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Comparative embryonic studies are the most effective
way to discern phylogenetic changes. To gain insight
into the constitution and evolution of mammalian soma-
tosensory thalamic nuclei, we first studied how calbin-
din (CB) and parvalbumin (PV) immunoreactivities
appear during embryonic development in the first-order
relaying somatosensory nuclei, i.e., the ventral postero-
medial (VPM) and posterolateral (VPL) nuclei, and their
neighboring higher-order modulatory regions, including
the ventromedial or ventrolateral nucleus, posterior,
and the reticular nucleus. The results indicated that cell
bodies that were immunoreactive for CB were found
earlier (embryonic day 12 [E12]) in the dorsal thalamus
than were cells positive for PV (E14), and the adult
somatosensory thalamus was characterized by comple-
mentary CB and PV distributions with PV dominance in
the first-order relaying nuclei and CB dominance in the

higher-order regions. We then labeled proliferating cells
with [3H]—thymidine from E11 to 19 and found that the
onset of neurogenesis began later (E12) in the first-
order relaying nuclei than in the higher-order regions
(E11). Using double-labeling with [®H]-thymidine autora-
diography and CB or PV immunohistochemistry, we
found that CB neurons were born earlier (E11-12) than
PV neurons (E12-13) in the studied areas. Thus, similar
to auditory nuclei, the first and the higher-order soma-
tosensory nuclei exhibited significant distinctions in
CB/PV immunohistochemistry and birthdates during
embryonic development. These data, combined with the
results of a cladistic analysis of the thalamic somato-
sensory nuclei, are discussed from an evolutionary per-
spective of sensory nuclei. J. Comp. Neurol. 523:2738-
2751, 2015.
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Inextricably complex brain structures are more con-
served among vertebrates than previously believed with
respect to their anatomical positions, cytoarchitectures,
neural connectivities, immunochemistries, and expres-
sion of regulatory homeobox genes (Striedter, 1997,
Puelles et al., 2000). However, as brains do not fossilize
it remains a challenging task to reconstruct the evolu-
tionary process of brain organization. To resolve this
issue, additional brain studies and phylogenetic compar-
isons are needed.

Based on their immunoreactive properties and neural
connections, thalamic relay regions for auditory (the
medial geniculate body), somatosensory (the ventral
posterior complex and its environs), and visual (the

© 2015 Wiley Periodicals, Inc.

dorsal lateral geniculate nucleus) inputs consist of a
core region and adjacent diffuse areas (Jones, 1998;
Durand et al., 1992; Zeng et al., 2004). The core region
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is dominantly composed of PV cells and is compactly
cytoarchitecturally organized. This region is closely
linked to the peripheral sense organs, receives affer-
ents from subcortical inputs that have readily identifia-
ble physiological properties, and are topographically
precise, and project in an area-specific manner to the
middle layers of the cerebral cortex in a highly ordered
fashion. The core region and its neural pathways are
involved in sensory relay or perception (Koralek et al.,
1988; Durand et al., 1992; Jones, 2001; Zeng et al,
2004). In contrast, the surrounding diffuse areas are
dominantly composed of CB cells and are diffusely
organized with relatively small cells (Brauth and Reiner,
1991; Puelles et al, 1994; Belekhova et al.,, 2002;
Peruzzi and Dut, 2004). These areas are less closely
linked to the periphery, receive afferents from subcorti-
cal inputs that lack the topographic order and physio-
logical precision, and project to superficial layers of the
cerebral cortex over relatively wide areas and to sub-
cortical areas that are involved in sensory-mediated
physiological responses such as auditory-associated
defensive, aggressive, and emotional behaviors (Huff-
man and Henson, 1990; Durand et al., 1992; Pritz and
Stritzel, 1992; Chen and Zuo, 1994).

Neurons in the core region respond rapidly and vigo-
rously to stimuli in a topographical manner (Durand
et al.,, 1992; Wild et al., 1993; Jones, 1998; Ahissar and
Zacksenhouse, 2001). In contrast, neurons in the dif-
fuse areas respond relatively slowly and are not tono-
topically organized (Diamond et al., 1992; Friedberg
et al,, 1999). Markers of metabolic activity, such as
cytochrome oxidase (CO) and 2-deoxyglucose (2-DG),
are primarily restricted to the core regions of auditory
nuclei (Paton et al.,, 1982; Dezso et al., 1993; Hevner
et al,, 1995). Our recent studies have shown that the
germinal sites for the progenitor cells of the auditory
core and diffuse areas are located in different regions
of the ventricular zone, and the lengths of the cell cycle
and S-phase in the diffuse areas are both longer than
those in the core region, which results in greater
mitotic activity in the core region compared to that in
the shell areas (Xi et al., 2011).

Interestingly, although a clear core-to-shell organiza-
tion is evident in the auditory nuclei of amniotes, this
organization is present in amphibian mesencephalic
auditory areas and is not present in amphibian dience-
phalic auditory areas or the mesencephalic and dience-
phalic auditory areas of teleost fishes (Feng and Lin,
1991; Crespo et al.,, 1999; Zeng et al., 2007a). Never-
theless, these areas that lack clear core-to-shell audi-
tory organization in amphibians and teleost fishes
exhibit features that are similar to those of the shell
auditory areas of amniotes, including diffuse neural con-
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nectivity and a lack of topographic order and physiologi-
cal precision (Cuadrado, 1987; Schellart et al., 1987;
McCormick, 1999, 2001; Bass et al., 2000). These clad-
istic analyses suggest that the shell region might be a
more phylogenetically ancient configuration than the
core region across the evolutionary course of
vertebrates.

