotor cortex were made 1 mm rostra1 to the bregma and 1.5 mm 
lateral to the sagittal suture. Transplants into the perirhinal sulcal cortex 
were made 1 mm rostra1 to the bregma and 1 mm inferior to the 
temporoparietal-occipital suture. In each host site, a small amount of 
cortex was removed by suction. The tissue plug was carefully set in 
place. Avitene (UpJohn Co.) was placed on top of the transplant before 
the skull flap was closed. 

Experimental analysis. Ten to 14 d posttransplantation (Pl 1-I 5) all 
host animals for each group were deeply anesthetized (Nembutal), per- 
fused transcardially with normal saline followed by 4% paraformalde- 
hyde in 0.1 M sodium phosphate buffer (pH, 7.4), and postfixed for 2 
hr in situ. The brains were cryoprotected in 30% sucrose and sectioned 
on a cryostat at 10 pm in the coronal plane. Sections were mounted 
on gelatin and poly-L-lysine coated slides. LAMP localization was per- 
formed using fluorescein- and HRP-conjugated secondary antibodies 
(Levitt, 1984). Sections were washed twice in 0.1 M sodium phosphate- 
buffered saline (PBS: DH. 7.4) and incubated for 30 min in 4% Carnation 
dry milk in PBS (BLGTTO): Sections were then incubated for 18 hr at 
room temperature in anti-LAMP monoclonal antibody (hybridoma clone 
2G9) and diluted in BLOTTO (1:35 for immunofluorescence, 1:200 for 
immunoperoxidase). After 3 washes in BLOTTO, the sections were 
incubated for 2 hr in fluorescein- or HRP-conjugated goat anti-mouse 
IgG (Jackson ImmunoResearch) diluted 1:50 with BLOTTO. For flu- 
orescence, the sections were rinsed in 3 changes of PBS and coverslipped 
with 90% glycerol/PBS. The HRP was visualized using a conventional 
diaminobenzidine substrate procedure (Zacco et al., 1990). The fast- 
blue-labeled cells and LAMP-immunofluorescent cells were visualized 
in the same section using epifluorescence optics utilizing Leitz filter 
cubes (A and 13, respectively); bright-field illumination was used for 
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Figure 2. Coronal sections from developing fetal rats illustrating areas of cerebral wall excised for transplantation and appearance of LAMP - . . . . . . immunoreactivity. The sections shown are from stmtlar anteropostenor levels rostra1 to the lamina terminalis and in the region of the developing 
septum. Perirhinal (P) and sensorimotor (.S) areas excised from donor tissue are indicated in cresyl-violet-stained sections (A, D, F) with dashed 
lines. LAMP immunoreactivity is visualized using HRP-conjugated second antibody (B, E, G). A, El7 brain stained with cresyl violet. B, LAMP 
immunoreactivity (arrowheads) in an E 17 brain is seen in a section adjacent to that shown in A. C, Higher-power photomicrograph of perirhinal 
region depicted in B showing LAMP immunoreactivity in the cortical plate (cp), subplate (sp), and intermediate zone (iz). Scale bar, 90 pm. D, 
El 4 brain stained with cresyl violet. E, El 4 forebrain does not express LAMP immunoreactivity after immunohistochemistry. F, El 2 brain stained 
with cresyl violet. G, El2 forebrain does not express LAMP immunoreactivity after immunohistochemistry. Scale bar, 440 pm for A, B, and LJ-G. 

E 

HRP-labeled antibodies. Ilford XPl ASA 400 film was used for the made using a 63 x objective and printed at a magnification of 500 x . 
photography. Some of the sections of each transplant were stained after The specimens were analyzed for the percent that were double labeled 
photography with cresyl violet or hematoxylin and eosin to evaluate by anti-LAMP (surface immunoreactive). Cells positively labeled for 
integration of donor tissue into host tissue. LAMP had bright punctate fluorescent staining pericellularly (see Fig. 

Cell counts. Between 800 and 1000 surviving transplanted cells (fast 4). Staining in the neuropil surrounding the cells was not used as criteria 
blue labeled) in each brain were counted in photomicrographs that were for categorizing a soma as LAMP immunoreactive. By these conser- 
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Figure 3. Transplantion site of tissue located heterotopically in host cortex. A and B, Bright-field and fluorescence photomicrographs of the same 
coronal section of host cortex illustrating a transplant of El4 presumptive perirhinal cortex located in the host sensorimotor cortex. A, The transplant 
fills the cavity of the cortical site in au 1 l-d-old rat. The arrows mark a blood vessel in the transplant. Scale bar, 200 pm. B, Fast-blue-labeled 
cells of the transplant in the same section as A viewed under fluorescence illumination with a UV filter. The arrows mark the same blood vessel 
as in A. This blood vessel demarcates the right-hand edge of the transplant. Scale bar, 200 pm. Cand D, Bright-field and fluorescence photomicrographs 
of El4 presumptive sensorimotor cortex transplanted into host perirhinal cortex. C, The location of the transplant in the host is shown in this 
hematoxylin- and eosin-stained section. The arrowheads indicate the presence of avitene in the transplant, which was placed over the tissue slab 
during transplantation. D, Fast-blue-labeled cells of the transplant in a section adjacent to that depicted in C’. The arrowheuds mark avitene seen 
in C. Scale bars, 140 pm for C and D. 

vative criteria, we are probably underestimating the percentage of LAMP- 
positive cells in the transplants that contain a high concentration of 
immunostaining in the neuropil. This did not affect the counts in the 
transplants exhibiting modest to sparse immunoreactivity in the neu- 
ropil. Three to 4 sections from each transplant were photographed com- 
pletely and analyzed in each brain. The fast-blue-labeled cells were 
divided into 4 categories based on morphology: large neurons with 
processes, glial cells, endothelial cells, and cells with indistinctive mor- 
phology, termed “unclassified.” The percentage ofcells that were double 
labeled in each category was calculated. The Mann-Whitney U test was 
employed to compare differences between experimental groups. 

