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Postnatal development of thalamic reticular nucleus projections to the anterior
thalamic nuclei in rats
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ABSTRACT

The thalamic reticular nucleus (TRN) projects inhibitory signals to the thalamus, thereby controlling thalamo-
cortical connections. Few studies have examined the development of TRN projections to the anterior thalamic
nuclei with regard to axon course and the axon terminal distributions. In the present study, we used parvalbumin
(PV) immunostaining to investigate inhibitory projections from the TRN to the thalamus in postnatal (P) 2- to
5-week-old rats (P14-35). The distribution of PV-positive (+) nerve fibers and nerve terminals markedly dif-
fered among the anterior thalamic nuclei at P14. Small, beaded nerve terminals were more distributed through-
out the anterodorsal nucleus (AD) than in the anteroventral nucleus (AV) and anteromedial nucleus (AM). PV+
fibers traveling from the TRN to the AD were observed in the AV and AM. Nodular nerve terminals, spindle or
en passant terminals, were identified on the axons passing through the AV and AM. At P21, axon bundles trav-
eling without nodular terminals were observed, and nerve terminals were distributed throughout the AV and AM
similar to the AD. At P28 and P35, the nerve terminals were evenly distributed throughout each nucleus. In
addition, Dil tracer injections into the retrosplenial cortex revealed retrogradely-labeled projection neurons in
the 3 nuclei at P14. At P14, the AD received abundant projections from the TRN and then projected to the ret-
rosplenial cortex. The AV and AM seem to receive projections with distinct nodular nerve terminals from the
TRN and project to the retrosplenial cortex. The projections from TRN to the AV and AM with nodular nerve
terminals at P14 are probably developmental-period specific. In comparison, the TRN projections to the AD at
P14 might be related to the development of spatial navigation as part of the head orientation system.
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Introduction

The thalamus relays primarily sensory information locally to
the cortex (thalamocortical tract) and receives descending projec-
tions from the cortex (corticothalamic tract). These reciprocal con-
tacts with the cerebral cortex are closely related to sensory, motor,
and higher brain functions. The neurons that make up the thalamus
include excitatory neurons that project to the cerebral cortex and
interneurons that inhibit the projection neurons.! In addition to
interneurons, neurons in the thalamic reticular nucleus (TRN) exert
extrinsic inhibitory control over projection neurons. The TRN cov-
ers the lateral side of the thalamus in the frontal section and is con-
tinuous from the anterior to posterior thalamic nuclei. The TRN
projections do not project to the cerebral cortex, but send inhibito-
ry gamma-aminobutyric acid (GABA) signals to the thalamus.?
The TRN also receives input from axonal collateral branches orig-
inating in the thalamocortical and corticothalamic tracts,> and
some of the neurons project to the contralateral TRN, indirectly
sending information to the contralateral thalamus as well.?
Therefore, the TRN is considered to be an important nucleus and
gate guardian that coordinates communication between the thala-
mus and cerebral cortex.?

In mammals, communication between the thalamus and cere-
bral cortex, including the TRN, is homologous among species, but
the distribution and number of projection neurons and interneurons
in the thalamus vary. In cats and monkeys, approximately 70% of
all neurons in most nuclei are projection neurons, and the remain-
ing 30% are interneurons.** In the rat thalamus, however, interneu-
rons are absent in many nuclei.** Therefore, the TRN is reported to
be the largest exogenous source of inhibitory control of thalamo-
cortical communication in rats.>

Although major inhibitory projections from the TRN play an
essential role in thalamocortical communication, few studies have
examined the developmental stages of the TRN compared with
research on the developmental stages of inhibitory neurons in the
neocortex.® In rats, most neurons in the TRN are calcium-binding
protein, parvalbumin-positive (PV+) neurons that coexpress
GABA, while other thalamic projection neurons do not express
PV.7# The expression of PV as a marker for the TRN has been
observed by immunostaining, and changes during postnatal devel-
opment have been reported.”!" In these reports, the distributions of
PV+ nerve fibers and nerve terminals, which are thought to origi-
nate from the TRN, are observed as a gradient pattern from the lat-
eral to the medial thalamus during development.>!' By approxi-
mately 30 days after birth, the distribution of PV+ terminals from
the TRN is similar to that of adults.” Differences in the distribution
of nerve fibers in each thalamic nucleus and the detailed structure
of the nerve terminals, however, have not been clarified. In partic-
ular, very few studies have investigated the development of the
TRN projections to the anterior thalamic nuclei (anterodorsal
nucleus: AD, anteroventral nucleus: AV, and anteromedial nucleus:
AM) with regard to axon course and axon terminal distributions.'®
' The anterior thalamic nuclei play essential roles in spatial cogni-
tive functions and memory, and are involved in exploratory behav-
ior in rats.'>!3 These functions are served by the limbic system, in
which the anterior thalamic nuclei communicate with the cerebral
cortex, hippocampal formation, and subcortical structures such as
mammillary body.'*