Additionally, the generation of cells in the core auditory
regions of amniotes is significantly delayed in the ventricle
zone relative to the cells in the diffuse regions (Zeng et al.,
2007b, 2008a,b, 2009), and positive CB staining occurs
earlier than PV immunoreactivity during embryonic devel-
opment (Xi et al., 2011). In light of the concept of Von
Baerian recapitulation, early animal embryos within a
taxon resemble each other, and the degree of resem-
blance decreases as development proceeds (Gould, 1977;
Butler, 1994; Northcutt, 1990, 2001). Accordingly, the
shell region that is generated earlier in embryonic develop-
ment might be more phylogenetically ancient than the
core region, which is consistent with the above conclusion
obtained from cladistic analysis.

Based on the neural connections and physiological
activities, somatosensory thalamic nuclei, like auditory
nuclei, have been shown to consist of two parts, the
first-order thalamic relaying nuclei and the higher-order
modulatory nuclei (Jones, 1998, 2001). The former
include the ventral posteromedial (VPM) and posterolat-
eral (VPL) nuclei, and they receive somatosensory
inputs from the dorsal column and external cuneate
nuclei or from the trigeminal nucleus, which are topo-
graphically precise and have readily identifiable electro-
physiological properties (Williams et al., 1994; Sherman
et al., 1996; Herbert et al., 2003; Viaene et al., 2011).
These nuclei send projections in highly ordered fashion
to layer IV of the primary somatosensory cortex, and
are identified as the transmitter of receptive field prop-
erties (Sherman and Guillery, 1998). The first-order tha-
lamic relaying nuclei are a core of cells distinguished
by immunoreactivity for PV (Jones, 1998). In contrast,
the higher-order modulatory nuclei, including the ventro-
medial (VM) thalamic nucleus, the posterior (PO), and
the ventrolateral (VL) thalamic nuclei, receive informa-
tion about somatosensory stimuli and body movements,
widespread cutaneous nociceptive inputs (Lenz et al.,
1994; Monconduit et al., 1999, 2003; Desbois and Vil-
lanueva, 2001), or somatosensory stimuli from the
interpolar part of the extralemniscal inputs of the spinal
trigeminal nucleus (Spreafico et al., 1987; Veinante
et al., 2000; Landisman et al., 2007). These somatosen-
sory inputs commonly lack easily definable receptive
fields and show less precise stimulus-response coupling
(Jones, 1998, 2001). The higher-order modulatory areas
send projections to the entire layer | of the dorsolateral
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neocortex (Villanueva et al., 1996, 1998; Stepniewska
et al.,, 2003; Sherman, 2007). Thus, based on the neu-
ral connections or activities and chemical identities, the
first- and higher-order thalamic somatosensory nuclei
largely correspond to the "core" and the "shell" auditory
nuclei.

Although there are some reports about neurogenesis
in the mammalian brain (Angevine, 1970; McAllister
et al., 1977; Altman and Bayer, 1979, 1988, 1989), it
remains unclear whether a clear distinction exists in
embryonic genesis between the first- and higher-order
thalamic somatosensory nuclei. Additionally, how CB and
PV immunohistochemistry appear gradually during the
development of thalamic somatosensory nuclei remains
unknown. Because early comparative embryogenesis
might reflect the organization and evolutionary aspects
of brain areas, the above issue is worth studying.

In the present study, we first examined how CB and
PV immunoreactivities appear and change during
embryonic development in the core and diffuse tha-
lamic somatosensory regions. We then labeled prolifer-
ating neuronal precursors in embryonic (E) day 11 to
19 mouse embryos with [*H]-thymidine. At postnatal
day 30, we quantified the [*H]-thymidine-labeled cells in
the VPM/VPL and the higher-order thalamic modulatory
regions, including PO, VM, VL, and reticular nucleus
(Rt). We also employed double-labeling with [*H]-thymi-
dine autoradiography and CB or PV immunohistochem-
istry to determine the birthdates of the CB and PV cells
in the thalamic somatosensory regions.

MATERIALS AND METHODS

Animals and immunohistochemistry for CB
and PV

Adult CD1 mice (Mus musculus) aged 7-9 weeks and
weighing 20-30 g were housed with ad libitum access
to both food and water on a light:dark cycle (12/12-
hour on/off) in a temperature-controlled (23°C) environ-
ment. Female mice were coupled with males between
4 pm and 6 pv. E1 was defined as the day of plug detec-
tion. The embryos from the following stages of E12 to
E19 were studied.