Results 
Cortical transplants 
The fetal tissue used for transplantation was dissected from the 
cerebral wall in regions corresponding to presumptive sensori- 
motor and perirhinal cortices (Figs. 1,2). The presumptive sen- 

sorimotor regions of the cerebral wall never express LAMP 
(Horton and Levitt, 1988), whereas perirhinal regions through- 
out the rostrocaudal extent of the cerebral hemisphere express 
LAMP beginning at El 5. Three ages were selected for trans- 
plantation based on the temporal patterns of LAMP expression 
and neurogenesis. Brains harvested at both E 12 and E 14 do not 
express LAMP (Fig. 2), but differ in that neurogenesis has been 
ongoing in the perirhinal cortex for about 24 hr at El4 in the 
albino rat (Table 1). Brains harvested at El 7 have a larger num- 
ber of postmitotic neurons. At that age, neurons destined for 
layers IV-VI have been generated (Hicks and D’Amato, 1968; 
Raedler et al., 1980; Altman and Bayer, 1990), and neurons in 
the intermediate zone migrating to the cortical mantle, as well 
as the first generated neurons in the cortical plate, express LAMP 
at this time (Table 1, Fig. 2). 
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Table 1. Correlation between time of origin of neurons and LAMP 
expression in rat cerebral cortex 

Age Neurogene& 
L-w 
expressionb 

El2 - - 

El4 ++ - 

El7 +++ ++ 

u Sources: Hicks and D’Amato, 1968; Baedler et al., 1980, Ahman and Bayer, 
1990. 
b Source: Horton and Levitt, 1988. 

Heterotopic (Fig. 3) and homotopic transplants into Pl host 
brains integrated well, filling the cavity in the host cortex. In 
general, the fetal tissue harvested at the earlier ages exhibited a 
better survival rate, determined by the amount of necrosis as 
well as longer neuritic extensions as shown by the fast blue 
labeling. Upon initial histological examination, 51 of the 70 
transplants were well integrated. The remaining 19 were rejected 
because of necrosis. All surviving transplants contained well- 
differentiated neurons and substantial neuropil. In all cases, fast- 
blue-labeled cells in each of 4 major morphological categories 
were observed (Figs. 4-7): (1) cells with neuronlike morphology, 
including a large apical dendrite; (2) gliul cells with small cell 
bodies and numerous, short processes; (3) endothelialcells lining 
blood vessels within the transplants; and (4) unclassijed cells 
with indistinct morphologies, including soma diameter of 7-10 
pm and few, if any, visible processes. The intensity of fast blue 
labeling was maintained for the first 18 d of transplantation, 
thereafter decreasing dramatically. All animals for quantifica- 
tion were killed at 10-14 d posttransplantation (Pll-15) to 
ensure adequate labeling of all cell populations. A few animals 
in each category were killed at 18 d posttransplantation (P19) 
and exhibited the identical double-labeling patterns as those 
killed at Pll-15. 

Homotopic transplants 

This category of cortical transplants served as controls for LAMP 
expression; donor tissue from presumptive sensorimotor and 
perirhinal regions was placed into the appropriate cortical region 
(homotopic) of neonatal host animals. In no cases at any trans- 
plantation age (E 12, E 14, and E 17) were fast-blue-labeled cells 
in homotopic sensorimotor transplants immunoreactive for 
LAMP (Figs. 5A,B; 6A,B, 7A,B). In contrast, a large number of 
identifiable, fast-blue-labeled neurons in perirhinal homotopic 
transplants were LAMP positive (Figs. 5C,D; 6C,D, 7C,D). Nei- 
ther fast-blue-labeled glial cells nor endothelial cells were LAMP 
positive, an expected result given that LAMP is expressed only 
by neurons (Levitt, 1984; Levitt et al., 1986; Zacco et al., 1990). 
Positive neurons exhibited typical punctate, cell-surface-asso- 
ciated immunofluorescence that is characteristic of LAMP stain- 
ing (Fig. 4). In addition, the neuropil within the transplants 
proper was intensely stained for LAMP, representing immu- 
noreactivity typically associated with dendritic processes in the 
maturing cortex (Levitt, 1984; Zacco et al., 1990). The intensity 
of LAMP immunoreactivity on transplanted perirhinal neurons 
was comparable to that seen in host brains. The intensity of 
LAMP staining also appeared to be independent of the age of 
the donor. Thus, neurons from El2 were as likely to be as 
intensely immunoreactive as those from El7 transplants. The 
variability in staining intensity, due to fixation sensitivity, is 