In the present study, we investigated the development of pro-
jections from the TRN at the axonal level to observe in detail the
inhibitory projections of TRN efferents that regulate communica-
tion between the thalamus and cerebral cortex in normal rats. PV
immunostaining was performed in the thalamus at two weeks of
age (P14), three weeks of age (P21), four weeks of age (P28), and
five weeks of age (P35). Furthermore, projections from the anteri-
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or thalamic nuclei to the cerebral cortex were investigated by
injecting the neural circuit with carbocyanine fluorescent dyes to
label projection neurons in the thalamic nuclei at P14.

Figure 1. Inmunohistochemistry of parvalbumin (PV) in postna-
tal 2 to 4 weeks-old rats (P14-28). Note PV-positive nerve fibers
and nerve terminals was markedly altered among the anterior
thalamic nuclei. In P14, differences in the distribution of PV+
fibers and nerve terminals are shown. In the AD, small beaded
nerve terminals are more distributed throughout the nucleus than
in the AV and AM. AD, anterodorsal nucleus; AM, anteromedial
nucleus; AV, anteroventral nucleus; LD, laterodorsal nucleus;
TRN, thalamic reticular nucleus; VL, ventral lateral nucleus; VM,
ventral medial nucleus. Scale bar : 1mm.
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Materials and Methods

Animals

A total of 26 neonatal Wistar rats (SLC, Shizuoka, Japan) were
used in this study. The original research reported herein was per-
formed under the official Japanese regulations for animal research
guidelines and approved by Yokohama City University (approval
No. F-A-16-064). Postnatal rat pups were used for PV immunohis-
tochemistry (P14, n=3; P21, n=4; P28, n=3; P35, n=0).
Additionally, P14 (n=10) rat pups were used for the neural tract
tracing experiments using carbocyanine fluorescent dyes, such as
Dil.

Fixation and tissue preparation

All animals were deeply anesthetized with isoflurane gas and
perfused transcardially with 4% paraformaldehyde (PFA) in 0.1 M
phosphate-buffered saline (PBS; pH 7.4). Brains were removed
from skulls and postfixed with 4% PFA overnight at 4°C. For PV
immunohistochemistry, after being cryoprotected by soaking
overnight in 20% sucrose in PBS, the brains were embedded in
OCT compound (Sakura Finetechnical Co., Tokyo, Japan) and
frozen rapidly by immersing them in a cold isopentane liquid. The
brain blocks were cut transversely at a thickness of 40 um on a
cryostat (CM3050S, Leica, Wetzlar, Germany). The serial sections
were collected in PBS at 4°C. For the Dil injections, the postfixed
brains were divided into 2 blocks transversely using small razor
blades at the level of the anterior thalamus.

PV immunohistochemistry

The sections were incubated with mouse monoclonal anti-PV
antibody (1:10,000; Clone PARV-19, Sigma, Darmstadt, Germany)
for 2 days at 4°C after immersing them in blocking solution (0.1 M
PBS containing 0.01% Tween 20, and 5% normal goat serum) for
60 min at room temperature. The anti-PV antibody specificity was
confirmed by western blot analysis."® The rat TRN was well
labeled by immunohistochemistry with the antibody'® but not in
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the PV knockout mice."” After primary antibody incubation,
endogenous peroxidase activity was blocked by soaking the sec-
tions in 0.01% H,O, in PBS for 10 min at room temperature. The
sections were then incubated with biotinylated anti-mouse sec-
ondary goat antibody (1:200; Vector Laboratories, Burlingame,
CA, USA) for 60 min at room temperature and visualized using
avidin-biotin complex-conjugated horseradish peroxidase (ABC
Elite kits; Vector Laboratories) with diaminobenzidine containing
0.03% nickel ammonium sulfate. Finally, the sections were mount-
ed on gelatin-coated glass slides and coverslipped with Entellan®
new (Merk, Darmstadt, Germany). Routine control for immuno-
staining was conducted during these experiments by omitting the
anti-PV primary antibody.