Abbreviations

3V Third ventricle

CB Calbindin

DLG Dorsal lateral geniculate body

LD Laterodorsal thalamic nucleus

LV Lateral ventricle

PO Posterior thalamic nucleus

PV Parvalbumin

Rt Reticular nucleus

VL Ventrolateral thalamic nucleus

VM Ventromedial thalamic nucleus

VPL Ventral posterolateral thalamic nucleus
VPM Ventral posteromedial thalamic nucleus

We also used 30-day-old mice with well-developed
brains to study CB or PV immunohistochemistry in the
thalamic somatosensory regions. The animals were
deeply anesthetized with sodium pentobarbital and per-
fused through the heart with phosphate-buffered saline
(PBS) and 4% paraformaldehyde in 0.1 M sodium phos-
phate buffer (PB) at a pH of 7.4. The brains were
removed and postfixed in the same fixative for 6 hours.
Mice or chicken embryo heads or dissected brains at
scheduled stages were also fixed in the same fixative
for 24 (for small brains) or 48 (for large brains) hours.
The brains were cryoprotected in 30% sucrose over-
night. The brains were then embedded in gelatin-
sucrose and sectioned at 10 pm. Every eighth section
was mounted onto a gelatin-coated slide. These sec-
tions were subjected to Nissl staining or CB and PV
immunohistochemistry. All experiments were performed
in accordance with the guidelines for animal care pro-
vided by the Beijing Animal Administration Committee.

For PV and CB immunohistochemistry, a set of sec-
tions was pretreated for 15 minutes with 3% hydrogen
peroxide in 80% methanol, blocked for 2 hours (3% nor-
mal goat serum / 0.5% Triton X-100 in PBS), and incu-
bated overnight at 4°C with primary antiserum against
CB (1:2,000; Swant, Bellinzona, Switzerland) and PV
(1:1,500; Chemicon, Temecula, CA). After washing with
PBS, the sections were incubated in a biotinylated goat
antirabbit 1gG antibody (for CB, 1:400, BA-1000, Vector
Laboratories, Burlingame, CA) or in a biotinylated horse
antimouse 1gG antibody (for PV, 1:500, ZB-2020,
Zymed, San Francisco, CA) for 2 hours at room temper-
ature (RT). The sections were then washed and reacted
with an avidin-biotin-peroxidase complex (1:150, Elite
ABC kit, Vector) for 2 hours at RT. The sections were
subsequently incubated in 3,3'-diaminobenzidine (DAB;
Sigma, St. Louis, MO) for 30 minutes at RT.

[3H]-thymidine autoradiography and double-
labeling for PV or CB immunohistochemistry
and [*H]-thymidine autoradiography

Pregnant mice were injected subcutaneously with a
single dose of [*H]-thymidine (specific activity, 6.7 Ci/
mM; Amersham Pharmacia Biotech, UK; 2.5 nCi/g body
weight) on each day from E11 to E19. The injections
were performed at 9:00 am. The litters were weaned at
3 weeks after birth and grew to the age of 30 days.

The mice were deeply anesthetized and the brains
were perfused, postfixed, and cut on a freezing micro-
tome (Leica, Germany) as described above. A total of six
sets of sections were obtained from each brain and
processed for either single [*H]-thymidine autoradiogra-
phy, double-labeling for PV or CB immunohistochemistry,
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TABLE 1.
Primary Antibodies Used

Antigen Description of immunogen Source, host species, Cat. #, RRID Concentration used
Parvalbumin The antibody is directed against an Merck Millipore, mouse monoclonal, 1:1,500 dilution
epitope at the first Ca2+—binding # MAB1572, RRID: AB_2174013
site and specifically stains the PubMed ID: 23254904
Ca** -bound form of parvalbumin.
Frog muscle PV antigen
Calbindin Recombinant rat calbindin corresponding Swant (Bellinzona, Switzerland), 1:2,000 dilution
D-28K to rat calbindin D-28K. rabbit polyclonal, #CB-38a RRID:

AB_10000340 PubMed ID: 21800302

and [*H]-thymidine autoradiography immunohistochemistry
or Nissl staining. For single [*H]-thymidine autoradiography,
a set of sections was processed with an alcohol-water series
and xylene and dried at 37°C. The sections were then cov-
ered with Kodak NTB-2 emulsion, maintained at 4°C for
an exposure period of ~4 weeks in light-tight boxes, and
then developed in D19 (Kodak, Rochester, NY). To visual-
ize the tissue cytoarchitectures and cellular morpholo-
gies, the sections were counterstained with cresyl violet.
The detailed autoradiographic procedures have been pre-
viously described (Zeng et al., 2007b).

For double-labeling for PV or CB immunohistochemis-
try and [°H]-thymidine autoradiography, sets of sections
were first used for PV or CB immunohistochemistry
staining and subsequently processed with [*H]-thymi-
dine autoradiography as described above.

Antibody characterization

Please see Table 1 for a list of all antibodies used.
The mouse monoclonal antibody for PV recognized a
protein of 12 kDa on western blot of mouse brain
lysate. This antibody is directed against a synthetic
peptide, an epitope in the first calcium-binding site.
This antibody staining showed a single band (12 kDa)
on western blot for many species, including fish, frog,
chicken, and mouse. Immunostaining is completely
eliminated when the antibody is incubated with the
immunogen peptide prior to staining. In this study the
immunostaining of this antibody showed similar size,
shape, and distribution with these reports (Jones and
Hendry, 1989; Jones, 1994, 1998; Yang et al., 2008).

The rabbit polyclonal CB D-28k antibody recognized a
single band of ~27-28 kDa on immunoblot of brain
homogenate of various species including rat, mouse,
chicken, and fish. Antiserum CB38 did not stain the
brains of CB D-28k knockout mice (manufacturer’s tech-
nical information). Staining with this antibody in the pres-
ent study revealed the similar cellular morphology with
previous reports on mouse brain (Orduz et al., 2014).

Controls were also carried out by omitting either the
primary or the secondary antibody, with all other steps

in parallel with the above, to ensure that crossreactivity
was not an issue. Omitting either primary or secondary
antibody abolished immunostaining.