Figure 4. High-power photomicrographs of cells from transplants of 
El4 presumptive perirhinal area transplanted into Pl perirhinal host 
cortex. The host animals were killed 10 d posttransplantation. A, A 
neuron demonstrating finely particulate intracellular staining with fast 
blue. B, Same neuron shown in A stained for LAMP immunoreactivity 
[using fluorescein isothiocyanate (PITC) second antibody]. The cell body 
shows typical punctate surface-associated LAMP immunoreactivity. C, 
A different fast-blue-labeled neuron than that shown in A. D, Same 
neuron shown in C stained with anti-LAMP monoclonal antibody. No 
surface-associated LAMP immunoreactivity is seen. Some LAMP im- 
munoreactivity in the neuropil around the cell can be visualized, but 
there is no clear cell-surface staining around the neuron’s cell body. This 
cell was classified as LAMP negative. E, A glial cell labeled with fast 
blue, demonstrating bright cytoplasmic staining of the cell body and 
short processes. F, Same glial cell (arrowhead) shown in E visualized 
under FITC optics after LAMP staining. Although diffuse staining of 
the neuropil is seen, no surface-associated LAMP immunoreactivity 
(visualized with PlTC second antibody) is seen at the location of the 
fast-blue-labeled glial cell. Scale bar, 15 pm. 

similar to that obtained in normal brains (Levitt, 1984; Zacco 
et al., 1990). 

Heterotopic transplants 
Transplants of presumptive sensorimotor cortex, harvested from 
E 12, E 14, or E 17 fetuses, integrated well into host brains when 
placed into cavities within perirhinal cortical regions (Fig. 3C.D). 
In the El 7 cases examined, fast-blue-labeled sensorimotor neu- 
rons never exhibited LAMP immunoreactivity (Fig. 5G,H). A 
small number of neurons in the E 14 sensorimotor transplants 
were LAMP immunoreactive (see Fig. 9 and below). In both 
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cases, the neuropil did not exhibit any immunoreactivity. In 
contrast to the sensorimotor heterotopic transplants, both the 
El4 and the El 7 perirhinal transplants, placed in the sensori- 
motor regions of host brains, contained large numbers of LAMP- 
positive neurons (Figs. 5E,F, 6E,F). These cells exhibited dense 
LAMP immunoreactivity and were indistinguishable in staining 
intensity or distribution from either normal or homotopically 
transplanted perirhinal neurons. The neuropil in the perirhinal 
heterotopic transplants also exhibited dense LAMP immuno- 
reactivity. As expected, neither glial cells nor endothelial cells 
labeled with fast blue were LAMP positive in any of the het- 
erotopic transplants examined. 

Analysis of the E 12 heterotopic transplants revealed a striking 
difference compared to donor tissue from El4 and El 7 cortex; 
neurons in the El2 donor tissue expressed LAMP in a host- 
dependent fashion. Thus, in all the E 12 cases examined, a large 
number of fast-blue-labeled sensorimotor neurons transplanted 
into the perirhinal cortex exhibited LAMP immunoreactivity 
(Fig. 7G.H). Both cells and neuropil in the sensorimotor het- 
erotopic transplants were intensely LAMP immunoreactive (Fig. 
7H). On the other hand, E 12 fast-blue-labeled perirhinal neu- 
rons, transplanted heterotopically into sensorimotor areas, nev- 
er exhibited LAMP immunoreactivity (Fig. 7E,F). In a corre- 
sponding fashion, the neuropil in these transplants also was not 
stained. In addition, glial cells and endothelial cells labeled for 
fast blue were not LAMP positive in any of the heterotopic 
transplants. 

Quantification of double-labeled cells in transplants 
We quantified the dramatic differences in LAMP expression 
between sensorimotor and perirhinal transplants, and between 
the different ages transplanted, by calculating the percentage of 
fast-blue-labeled cells in each preparation (see description above) 
that also expressed LAMP immunoreactivity along their cell 
somata (Figs. S-10). The results are expressed relative to the 
total number of fast-blue-labeled cells of each morphological 
class. In all transplant combinations, glial and endothelial cells 
never expressed LAMP staining (0%). 

Homotopic transplants. LAMP expression was observed in 
only O-0.4% of the sensorimotor neurons and O-0.3% of the 
cells in the unclassified category of homotopic transplants (Figs. 
8-10; El 7, E14, and El 2, respectively). In contrast, homotopic 
transplants of perirhinal regions contained approximately 52- 
70% double-labeled neurons and 35-49% double-labeled un- 
classified cells. Therefore, presumptive perirhinal cortical cells 
maintain their ability to express LAMP after transplantation 
homotopically, and presumptive sensorimotor cortical cells are 
not induced to express LAMP by the surgical procedure. 