Dil tract tracing experiments

Injection of fluorescent carbocyanine dye (Dil; Molecular
Probes, Eugene, OR) into the retrosplenial cortex (RSC) was per-
formed in P14 fixed brain blocks. A Dil crystal was injected into
the RSC of a divided brain using a fine insect pin under stereomi-
croscope. The brain was sealed with 5% gelatin and incubated in
the 4% PFA at 37°C for 60 days. The tissue block was embedded
in 5% gelatin and then sectioned transversely at 80 pm thickness
using a micro slicer (3,000 W; DSK, Kyoto, Japan) or cut into 40
um thick cryosections as described above.'® The serial sections
were observed under a fluorescence microscope equipped with a
Texas red filter (DM-RE; Leica Microsystems, Wetzlar, Germany).

Data analysis

All micrographs were taken as digital images (DM-RE; Leica
Microsystems). PV+ immunoreactive fibers and terminals size in
P14 anterior thalamic nuclei were assessed by generating the digi-
tal images. Pixels of the PV immunoreactive fibers and terminal
sizes were measured as square microns in 2 nuclei (AD and AV) of
11 sections using ImageJ (http:/fiji.sc/Downloads).!” The ratio of
the PV+ area was calculated for the whole area of each nucleus.
The calculated ratio between two nuclei was compared statistically
with a two-tailed #-test (p<0.05).

Figure 2. Inmunohistochemistry of parvalbumin (PV) in postnatal 5 weeks-old rats (P35). A) PV-positive (+) terminals are entirely cov-
ered in all thalamic nuclei. A boxed region is re-photographed at higher magnification in B. B) An arrow indicate PV+ thalamic reticular
nucleus. Small PV+ terminals are shown in ventral posterolateral nucleus (arrowhead). An asterisk indicates presumable cell body. AD,
anterodorsal nucleus; AM, anteromedial nucleus; AV, anteroventral nucleus; LD, laterodorsal nucleus; TRN, thalamic reticular nucleus;
VL, ventral lateral nucleus; VM, ventral medial nucleus; VPL, ventral posterolateral nucleus. Scale bars: A) 1 mm; B) 100 um.
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Nomenclature

The 3 subdivisions of the anterior thalamic nuclei (AD, AV,
and AM) were adopted based on an atlas® and delineated by
observing Nissl-stained sections.

Results

PV immunohistochemistry in developing thalamus

We observed PV immunohistochemistry sections in the post-
natal developing thalamus every week from P14 to P35 (Figures 1
and 2). At P14, neurons of the TRN were strongly PV-immunore-
active in the rostrocaudal regions (Figures 1 and 3). The PV+
fibers and terminals were observed in the ventral nuclei: the ven-
tral posterolateral nucleus (VPL), ventral posteromedial nucleus,
ventral lateral nucleus, ventral medial nucleus, laterodorsal nucle-
us, lateral geniculate nucleus, and lateral posterior nucleus
(Figures 1 and 3). In contrast to the PV+ thalamic nuclei, the ante-
rior thalamic nuclei exhibited different staining patterns (Figure 3).
Sparse PV+ fibers and terminals were scattered in the AV and AM
(Figures 3 to 5). The PV+ fibers passed mainly through the AV lat-
eromedially, but very dense, small, beaded PV+ terminals were
observed throughout the AD (Figures 4 and 5). After P21, the PV+
terminals appeared denser in the AV and AM (Figures 1 and 2).
Finally, by P35, the PV+ terminals entirely covered all the thalam-
ic nuclei (Figure 2).

PV+ fibers and terminals in the anterior thalamus at
P14

We traced the trajectory of the PV+ fibers in the AV and AM.
The PV+ fibers came from the TRN and ran mainly through the AV
(Figures 4A and 5A). Fibers with nodular, spindle, or en passant
terminals were heading lateromedially into the AD (Figures 4 C-D
and 5 C-D). Many small PV+ terminals with fine fibers were then
distributed in the AD (Figures 4B and 5A). These terminals were
observed as perisomatic patterns and seemed to terminate the AD
neurons (Figure 4B). At P14, the PV+ fibers and terminals in the 2
nuclei exhibited clearly different patterns, sparse running fibers in
the AV or dense distributing terminals in the AD (Figure 5 A,B).
We measured the ratio of the PV+ fibers and terminals as pixels for
the whole area of each of the 2 nuclei. The median PV+ staining
density in the AD and AV was 0.35 and 0.07, respectively (Figure
6). The distribution of PV+ fibers and terminals was significantly
denser in the AD than in the AV (Figure 6, *p<0.05).