Images, cell counting, and statistics

Immunolabeled sections were viewed with an Olym-
pus (BH-2) microscope (Olympus, Japan). The images
were captured with a digital camera (Spot Enhance 2e,
Diagnostic Instruments, Sterling Heights, MI) attached
to the microscope. The contrast and brightness were
adjusted using Adobe Photoshop (Adobe 8.0, Mountain
View, CA).

A cell was regarded as labeled if the autoradio-
graphic grains overlying its nucleus exceeded six times
the background level, which was separately determined
for each specimen. All of the studied areas were eval-
uated at a magnification of 400X with the aid of an
ocular grid.

To find potential gradients of neurogenesis along the
rostral-to-caudal neuraxis in studied thalamic areas,
labeled cells were examined in three coronal planes
with equal intervals (from the initial appearance of the
VL to the end of the VPM, two ends of the whole soma-
tosensory region): the medial plane through which the
thalamic somatosensory area was divided in half, the
rostromedial and the caudomedial planes through which
the thalamic somatosensory area was divided in half
from the most rostral to the medial or from the medial
to the most caudal, respectively. These planes and the
nomenclature for the subdivisions of the thalamic soma-
tosensory areas were consulted the mouse stereotaxic
atlas of Bao and Shu (1990), the mouse atlas of Frank-
lin and Paxinos (1997), or the rat atlas of Swanson
(1998). Only cells with clear nuclei and relatively large
cytoplasm were regarded as neurons and counted.

All of the labeled neurons and the total neurons
(labeled and unlabeled) were counted at three chosen
levels (rostromedial, medial, and caudomedial) of the
entire somatosensory thalamic region. The data are
expressed as the percentage of labeled neurons (the
number of labeled neurons/the total number of
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Figure 1. Photomicrographs of coronal sections through the somatosensory thalamus of a mouse showing the distributions of calbindin
(CB) and parvalbumin (PV) cells during embryonic development and at the age of 30 days. A1-Aé: CB distribution at E12 (A1 and A2),
E14 (A3 and A4), and E16 (A5 and A6). B1-Bé: PV distribution at E12 (B1 and B2), E14 (B3 and B4), and E16 (B5 and B6). The boxed
areas in A1, A3, A5, B1, B3, and B5 are amplified in A2, A4, A6, B2, B4, and B6, respectively. C-E: Double-labeling for CB and PV at the
age of 30 days (D30). (C: Single-labeling for CB, D: Single-labeling for PV, E: Merge of C,D). The small boxed areas in C-E are further
amplified in the inserts. For abbreviations, see list. Scale bar = 600 um in E for B1, B3, and B5 (50 um for A2 and B2, 75 pum for A4 and
B4, 100 um for A6 and B6); 300 pum for C-E (125 pum for the inserts). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

neurons X 100%). Both the left and right hemispheres
were analyzed. No significant differences in the percen-
tages of labeled neurons between the two hemispheres
were observed, and the data from the two hemispheres
were thus combined for each brain level. Coronal sec-
tions from 4-5 mice from each injection group were
used for the above quantitative measurements. The per-
centages of labeled neurons were averaged for each
brain level within each group studied and are presented
as the means = SEM. All analyses were performed blind
using coded specimens.

Analyses of variance (ANOVAs) were used to com-
pare the averages (dependent variables) between the
different age groups (independent variables) using SPSS
for Windows 11.0 (Chicago, IL). All data subjected to
ANOVAs were normally distributed (one-sample
Kolmogorov-Smirnov test), and post-hoc comparisons
were made with Fisher’s protected least significant dif-
ference (PLSD) tests. Student’s t-tests were used to

compare the differences in the percentages of labeled
neurons between two parts of a studied area and
between pairs of different age groups. Significance was
set at P<0.05.

RESULTS

The present study focused on the thalamic somatosen-
sory relays, the VPM and VPL, and their neighboring
regions, PO, VM, VL, and Rt. Along the rostral-to-caudal
axis, the VPL and the Rt appeared in all three of the exam-
ined coronal brain levels (i.e., rostromedial, medial, and
caudomedial), while the VPM, VM, and PO were present in
the medial and caudomedial levels, and the VL appeared
only in the rostromedial level (Figs. 1C-E and 2A-1).

CB and PV immunohistochemistry
CB and PV immunostaining were performed at inter-
val from E12 to E19 and at the age of 30 days. At E12,
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Figure 2. Photomicrographs of coronal sections through the somatosensory thalamus of a mouse showing the principal thalamic relays,
the ventral posterolateral thalamic nucleus (VPL), the ventral posteromedial thalamic nucleus (VPM), and their neighboring regions. A-I:
Coronal sections at the rostromedial (A-C), medial (D-F), and caudomedial (G-1) brain levels of the entire somatosensory region (from the
initial appearance of the ventrolateral thalamic nucleus to the end of the VPM rostrocaudally) with Nissl staining (A,D,G), calbindin immu-
nohistochemistry (B,E,H), and parvalbumin immunohistochemistry (C,F,l). J-L: Magnified areas of the boxed regions in B,E,l, respectively.
For other abbreviations, see list. Scale bar = 300 pm for A-l, 50 um for J,L, 100 pm for K. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