Heterotopic transplants. Heterotopic sensorimotor trans- 
plants from El 7 fetuses contained 1.5% double-labeled neurons 
and 0.4% double-labeled unclassified cells (Fig. 8), whereas ap- 
proximately 3% of the fast-blue-labeled neurons and 1 Yo of the 
unclassified cells were LAMP positive in the E I4 sensorimotor 
heterotopic transplants (Fig. 9). Heterotopic perirhinal trans- 

Figure 5. Fluorescence micrographs of sections from homotopic (A-D) and heterotopic (E-H) transplants from E 17 donor rats labeled with fast 
blue. The tissue was processed when hosts were Pl 1 and stained with anti-LAMP using FITC-conjugated second antibody. A and B, Presumptive 
sensorimotor area of the cerebral wall, labeled with fast blue (A) and transplanted homotopically into sensorimotor cortex, fails to exhibit LAMP 
immunoreactivity (B). C and D, Presumptive perirhinal area of the cerebral wall transplanted homotopically into perirhinal cortex contains fast- 
blue-labeled cells (C) that exhibit bright, pun&ate LAMP immunoreactivity on their surfaces and in the neuropil (D). E and F, Presumptive 
perirhinal area of the cerebral wall labeled with fast blue (E) and transplanted heterotopically into the sensorimotor cortex contains dense LAMP 
immunoreactivity around neurons and in the neuropil. G and H, Presumptive sensorimotor area of the cerebral wall labeled with fast blue (G) and 
transplanted heterotopically into the perirhinal cortex does not contain LAMP-stained cells or processes (H). Note that, in all cases, the transplanted 
cells labeled for LAMP are either neurons (N) or unclassified cells (u). Endothelial cells (E) and glia do not express LAMP. The arrowheads indicate 
representative double-labeled cells. Examples of the same cell classes that are not immunoreactive or LAMP in the sensorimotor transplants are 
marked with small white arrows. Scale bar, 40 pm. 

Figure 6. Fluorescence micrographs showing sections of homotopic (A-D) and heterotopic (E-H) transplants labeled with fast blue from El4 
donor rats. The brains were processed when hosts were PI 1 and stained with anti-LAMP using FITC-conjugated second antibody. A and B, 
Presumptive sensorimotor area of the cerebral wall labeled with fast blue (A) and transplanted homotopically into the sensorimotor cortex does 
not contain any LAMP-positive cells (B). C and D, Presumptive perirhinal area of the cerebral wall labeled with fast blue (C) and transplanted 
homotopically into the perirhinal cortex exhibits LAMP immunoreactivity on the surface of cells and in the neuropil (D). E and F, Presumptive 
perirhinal area of the cerebral wall labeled with fast blue (E) and transplanted heterotopically into the sensorimotor cortex is densely immunoreactive 
for LAMP (0. G and H, Presumptive sensorimotor area of the cerebral wall labeled with fast blue (G) and transplanted heterotopically into 
perirhinal cortex does not contain any LAMP-positive cells (H). As in the El 7 transplants, the cells double labeled for LAMP are either neurons 
(N) or unclassified cells (U). Endothelial cells (E) and glia do not express LAMP. The arrowheads indicate examples of double-labeled cells. The 
arrows denote examples of cells that are not immunoreactive for LAMP. Scale bar, 50 pm. 

Figure 7. Fluorescence micrographs showing sections of homotopic (A-D) and heterotopic (E-H) transplants from El2 donor rats labeled with 
fast blue. Brains were collected when hosts were PlO, sectioned, and stained with anti-LAMP using FITC-conjugated second antibody. A and B, 
As expected, presumptive sensorimotor area of the cerebral wall labeled with fast blue (A) and transplanted homotopically into sensorimotor cortex 
does not exhibit any LAMP-positive cells (B). C and D, Presumptive perirhinal areas of the cerebral wall labeled with fast blue (C) and transplanted 
homotopically into perirhinal cortex contains bright, punctate LAMP immunoreactivity on the surface of cells and in the neuropil (D). 
E and F, In contrast to El7 and El4 tissue, El2 presumptive perirhinal areas of the cerebral wall labeled with fast blue (E) and transplanted 
heterotopically into the sensorimotor cortex do not contain any LAMP-positive cells. G and H, Presumptive sensorimotor areas of the cerebral 
wall labeled with fast blue (G) and transplanted heterotopically into the perirhinal cortex exhibit dense, punctate pericellular LAMP immunoreactivity 
along many cell somata and throughout the neuropil (H). As in the older transplanted tissue, only the neurons (AJ) or the unclassified cells (U) are 
double labeled for LAMP. The arrowheads indicate representative double-labeled cells. The arrows mark examples of cells that are not immuno- 
reactive for LAMP. In C, one example of a glial cell is shown (G). The glial cell is LAMP negative, though this is not clear unless viewed under 
higher magnification, such as in Figure 4. In E, one example of an endothelial cell is shown. The endothelial cell is LAMP negative. Scale bar, 
50 pm. 
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Figure 8. Histogram representing 
quantification of results of transplan- 
tation experiments. Approximately 
800-1000 surviving transplanted cells 
(fast blue) and those double labeled for 
fast blue and LAMP were counted in 
each animal. The mean percent of cells 
double labeled for LAMP and fast blue 
is represented. At E17, almost 70% of 
the perirhinal neurons, whether trans- 
planted into a homotopic or heterotop- 
ic region of cortex, express LAMP. Ap- 
proximately 25-35% of the unclassified 
cells from perirhinal regions of the do- 
nors also express LAMP in either com- 
bination. Note that only 1.5% of the 
sensorimotor cells transplanted hetero- 
typically express LAMP. Solid bars 
denote perirhinal donor tissues; hatched . . -. 
bars denote sensonmotor tissue. Five 
animals were quantified per transplant 
group. Thin vertical bars represent SEM. 