Dil labeled neurons in the anterior thalamus at P14

We injected Dil crystals into the ipsilateral RSC to confirm the
thalamocortical projections from the AV, AD, and AM at P14
(Figure 7). The injected Dil diffusion was restricted in the RSC
(Figure 7A). Some retrogradely labeled neurons were observed in
the anterior thalamus after the injections (Figure 7 B,C). In the AV
and AD, the labeled neurons were scattered throughout the whole
region (Figures 7 B-E), while sparsely labeled neurons were
observed in the AM (Figure 7F). Some of the labeled fibers were
distributed in these nuclei. We could not, however, distinguish the
corticothalamic projections from these labeled fibers. An obvious
Dil-labeled terminal morphology was not detected among our
samples.

Discussion

The developmental distribution patterns of PV immunoreactiv-
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ity among the thalamus mostly corresponded with previous reports
from P14 to P35.%-!! Therefore, our PV immunohistochemistry was
consistent with the postnatal development of the rat thalamus.

PV immunostaining revealed a marked change in the TRN pro-
jections to the anterior thalamic nuclei from P14 to P21. At P14,
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Figure 3. Inmunohistochemistry of parvalbumin (PV) in rostro-
caudal anterior thalamic nuclei in P14. Note rostro-caudal region
in the AD (A to C), PV+ small beaded nerve terminals are more
distributed throughout the nucleus than in the AV and AM. A
PV+ neuron in TRN at higher magnification is shown in A
(arrowhead in right inset). AD, anterodorsal nucleus; AM,
anteromedial nucleus; AV, anteroventral nucleus; LD, laterodor-
sal nucleus; TRN, thalamic reticular nucleus; VL, ventral lateral
nucleus; VM, ventral medial nucleus; VPL, ventral posterolateral
nucleus. Scale bars: A-C) 1 mm; inset in A) 10 pm.
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the AD already received abundant projections with small periso-
matic terminations from the TRN, and although the AV and AM
had fewer such projections than the AD when observed at the sin-
gle axon level, distinct nodular nerve terminals, spindle or en pas-
sant terminals, were observed on axons passing through the AV
and AM. By P21, a few nodular terminals were observed, and the
AV and AM received as many projections from the TRN as the AD
received. This suggests that the projections from the TRN with the
nodular nerve terminals to the AV and AM at P14 were postnatal
developmental stage-specific.

Previous studies reported that the PV+ nerve terminals are dis-
tributed throughout the AV of P22 rats.® Seto-Ohshima et al.'
observed PV+ fiber segments running through AV, and PV+ small
terminals in the AD in P11 rats. The present results are consistent
with these reports, although the developmental stage at P14 in our
samples was later than Seto-Ohshima et a/.!° The previous studies,
however, reported no developmentally specific PV+ nodular nerve
terminals in the AV and AM. In guinea pigs at P20, PV immuno-

staining of the anterior thalamic nuclei showed more abundant
PV+ nerve terminals in the AD than in the AV and AM.?! These
findings indicate a typical distribution pattern of PV in rodent ante-
rior thalamic nuclei.”? The morphology of time-specific nodular
nerve terminals in P14 are similar to TRN-derived GABA-positive
nerve terminals distributed in the ventral basal nuclei of rats
observed by 3 weeks of age.?? Electron microscopic observations
of these nerve terminals indicated that the synaptic structures
matured by the end of the first 2 weeks of life.?* In addition, PV+
en passant terminals on dendrites were observed in rat VPL at P7
by electron microscopy.'! It is unclear whether the nodular and en
passant terminals observed in this study are matured GABAergic
synapses on projection neurons in the AV or AM. At P14, however,
Dil-labeled neurons of the anterior thalamic nuclei project to the
RSC so these nerve terminals may be in functional contact with
thalamic projection neurons. Axons with nodular nerve terminals
reached the AD border, but whether they project to the AD at the
same time as to the AV or AM was not confirmed. We observed

Figure 4. PV+ fibers and terminals in anterior thalamic nuclei (P14). A) Low magnification of the anterior thalamic nuclei and TRN.
Three boxed regions are re-photographed at higher magnification in B-D. B) Dense PV+ small beaded nerve terminals are shown as
perisomatic patterns (arrow head) in AD. Asterisks indicate presumable cell bodies. C,D) PV+ fibers with nodular, spindle, or en pas-
sant terminals, running through AV and dorsal border region between AV and AM. Boxed regions are represented at higher magnifi-
cation in left and right insets. Arrows indicate terminals. AD, anterodorsal nucleus; AM, anteromedial nucleus; AV, anteroventral nucle-
us; TRN, thalamic reticular nucleus. Scale bars: A) 500 pum; B) 10 wm; C and D insets) 10 pm; C,D) 50 pm.
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that a small number of terminals terminated in the AD from the
axons that reached them, but further tracing of the axons that
reached the AD was difficult due to the barrier of PV+ terminals
that were densely distributed in the AD (Figure 5 B,C).