the cell bodies that were immunoreactive for CB had
already appeared along the outer part of the ventricle
wall in the dorsal thalamus (Fig. 1A1,A12). At E14, the
ventricle wall in the dorsal thalamus became thicker,
and more CB-positive cell bodies were observed to be
distributed across a larger area of the dorsal thalamus
(Fig. 1A3,A4). From E16 onwards, the CB cells were
unevenly diffused into the entire dorsal thalamus
(Fig. 1A5,A6). At E19, the brain structures in the dorsal

thalamus were much like those observed at the age of
30 days in that the CB immunoreactivity was nearly
absent from the VPM and VPL (Figs. 1C-E, 2B,E,H), and
only a few small CB cells were scarcely distributed in
the VPL (Figs. 1C,E, 2H). In contrast, positive staining
for CB was observed in the neighboring regions of the
VPM and VPL, including the VL (Fig. 2B), VM (Figs.
1C,E, 2B,E))), PO (Figs. 1C,E, 2E,H,K), and Rt (Figs.
1C,E, 2B,E,H, 5A,C).
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Figure 3. [*H]-thymidine labeling in the somatosensory thalamus of a mouse. A: A section counterstained with cresyl violet showing the
locations of B-E. B-F: [*H]-thymidine labeling in the reticular nucleus (Rt) (B), ventrolateral thalamic nucleus (VL) (C), ventromedial tha-
lamic nucleus (VM) (D), ventral posterolateral thalamic nucleus (VPL) (E), and posterior thalamic nucleus (PO) (F) following [*H]-thymidine
injection at embryonic day 11 (E11). Some [*H]-thymidine-labeled neurons are marked by stars. Note that no [*H]-thymidine-labeled neu-
rons were present in the VPL. G: The percentages of [3H]—thymidine—labeled cells at the rostromedial brain level. **Significant differences
between the studied age groups. For other abbreviations, see list. Scale bar = 300 um for A and 50 um for the other panels. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

At E12, cell bodies that were immunoreactive for PV
were not observed in the ventricle wall of the dorsal
thalamus. However, immunoreactive fibers were clearly
observed to extend within the ventricle wall of the dorsal
thalamus (Fig. 1B1,B2). At E14, cell bodies that were
immunoreactive for PV appeared in the ventricle wall of
the dorsal thalamus (Fig. 1B3,B4). From E16 onwards,
the PV cells were unevenly distributed across the entire
dorsal thalamus (Fig. 1B5,B6). At E19, the distribution of
PV cells was similar to that at the age of 30 days. PV
immunohistochemistry was evident in the VPM and VPL
(Figs. 1D,E, 2C,F,,L). Some PV-labeled cells and tiny
fibers were detected in the VPM and VPL (Figs. 2L, 5I).
Strong staining for PV (including labeled cells and fibers)
occurred in the Rt (Figs. 1D,E, 5F,G). Our double-labeling
for CB and PV indicated that no cells that were double-

labeled for CB and PV were observed in the studied sen-
sory thalamic areas (Fig. 1C-E).

Single [*H]-thymidine autoradiography
[3H]—thymidine—labeling was examined in the VPM and
VPL and the neighboring regions (i.e., PO, VM, VL, and Rt)
at three rostral-to-caudal brain levels (i.e., rostromedial,
medial, and caudomedial). Because the VPM and VPL are
relatively large areas, they were further divided into
dorsal-ventral halves to detect any potential gradient of
neurogenesis. Nissl staining and CB/PV immunohisto-
chemistry were both employed to accurately identify the
subdivisions of the thalamic somatosensory areas (Fig. 2).
The earliest [*H]-thymidine-labeled cells appeared in
the E11 age group, and [*H]-thymidine-labeled cells dis-
appeared after E14. In the E11 age group, labeled cells
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Figure 4. [3H]—thymidine labeling in the somatosensory thalamus of a mouse. A: A section counterstained with cresyl violet showing the
locations of B-E. B-E: [3H]—thymidine labeling in the reticular nucleus (Rt) (B), ventral posterolateral thalamic nucleus (VPL) (C), ventral
posteromedial thalamic nucleus (VPM) (D), and posterior thalamic nucleus (PO) (E) following [3H]-thymidine injection at embryonic day 12
(E12). F: A section counterstained with cresyl violet showing the locations of G,H. G,H: [*H]-thymidine labeling in the PO and VPM follow-
ing [*H]-thymidine injection at E13. Some [*H]-thymidine-labeled neurons are marked by stars. 1,J: Percentages of [3H]-thymidine-labeled
cells at the rostromedial (I) and caudomedial (J) coronal brain levels. **Significant differences between the studied age groups
(P<0.001). For other abbreviations, see list. Scale bar =300 um for A and F and 50 um for the other panels. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

were present in all of the studied regions neighboring
the VPM and VPL, including the Rt (Fig. 4B), VL
(Fig. 4C), VM (Fig. 4D), and PO (Fig. 4F). However,
there were very few labeled cells in the VPM and VPL
themselves (Fig. 4E). [®H]-thymidine-labeled cells were
evident in the VPM and VPL in the E12 age group
(Fig. 5C,D) and reached a peak in the E13 age group at
the medial and caudomedial brain levels (Fig. 5H,)).
There were significant differences between the dorsal
and ventral VPL at E12 (¢=-5.651, P<0.001), and no
significant differences were detected at E13 (¢t = 0.406,