60 
El7 INTO PERIRHINAL 

QUA ENDOTHELIAL UNCLASSIFIED 

= PERIRHINAL = SENSORIMOTOR 

Figure 9. Histogram representing 
quantification of- results of transplan- 
tation experiments. Approximately 
800-1000~surviving transplanted celis 
(fast blue) and those double labeled for 
fast blue and LAMP were counted in 
each animal. The mean percent of cells 
double labeled for LAMP and fast blue 
is represented. Perirhinal tissue from 
El4 has a significantly higher percent- 
age of double-labeled cells than the sen- 
sorimotor cortex, in either homotopic 
or heterotopic combinations. Approx- 
imately 3OVa of the sensorimotor cells, 
when placed into the perirhinal cortex 
of Pl hosts, are double labeled. The 
homotopic and heterotopic perirhinal 
transplants from El 7 and El4 donors 
do not differ from each other statisti- 
cally (p > 0.15). Solid bars denote peri- 
rhinal donor tissue; hatched bars de- 
note sensorimotor tissue. Four animals 
were quantified per transplant group. 
Thin vertical bars represent SEM. 

El7 INTO SENSORIMOTOR 

I 

plants, harvested from E 17 fetuses, contained approximately 
64% double-labeled neurons and 25% unclassified cells that were 
both fast blue labeled and LAMP positive (Fig. 7). The hetero- 
topic transplants from El4 perirhinal cortex exhibited a similar 
trend, with 60% of the neurons and 45% of the unclassified cells 
double labeled (Fig. 8). There was no statistically significant 
difference in the percentage of double-labeled cells in homotopic 
versus heterotopic transplants of E 14 and E 17 perirhinal cortex. 
To summarize, both El7 and El4 presumptive perirhinal cor- 
tical cells maintain their ability to express LAMP after trans- 
plantation into the sensorimotor cortex. El 7 and El4 pre- 
sumptive sensorimotor cortical cells never (or rarely) express 
LAMP after transplantation into the perirhinal region. 

In contrast to the El 4 and E 17 transplants, heterotopic trans- 
plants of the presumptive sensorimotor region of the cerebral 
wall, harvested from E 12 fetuses, contained approximately 74% 
double-labeled neurons and 53% double-labeled unclassified cells 
(Fig. 9). The increase of double-labeled neurons is statistically 
significant compared to the perirhinal heterotopic transplants 

70 
z 
g 60 ,, 

from E 14 and E 17. The heterotopic transplants harvested from 
E 12 perirhinal cortex contained 0% double-labeled neurons or 
unclassified cells (Fig. 9). In summary, E 12 presumptive sen- 
sorimotor cells, instead of maintaining their original molecular 
phenotype, express LAMP when transplanted heterotopically 
into a limbic cortical environment, while E 12 presumptive peri- 
rhinal cells never express LAMP when transplanted heterotop- 
ically into a nonlimbic cortical region of the host. 

Discussion 
The present study has used a molecular marker of regions of 
the limbic system, LAMP, in combination with transplantation 
of fetal tissue to determine the developmental age at which 
different cerebral cortical regions become committed to a limbic 
or nonlimbic phenotype. The results, summarized in Figure 11, 
demonstrate that neuronal expression of LAMP is faithful to 
the original presumptive limbic components rather than the 
transplanted site of development if the transplantation takes 
place at or later than E14. This result is temporally coincident 

El4 INTO PERIRHINALCORTEX II El4 INTO SENSORMOTOR 

L L---: I 
0 

NEURONS Ol.IA ENDOT”ELlAL UNCLASSIFIED NEURONS Ol.IA ENDOTHELIAL UNCLASSIFIED 
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32 INTO PERIRHINAL CORTEX 

- NEURONS 

El2 INTO SENSORMOTOR CORTEX 

NEVRONS 

m  PERIRHINAL = SENSORIMOTOR 

Figure IO. Histogram representing quantification of results of transplantation experiments. Approximately 800-1000 surviving transplanted cells 
(fast blue) and those double labeled for fast blue and LAMP were counted in each animal. The mean percent of cells double labeled for LAMP 
and fast blue is represented. Perirhinal tissue harvested at E 12 and transplanted heterotopically into sensorimotor areas of hosts never contained 
any double-labeled cells (0%). In contrast, the heterotopic sensorimotor transplants contain 74% double-labeled neurons. This is significantly greater 
compared to the values obtained with heterotopic transplants of presumptive perirhinal cortex at El4 @ < 0.04) and El7 @ < 0.03). As expected, 
the perirhinal transplants into the homotopic cortex also contain a high percentage of LAMP-positive cells. In all cases, endothelial cells and glial 
cells never express LAMP. Solid bars denote perirhinal donor tissue; hatched bars denote sensorimotor tissue. Four animals were quantified per 
transplant group. Thin vertical bars represent SEM. 

with the onset of neurogenesis. Transplantation of presumptive of cerebral hemisphere neurons to express the limbic cortical 
limbic tissue at E 12, prior to neurogenesis, results in the tissue phenotype becomes restricted early in development, that is, 
acquiring the phenotypic qualities of the transplantation site in between E 12 and E 14. Because the first cortical neurons are just 
the host rather than the donor region. This suggests that the fate arriving at the lateral cortical plate at E 15-l 6 (Berry et al., 1964; 