We confirmed the projections from the 3 anterior thalamic
nuclei to the RSC at P14 using Dil retrograde labeling. Previously,
cortical projections from zinc-positive AD neurons were con-
firmed during the second postnatal week, from P9 to P13, by cor-
tical injections of sodium selenite.?* This cortical projection was
only labeled with specific zinc-positive AD neurons, but AV and
AM neurons were not detected as zinc-positive projections.?* Our
observation of the PV+ small perisomatic terminations in the AD
seems to overlap with the zinc-positive neurons in the postnatal
developmental stage. Therefore, the TRN projection to the AD
might be related to specific zinc-positive thalamocortical projec-
tions during postnatal development. Further studies are needed,
however, to determine if TRN projections terminate on zinc-posi-
tive AD projection neurons during the second postnatal week.

The AD contributes to spatial navigation as part of the head
orientation system, including so-called head direction (HD)
cells.!>13 Tt is assumed that the HD cells receive TRN projections
in the AD thalamocortical projection. Therefore, it is essential to
discuss the development of projections from the TRN to the AD.
Furthermore, the HD circuitry in the AD is reported to be some-
what complete before the animal’s eyes open,'*?* and its function
becomes more stable as soon as the eyes open at around P12-16.%
Thus, the reason that the projections from the TRN to the AD and
the AD projections to the cortex are already established by P14 is
probably that the HD system immediately utilizes the visual infor-
mation carried by these projections.'*2* As some visual input to the
AD comes from other cortical areas?*?! and some come directly
from the retina,?® these projections may be completed early on to
adequately process information from such pathways. In addition to
this input to the AD, it is known to receive projections from the
mammillary body.?” It is also important for the head orientation
system to work that vestibular input is carried by the mammillo-

Figure 5. Trajectory of the PV+ fiber in AV (P14). A) Low magnification of the AV. Arrowheads indicate a single PV+ fiber which is
traced in B; two boxed regions of the single PV+ fiber are re-photographed at higher magnification in C and D. B) Depicted line draw-
ing of the single PV+ fiber in A is running through AV (arrowheads); an arrow indicates a branch; note the fiber is running from TRN
to AD. C) The PV+ fiber with terminals (arrow); arrowhead indicate a terminal at edge of AD. D) An arrow indicates terminal in AV.
AD, anterodorsal nucleus; AM, anteromedial nucleus; AV, anteroventral nucleus; TRN, thalamic reticular nucleus. Scale bars: A,B) 100

pm; C,D) 10 pm.
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thalamic projection through the tegmental dorsal nucleus.?
Postnatal projection from the mammillary body is established with
the medial nucleus projecting ipsilaterally to AV and AM, and the
lateral nucleus projecting bilaterally to AD from P8.2° Celio’
reported that PV-positive neurons were mainly found in the medial
nucleus and to a lesser extent in the lateral nucleus. Frassoni et al.’
depicted PV+ fiber bundle in the mammillo-thalamic tract at P22
in their figure 4. However, we could not observe PV+ fibers in the
mammillo-thalamic tract at P14. The mammillo-thalamic projec-
tions other than PV+ nerve fibers may be responsible for this neu-
ral circuit at P14.
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Figure 6. Ratio of PV+ fibers and terminals as pixels in the whole
area of AD and AV. The median of the PV+ in AD and AV are 0.35
and 0.07 respectively. The AD was significantly denser than the
PV+ fibers and terminals in the AV (*p<0.05).

Figure 7. Retrogradely labeled neurons in anterior thalamic nuclei after an injection of Dil to retrosplenial cortex (P14). A) Low mag-
nification of the injection site (asterisk). B) Line drawing of distributions of labeled projection neurons in anterior thalamic nuclei; red
circles indicate labeled neurons; C) Low magnification of anterior thalamic nuclei after the Dil injection; three boxed regions are re-
photographed at higher magnification in D-F. D) Retrogradely labeled neurons in AD (arrow). E) Retrogradely labeled neurons in AV
(arrow). F) A retrogradely labeled neuron in AM (arrow). AD, anterodorsal nucleus; AM, anteromedial nucleus; AV, anteroventral nucle-
us; HiF hippocampal formation; RSC, retrosplenial cortex; Par, parietal cortex; TRN, thalamic reticular nucleus. Scale bars: A) 1 mm;

B,C) 100 pm; D,E) 50 pm; F) 10 pm.
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