P=0.724). A two-way ANOVA indicated that there were
significant differences between the neurogenesis gra-
dients in the three examined coronal brain levels (i.e.,
rostromedial, medial, and caudomedial) in the dorsal VPL
(VPLD) (F=113.25, P<0.001), the ventral VPL (VPLV)
(F=30.346, P<0.001), the VL (F=30.575, P<0.001),
and the Rt (F=46.127, P<0.001) (Figs. 3G, 4l,)). There
were significant differences between the dorsal and ven-
tral VPM at E12 (t=4.468, P=0.001), and no signifi-
cant differences were detected at E13 (t=-1.83,
P=0.08). The neurogenesis gradients also exhibited
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Figure 5. [3H]—thymidine autoradiography combined with immunohistochemistry for calbindin (CB) and parvalbumin (PV). A-E: Cells labeled
for CB and [3H]—thymidine in the ventromedial thalamic nucleus (VM) (B), reticular nucleus (Rt) (C), and posterior thalamic nucleus (PO) (E) fol-
lowing [3H]—thymidine injection at E11. The approximate locations of B,C,E are shown in the boxed areas in A and D. C is the boxed area of Rt
in A rotated clockwise by 90°. F,G: Cells labeled for PV and [3H]-thymidine in Rt following [3H]-thymidine injection at E11. G is approximately
located in the boxed area in F. There were no cells doubled-labeled for PV and [*H]-thymidine in G. H-J: Cells labeled for PV and [*H]-thymi-
dine in the ventral posteromedial thalamic nucleus (VPM) () and Rt ()) following [*H]-thymidine injection at E12. The locations of | and J are
shown in the boxed areas in H. Some cells doubled-labeled for CB/PV and [3H]—thymidine are marked by stars. Some cells that were only
labeled by CB/PV or [3H]—thymidine are indicated by arrows and arrowheads, respectively. K-P: Percentages of cells doubled-labeled for [3H]—
thymidine and CB (K,M,0) or PV (L,N,P) at the rostromedial (K,L), medial (M,N) and caudomedial (O,P) coronal brain levels. *Significant differ-
ences between the marked group and its corresponding next age group (P < 0.05). For other abbreviations, see list. Scale bar = 300 um for
A,D,F,H,L and 50 um for the other panels. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

significant differences between the medial and caudome- P <0.001), and the PO (F= 1123.656, P<0.001), and
dial brain levels in the dorsal VPM (VPMD) (F = 1125.045, between the rostromedial and medial brain levels in the
P<0.001), the ventral VPM (VPMV) (F=1116.38, VM (F = 10.546, P< 0.001) (Figs. 3G, 4l,)).
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Double-labeling with [®H]-thymidine
autoradiography and immunohistochemistry
for CB or PV

To determine the birthdates of the CB and PV cells
in the thalamic somatosensory areas, we examined the
numbers of cells from E11 to E19 that were double-
labeled for [*H]-thymidine autoradiography and CB at
the rostromedial brain level (VL, VM, and Rt), the
medial brain level (PO, VM, and Rt), and the caudome-
dial brain level (PO and Rt) in which the CB cells were
distributed, and we also examined the numbers of cells
that were double-labeled for [*H]-thymidine autoradiog-
raphy and PV immunohistochemistry at the rostromedial
(VPL and Rt), medial, and caudomedial brain levels (VPL
and VPM) in which the PV cells were located. As shown
in Figure 5A-E, some [*H]-thymidine-labeled cells also
stained positively for CB. However, no [*H]-thymidine-
labeled cells positive for PV were found in the studied
areas in the same age group (E11) (Fig. 5F,G). The cells
that were positively labeled for [*H]-thymidine and PV
were observed in the VPM, VPL (Fig. 5H,I) and Rt (Fig.
5H,)) in the E12 and E13 age groups.

CB and [*H]-thymidine double-labeled cells were thus
observed earlier (in E11 and E12) than were cells that
were double-labeled for PV and [*H]-thymidine (in E12
and E13) in the above-studied areas (Fig. 5K-P). Addi-
tionally, the percentages of the cells that were double-
labeled for CB and [°H]-thymidine were significantly
higher in the E11 age group than in the E12 age group
in the VM (at the rostromedial level: t=6.768,
P=0.003, Fig. 5M) and PO (at the medial level:
t=4.725, P=0.01, Fig. 5M). The percentages PV and
[*H]-thymidine double-labeled cells were significantly
higher in the E12 age group than in the E13 age group
in the VPL (at the rostromedial level: t=7.671,
P=0.001, Fig. 5L), VPM (at the medial level: t =5.760,
P=0.001, Fig. 5N; at the caudomedial level: t = 8.453,
P=0.000, Fig. 5P), and Rt (at the rostromedial level:
t=3.389, P=0.032, Fig. 5L; at the medial level:
t=4.675, P=0.001, Fig. 5N; at the caudomedial level:
t=4.587, P=0.001, Fig. 5P).