E14 AND El7 TRANSPLANTS 
El2 TRANSPLANTS 

Figure II. Schematic diagram sum- 
marizing transplantation results. Both 
El4 and El7 presumptive perirhinal 
cortical cells, whether transplanted into 
the sensorimotor cortex or the peri- 
rhinal cortex, exhibit a restricted limbic 
fate, demonstrated by their ability to 
express immunodetectable levels of 
LAMP. Both E 14 and E 17 presumptive 
sensorimotor cortical cells never (or 
rarely) produce LAMP, even when 
transplanted into the perirhinal cortex, 
an environment that normally contains 
LAMP-immunoreactive neurons. This 
donor faithfulness is age dependent. El 2 
presumptive perirhinal cortical cells, 
when transplanted homotopically, ex- 
press LAMP, but if transplanted het- 
erotopically, show phenotypic regula- 
tion in response to their host 
environment and thus do not express 
LAMP. This host regulation also occurs 
with presumptive sensorimotor cells at 
E12. When they are transplanted into 
the host perirhinal cortex, the E 12 pre- 
sumptive sensorimotor cells assume the 
molecular phenotype of the surround- 
ing tissue and express LAMP. As ex- 
pected, presumptive sensorimotor do- 
nor tissue from El 2 does not express 
LAMP when placed in its homotopic 
environment. Hatching represents do- 

DONOR: pJ sensorimotor q perirhinal DONOR: q sensorimotor 69 perirhinal 
nor tissues; dots represent sensorimotor 
donor tissue. 
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Berry and Rogers, 1965; Hicks and D’Amato, 1968; Bruckner 
et al., 1974) the commitment to a limbic phenotype must occur 
prior to their arrival in the cortical plate. 

Characteristics used to define phenotype 

ton and Levitt, 1988; Zacco et al., 1990). LAMP is never ex- 
pressed, even transiently, by neurons in nonlimbic cellular areas. 
This membrane glycoprotein appears to be a critical component 
in the formation of circuits in parts ‘of the limbic system (Keller 
et al., 1989). The expression of LAMP by neurons is maintained 

The phenotype of a cell may be defined in a variety of ways, under conditions of partial deafferentation (Keller and Levitt, 
using morphological characteristics such as cell shape, type of 1989; H. L. Horton and P. Levitt, unpublished observations). 
processes, and projection patterns, or molecular features such Each of these features contributes to the suitability of LAMP 
as neurotransmitters, neuropeptides, synthetic enzymes, and as a marker of limbic phenotype. 
specific cell-surface molecules and receptors. Each of these char- LAMP is currently the only marker of a particular cytoar- 
acteristics appears to be subject to manipulation through changes chitectonically defined region of the cerebral cortex in the rat. 
in local cues presented to cells in their environment, though the LAMP does not label differentially individual neuronal phe- 
extent of alteration may vary greatly. For example, neuronal notypes within a given area and thus serves to identify all neu- 
precursor cells can be isolated in culture, undergo mitotic di- ronal populations in a limbic region (Zacco et al., 1990). In this 
vision, and maintain the capacity to express normal phenotypic sense, LAMP can be used to identify the fate, or phenotype, of 
shapes and patterns of process growth (Fischbach, 1970; Banker any individual limbic neuron in the cerebral cortex. The results 
and Cowan, 1977; Waxman et al., 1977; Kriegstein and Dichter, we obtained by quantitatively analyzing tissue 10 d posttrans- 
1983; Mattson et al., 1988a,b). Glial precursor cells exhibit plantation, when transplanted neurons could still be identified 
striking regulation oftheir fate based on specific factors provided by fast blue, were also evident in animals killed as late as 18 d 
in their growth environment in vitro (Raff et al., 1985; Levine after surgery. Turnover of membrane proteins usually ranges 
and Stallcup, 1987; McMorris and Dubois-Dalcq, 1988; Miller from rapid times of just a few hours to very slow times of a few 
et al., 1989; Lillien and Raff, 1990). Specific classes of normally days (Ruegg et al., 1989). It is unlikely, then, that the labeling 
developing neurons may produce transient projections that un- 
dergo stereotypical elimination based on environmental inter- 
actions (Ivy et al., 1979; Innocenti and Caminiti, 1980; Inno- 
centi, 198 1; McLoon et al., 1982; O’Leary et al., 1983; Thanos 
et al., 1984; Stanfield and O’Leary, 1985). Phenotype based on 
neurotransmitter expression also appears to be defined by ma- 
nipulation of local cues (Anderson and Michelsohn, 1989; 
Denis-Donini, 1989; Ehrlich et al., 1989; Morris and Gibbins, 
1989; Notter et al., 1989). For example, adrenergic and cholin- 
ergic characteristics can be expressed by sympathetic neurons, 
depending upon cell culture conditions (Patterson and Chun, 

of the transplants from E 14 and E 17 donors reflects abnormally 
slow protein turnover, which could theoretically contribute to 
the maintenance of LAMP in cells that will otherwise lose their 
ability to express LAMP in heterotopic locations. In addition, 
the El 2 and El 4 tissue does not contain any LAMP-immu- 
noreactive cells prior to transplantation. This indicates that ini- 
tiation of LAMP synthesis must occur in situ after transplan- 
tation. This would appear to be the most likely case, because a 
high percentage of neurons (74% at El 2, 60% at E 14) in the 
transplant are LAMP positive, and the intensity of immuno- 
reactivity along somata and in the developing neuropil reflects 

1977; Landis, 1980; Potter et al., 1986) or peripheral target the typical in vivo pattern of increased staining during devel- 
interactions (Landis et al., 1987; Stevens and Landis, 1990). opment. 