DISCUSSION

Comparison with previous studies and core-
to-matrix organization in somatosensory
nuclei of mammals

The present study first examined the dynamic changes
in CB and PV immunoreactivity in the dorsal thalamus
(in which the somatosensory thalamus is located), and
the results indicated that cell bodies that were immuno-
reactive for CB were already present at E12 in the dorsal
thalamus, whereas cell bodies that were positive for PV

Neurogenesis in thalamic somatosensory areas

appeared later at E14. Our results further indicated that
the adult somatosensory thalamus is characterized by a
general, complementary distribution of CB and PV neu-
rons across the first-order thalamic relays (i.e., the VPM
and VPL) to the higher-order modulatory regions (i.e.,
the PO, VM, and VL). Our results are essentially in
agreement with previous studies on the distributions of
CB and PV in the adult mammalian thalamus (Jones and
Hendry, 1989; Rausell and Jones, 1991; Rausell et al.,
1992; Herron et al., 1997; Munkle et al., 2000) with the
exception of the following difference. Although some
previous reports have shown that CB neurons are pri-
marily located in the neighboring regions of the VPM
and VPL, some CB cells have also been observed to
occur in the VPL or VPM in the primate (Rausell and
Jones, 1991; Rausell et al.,, 1992). In the present study,
a few CB cells were observed in the VPM and VPL.
According to previous reports, the CB-positive cells in
the "matrix" domains of the VPM and VPL are small,
cytochrome-oxidase weak (Jones, 1998). They are inner-
vated by spinothalamic and caudal trigeminal (nonlemnis-
cal) inputs and project to layer | of a wide area of
sensory cortex (Jones, 1998, 2001). Thus, CB cells in
VPM and VPL should be ascribed to the higher-order
modulatory relaying cells (Khachunts and Belekhova,
1986; Rausell et al., 1992; Herron et al., 1997).

Our above findings show that, like primate species,
mice also possess a matrix of diffusely and superficially
projecting, smaller thalamocortical cells upon which a
core of more specifically projecting relay cells is
imposed (Jones, 1998, 2001). It has been shown that
thalamic neurons receive not only massive sensory-
related cortical inputs, but they also receive significant
amounts of motor-related information through collater-
als of neurons in cortical layer 6 (Sherman and Guillery,
1998; Alitto and Usrey, 2003; Lam and Sherman,
2010). In addition, neurons in the higher-order nuclei
also receive innervations from cortical layer 5 (Sherman
and Guillery, 1998; Miyata, 2007). These corticothala-
mic neurons exert both an excitatory and an inhibitory
influence on many of the activity patterns and sensory
response properties of thalamic neurons (Sherman,
2012; Ahissar and Oram, 2015; Yu et al.,, 2015). In
turn, the higher-order nuclei send projections to many
wide cortical regions as well as the first-order nuclei,
whereas the first-order nuclei send projections to corti-
cal layer 4 (Groenewegen and Berendse, 1994; Macchi
and Bentivoglio, 1999; Guillery and Sherman, 2002).
These closed neural loops play roles in corticothalamic
or corticocortical communication and in modulating the
transfer of information in the thalamus (Sherman and
Guillery, 2002; Ahissar and Oram, 2015). In addition,
neurons in the modulatory matrix, recruited by
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corticothalamic connections, can affect somatosensory
activities across thalamic nuclei and cortical areas
(Sherman and Guillery, 2002; Sherman, 2012; Ahissar
and Oram, 2015; Yu et al., 2015).

Compared to the distribution of CB cells in primates,
the present study indicated that many fewer CB cells
appeared in the "matrix" of the VPM and VPL in mice.
It needs to be mentioned that nearly no CB cells are
found in the core auditory nuclei in the mesencephalon
or diencephalon of chick (Zeng et al., 2008b), but some
are located in the mouse (Zeng et al., 2009). Based on
the above analysis of the actions of the higher-order
modulatory cells (including CB cells in the matrix of the
VPM and VPL), the lack or the large reduction in the
number of CB cells in the primary (or the first-order)
thalamic relay nuclei might suggest a weak modulation
to the transferring thalamocortical information or to the
corticocortical communication in mice and birds in com-
parison with that in primate species. These data reveal
that the organizational pattern of thalamic nuclei con-
sisting of phylogenetically ancient (CB cells in the mod-
ulatory matrix) and new cells (PV cells in the core or
the first-order nuclei) vary across different groups of
animals (mammals vs. birds or primates vs. nonpri-
mates in mammals), which might reflect a different evo-
lutionary process of animals. However, this issue is far
more complex and needs further study in the future.

Our single [*H]-thymidine autoradiographic data indi-
cated that the onset of neurogenesis began earlier
(E11) in the neighboring regions (PO, VM, VL, and Rt) of
the VPM and VPL than in the VPM and VPL (E12). Our
double-labeling with [*H]-thymidine autoradiography and
immunohistochemistry for CB or PV further indicated
that, although CB and PV neurons were both present in
the Rt, only CB neurons were generated at E11, and PV
neurons were produced after E11. These data indicate
that the CB neurons were born earlier than the PV neu-
rons in the somatosensory thalamus, which is consist-
ent with the result that CB-stained cells are already
present at E12, but PV-stained cells appear later, at
E14 in the dorsal thalamus.