There are few studies that have examined regulation of ex- 
pression of molecules that are shared by developing neurons Comparison to other studies manipulating the local cortical 

comprising functional circuits. This phenotypic classification is environment 

relatively recent, based on identification of unique macromol- The expression of restricted phenotypic fate by cells of the ce- 
ecules using technical advances in immunology and molecular rebral hemisphere, represented by development of character- 
biology (Levitt, 1985; Valentino and Reichardt, 1985; Yama- istics of a particular cortical area or layer, has been examined 
moto et al., 1985; Bamstable, 1987; von der Weid and Zum, extensively using a variety of paradigms. Projection patterns 
1990). Nonetheless, there is some recent evidence that devel- have been observed in neurons situated in aberrant locations. 
opmental expression of anatomically restricted cell-surface pro- Ionizing radiation causes corticospinal neurons to migrate ab- 
teins can be affected substantially by local cues within the en- normally to form ectopic neuronal clusters in subcortical white 
vironment. CAT-301, a proteoglycan expressed in regions of matter and supragranular layers, yet these cells were found to 
the mammalian CNS (Hendry et al., 1984; Zaremba et al., 1989), project to appropriate targets (Jensen and Killackey, 1984), sug- 
appears to require specific cellular interactions during a critical gesting that final radial position within the cerebral cortex is not 
period of development for normal expression to occur (Kalb critical for determining subcortical projection patterns. This is 
and Hockfield, 1988, 1990; Sur et al., 1988). The expression of also evident from studies in the reeler mutant mouse, which 
cell adhesion molecules, such as NCAM, turns on and off during exhibits an inverted lamination pattern in the cerebral cortex, 
specific periods of development. For example, neural crest cells yet has relatively normal projection patterns subcortically 
only express NCAM prior to and just after migration occurs (Steindler and Colwell, 1976; Caviness and Rakic, 1978; Sim- 
(Thieny et al., 1982, 1985). mons et al., 1982; Caviness and Pearlman, 1984). In contrast, 

Suitability of LAMP as a phenotypic marker in transplants 
the tangential position of neurons in the cerebral hemisphere is 
an important feature in defining specific projection patterns. 

While several proteins marking specific neuronal circuits in the This has been documented in the most complete set oftransplant 
invertebrate nervous system have been identified, few such pro- studies performed thus far, in which Stanfield and O’Leary (1985) 
teins are known for the vertebrate CNS. Recently, LAMP was and O’Leary and Stanfield (1989) found that fetal neocortical 
isolated and found to be expressed by neurons residing in cor- neurons, obtained from either visual or motor areas, exhibited 
tical and subcortical limbic regions of the early developing and subcortical projection patterns that were appropriate for their 
mature vertebrate brain (Levitt, 1984; Levitt et al., 1986; Hor- new environment in the host. This suggests that subcortically 
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projecting neurons, residing mostly in layer V, may be identical 
throughout different neocortical areas during a critical period 
of development (O’Leary, 1989) and thus would depend upon 
specific extrinsic cues to express an appropriate phenotype. Be- 
cause all layer V neurons normally exhibit similar develop- 
mental projection patterns, the transplantation data may reflect 
the cellular interactions that are required to stabilize (or retract) 
specific fiber projections. The effects of changing these cellular 
interactions, such as altering thalamic afferent input, may also 
result in modifying intrinsic microcircuitry ofthe neocortex (Sur 
et al., 1990). Recent experiments, using barrel-field organization 
as a marker of somatosensory cortical phenotype, also indicate 
that the cellular organization of the neocortex may indeed be 
determined late in development and requires significant envi- 
ronmental interactions (Schlagger and O’Leary, 1989). 

The present study differs from those noted above; we have 
used a molecular marker to assess cortical area1 phenotype. This 
is an important distinction because LAMP expression may be 
a more immutable phenotypic feature than projection patterns 
of neurons. This is evident from both the meso- and the neo- 
cortical transplants, because in both instances, their fates, de- 
termined by LAMP expression, were restricted rather early in 
fetal development. In addition, we have directly compared the 
fate of the limbic cortex with the neocortex in our transplan- 
tation paradigm. This distinction also may be significant, be- 
cause it is possible that the fate of phylogenetically older cortex, 
such as the allocortex proper (hippocampus) or mesocortex 
(perirhinal), is less capable of exhibiting developmental plastic- 
ity. The regulation of the fate of the limbic cortex may relate 
to the relatively minor phylogenetic organizational changes that 
are exhibited by these regions of the cortex compared to the 
true, 6-layered neocortex (discussed in O’Leary, 1989). In ad- 
dition, because we are using a marker of meso/allo cortex, it is 
possible that the restricted plasticity of LAMP expression re- 
flects this rather conservative development of the limbic cortex 
phylogenetically. If a marker of a particular neocortical area 
were available, we might not find its expression to be so rigidly 
controlled in early fetal development. In support ofthis concept, 
our recent study, in which the afferent and efferent projections 
of transplants were analyzed, indicates that the limbic cortex is 
capable of developing normal connections, even when located 
in heterotopic regions (Barbe and Levitt, 1990). 