It is not clear why a series of studies that sought to
determine the birth dates of neurons in the thalami of
rats failed to report any differences in neurogenesis
between the somatosensory thalamic nuclei (Altman
and Bayer, 1979, 1988, 1989), but this failure might
have been due to the adoption of different labeling
methods. In the present study, only a single dose of
[*H]-thymidine ("pulse labeling") was injected into the
mice. In contrast, "cumulative labeling" was applied in
the previous reports, in which two successive daily
doses of [H]-thymidine were injected into the rats (Alt-
man and Bayer, 1979, 1988, 1989). Pulse labeling

might be necessary to distinguish between brain
regions with very close birth dates, such as the princi-
pal somatosensory thalamic nuclei and their adjacent
areas. A nucleus might have different lasting periods of
neurogenesis by using the above two labeling methods,
and "cumulative labeling" would have a relatively longer
period than "pulse labeling." Indeed, our study showed
that neuronal generation ended after E13.5, but the
previous report placed the end of neuronal generation
after E14.5 (Altman and Bayer, 1988). However, despite
the use of different labeling methods, rostrocaudal and
ventrodorsal gradients of neurogenesis were similar to
those of previous reports (Angevine, 1970; McAllister
et al., 1977; Altman and Bayer, 1979, 1988, 1989) as
observed in our study. Additionally, the results of our
study accord with those of a previous report that
showed that Rt is one of the earliest-generated nuclei
among the thalamic areas (Altman and Bayer, 1979). It
is necessary to note that the above reports only exam-
ined neurogenesis in the thalamus from E13.5 and left
earlier periods of neurogenesis in the thalamus unexa-
mined (Angevine, 1970; McAllister et al., 1977). We will
next study whether CB and PV cells in the somatosen-
sory thalamic areas are generated in different sites of
the ventricular zone, which would result in the differen-
ces in the times of embryonic genesis as has been
observed in the mesencephalic auditory core and shell
regions in the reptile (Xi et al., 2011).

In contrast to the other studied areas adjacent to the
VPM and VPL, Rt is not a paralemniscal areas because it
does not send any direct projections to the cerebral cor-
tex. However, like paralemniscal areas, Rt receives inner-
vations from the brainstem reticular formation, and it
sends projections to the VPL and VPM and their adja-
cent paralemniscal areas, including the PO, VM, and VL
(French et al., 1985; Pare et al,, 1988; Cornwall et al.,
1990). It has been further shown that Rt is one of the
main sources of inhibitory input to the VPL and VPM
and their adjacent paralemniscal areas, which suggests
that Rt is involved in the regulation of somatosensory
activities (French et al., 1985; Guillery and Sherman,
2002; McAlonan and Brown, 2002; lwona et al., 2003).
From the perspective of neural connectivity and embry-
onic genesis, Rt, along with other areas adjacent to the
VPL and VPM (including the PO, VM, and VL), is very
similar to the areas adjacent to the core auditory areas
in the thalamus such as the MGd and MGm in mice
(related to the MGv core region) and the Ov shell in
birds (related to the Ov core region), which are all
involved in auditory-mediated electrophysiological activ-
ities and produced earlier than the core regions (Huff-
man and Henson, 1990; Pritz and Stritzel, 1992; Durand
et al., 1992; Zeng et al., 2004, 2008b, 2009).
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Core-to-matrix organization in
somatosensory areas of nonmammals

In other terrestrial vertebrates (e.g., amphibians, rep-
tiles, and birds), two ascending somatosensory path-
ways have been reported: 1) a primary afferent
ascending spinal projection through the dorsal funiculus
to the dorsal column nucleus (DCN) that gives rise to
the medial lemniscal pathway to the thalamus, and 2)
a secondary afferent projection to the reticular forma-
tion. In amphibians, the DCN is occupied predominantly
by PV neurons (and not CB neurons) and is somatotopi-
cally arranged with a medial (gracile) compartment
innervated by the dorsal root from its lumber and tho-
racic segments and a lateral (cuneate) compartment
innervated by the cervical enlargement (Munoz et al.,
1995). In the pathway to the thalamus (central, poste-
rior, and ventromedial thalamic nuclei), unlike the fibers
in the mammalian lemniscal pathway, the fibers origi-
nating in the DCN give off large collaterals to various
parts of the reticular formation, the granular layer of
the cerebellum, the lateral part of the torus semicircu-
laris, and various tegmental nuclei in the mesencepha-
lon (Munoz et al., 1995). It is a common feature that
somatosensory thalamic nuclei, such as the nucleus
anterior in fish, the central, posterior, and ventromedial
nuclei in amphibians, the nucleus dorsolateralis anterior
in reptiles, and the nucleus dorsolateralis anterior thal-
ami (DLA), dorsolateralis anterior thalami, pars medialis
(DLM), and nucleus dorsolateralis posterior thalami
(DLP) in birds, all receive inputs from a variety of sour-
ces that include the spinal cord, brain stem (the DCN
and the reticular formation), and the midbrain and pro-
ject to separate regions of the telencephalon (striatum,
the dorsal ventricular ridge, and the medial or dorsal
pallium) (Butler, 1994). To date, no reports have dem-
onstrated an area in nonmammals that strictly corre-
sponds to the mammalian VPM and VPL (the first-
order thalamic relays). However, based on neural con-
nectivity some of the thalamic areas mentioned above
in the other tetrapods are much more similar to the
mammalian paralemniscal thalamic areas, such as the
posterior nuclear group (see review of Butler, 1994).
From the above phylogenetic analysis of the thalamic
nuclei, a preliminary conclusion that the mammalian
VPL and VPM might be less phylogenetically ancient
than their surrounding areas can be drawn. Therefore,
similar to the cladistic analyses of the auditory nuclei
in vertebrates mentioned above, phylogenetic analyses
of the thalamic somatosensory nuclei also support the
suggestion of the primitivity of the paralemniscal sub-
populations, as revealed in our embryonic data in light
of Von Baer’s first law of development (Northcutt,
2001).

Neurogenesis in thalamic somatosensory areas
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