Mechanisms regulating cortical fate 

There are diverging opinions concerning the mechanisms that 
govern the commitment of precursor cells to cytoarchitectoni- 
tally distinct cerebral cortical areas. The present findings do not 
allow us to distinguish between models invoking interactions 
with extrinsic fiber systems and those in which signals intrinsic 
to a cell or topographically (and perhaps clonally) related groups 
of cells modulate phenotypic fate. An early, restricted devel- 
opmental fate of the cerebral cortex, however, is supported by 
the present study in which LAMP expression occurs only in 
those populations of neurons originally destined to comprise 
the limbic cortex, irrespective of their new location. This occurs 
only in tissue transplanted at El4 or later. If transplanted at 
E12, the donor cortex fails to develop limbic characteristics. 
This may be due to the reported lack of thalamic afferents grow- 
ing into the cortex at the time of tissue harvesting at E 12 (Lund 
and Mustardi, 1977; Wolff et al., 1979). It is evident from ex- 
amination of normal material that the internal capsule forms at 
El 3 in the albino rat, and that these fibers first enter the cerebral 

wall in the lateral hemisphere between E 13 and E 14 (M. F. Barbe 
and P. Levitt, unpublished observations using neurofilament 
staining). At El4 and E17, migrating neurons have reached the 
intermediate and subplate zones, where thalamic fibers reside 
during a quiescent period of development (Berry and Rogers, 
1965; Smart and Smart, 1977; Wise and Jones, 1978; Crandall 
and Caviness, 1984) and thus could affect the differentiation of 
presumptive limbic neurons at these ages, where we showed an 
immutable limbic fate. Clearly, cortical afferents play a crucial 
role in pattern formation, illustrated most convincingly in the 
barrel fields of the somatosensory cortex in the rodent (Woolsey 
and Van der Loos, 1970; Cooper and Steindler, 1989). 

An alternative explanation invokes a mechanism in which 
the restriction of the options of phenotypic expression is linked 
to stem cells becoming postmitotic. This, however, does not 
necessarily presume a simple model of intrinsic genetic regu- 
lation. There are numerous studies showing that stem cells and 
peripheral neuroblasts are capable of responding dramatically 
to cues in the local milieu, affecting neurotransmitter phenotype, 
cytodifferentiation, and even the types of mature cells being 
generated (Cohen, 1974; Anderson and Axel, 1986; Reh, 1987; 
Rohrer and Thoenen, 1987; Stemple et al., 1988; Anderson and 
Michelsohn, 1989; DiCicco-Bloom et al., 1990). At E12, the 
entire population of presumptive limbic and sensorimotor cells 
is mitotically active; neurogenesis in the cerebral cortex begins 
at E13-14 in the albino rat. Thus, the relative plasticity of the 
cell population at E 12, but not at E 14 or later, may reflect the 
commitment to the meso/allocortical phenotype upon exiting 
the cell cycle and leaving the ventricular zone to begin migration 
to the cortical plate. In fact, the first expression of LAMP im- 
munoreactivity in the cerebral wall is by migrating cells situated 
in the intermediate zone at El 5 (Horton and Levitt, 1988). The 
initial timing of commitment may be earlier than when we are 
able to detect the protein, as others have found for messenger 
RNA expression encoding specific proteins (Anderson and 
Michelsohn, 1989; Lugo, et al., 1989). 

The expression of adrenergic phenotype in the CNS is linked 
to stem cells exiting the cell cycle (Rothman et al., 1980). New 
data from transplantation studies indicate that the commitment 
by a cell to a particular laminar fate in the cerebral cortex is an 
early, cell-cycle-dependent event (McConnell and Kaznowski, 
1990; S. McConnell, personal communication). This is consis- 
tent with our quantitative data, in which we found a trend for 
increased numbers of double-labeled cells (though not statisti- 
cally different) between El4 and El 7 heterotopic perirhinal 
transplants. This suggests that the double-labeled populations 
might have originated from the pool of transplanted postmitotic 
cells. The smaller-than-expected increase in the number of dou- 
ble-labeled cells at E17, when there are a larger number of 
postmitotic cells, may be due to our finding that there is better 
overall survival of the cells when transplanted at younger ages. 
We found a significant increase in the number of double-labeled 
neurons when we compared the sensorimotor heterotopic trans- 
plants at E 12 with the older perirhinal heterotopic groups. This 
suggests that the double-labeled population might have origi- 
nated from a different, but larger, pool of surviving transplanted 
cells at E12, in this case, the mitotically active precursor cells 
that comprise the entire donor tissue. This difference in survival 
also may be reflected in the higher percentage of double-labeled 
cells in the early perirhinal homotopic transplants compared to 
the double-labeled cell populations at older ages. 

Distinctions between these 2 proposed mechanisms are being 



532 Barbe and Levitt * Specification of the Limbic Cortex 

examined more directly by jH-thymidine labeling of cell pop- 
ulations in transplanted tissues. Regardless of the mechanism, 
the present study reveals an early restricted fate of neurons to 
a particular molecular phenotype, one that reflects the com- 
mitment of these cells to comprise distinct cytoarchitectonic 
(limbic) regions of the cerebral cortex. 
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