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The rat lateral posterior thalamic nucleus (LP) is composed of the rostromedial 
(LPrm), lateral (LPl), and caudomedial parts, with LPrm and LPl being areas involved 
in information processing within the visual cortex. Nevertheless, the specific 
differences in the subcortical projections to the LPrm and LPl remain elusive. 
In this study, we aimed to reveal the subcortical regions that project axon fibers 
to the LPl and LPrm using a retrograde neural tracer, Fluorogold (FG). After FG 
injection into the LPrm or LPl, the area was visualized immunohistochemically. 
Retrogradely labeled neurons from the LPrm were distributed in the retina and 
the region from the diencephalon to the medulla oblongata. Diencephalic 
labeling was found in the reticular thalamic nucleus (Rt), zona incerta (ZI), ventral 
lateral geniculate nucleus (LGv), intergeniculate leaflet (IGL), and hypothalamus. 
In the midbrain, prominent labeling was found in the periaqueductal gray (PAG) 
and deep layers of the superior colliculus. Additionally, retrograde labeling was 
observed in the cerebellar and trigeminal nuclei. When injected into the LPl, 
several cell bodies were labeled in the visual-related regions, including the 
retina, LGv, IGL, and olivary pretectal nucleus (OPT), as well as in the Rt and 
anterior pretectal nucleus (APT). Less labeling was found in the cerebellum and 
medulla oblongata. When the number of retrogradely labeled neurons from 
the LPrm or LPl was compared as a percentage of total subcortical labeling, 
a larger percentage of subcortical inputs to the LPl included projections from 
the APT, OPT, and Rt, whereas a large proportion of subcortical inputs to the 
LPrm originated from the ZI, reticular formation, and PAG. These results suggest 
that LPrm not only has visual but also multiple sensory-and motor-related 
functions, whereas the LPl takes part in a more visual-specific role. This study 
enhances our understanding of subcortical neural circuits in the thalamus and 
may contribute to our exploration of the mechanisms and disorders related to 
sensory perception and sensory-motor integration.
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1 Introduction

The lateral posterior thalamic nucleus (LP) in rodents is the 
primate equivalent of the pulvinar nuclei and is a component of the 
extrageniculate pathway that relays visual information from the retina 
and superior colliculus (SC) to the visual cortex (Diamond and Hall, 
1969; Schneider, 1969; Jones, 2007; Tohmi et al., 2014). The pulvinar/
LP is known to bidirectionally connect with several cortical areas, 
primarily the visual-related cortex (Kaas and Lyon, 2007; Bennett 
et al., 2019; Juavinett et al., 2020; Scholl et al., 2021). Additionally, 
these nuclei are associated with visual discrimination tasks and spatial 
attention (Hughes, 1977; Wilke et al., 2010). However, the pulvinar/
LP is not a homogeneous structure but consists of multiple subnuclei, 
each forming distinct cortico-thalamic neural networks (Kaas and 
Lyon, 2007; Bennett et  al., 2019). In addition, various subcortical 
inputs to the different intralaminar thalamic nuclei have recently been 
identified in the human brain (Kumar et al., 2023), indicating that 
there are different subcortically derived thalamic projections for each 
small area within the thalamus.

The LP in rats is divided into three subregions: caudomedial 
(LPcm), rostromedial (LPrm), and lateral (LPl) (Takahashi, 1985). The 
LPcm primarily receives input from the superficial layers of the SC 
(SC-s) and mainly projects to the posterior temporal cortex (Perry, 
1980; Mason and Groos, 1981; Takahashi, 1985; Shi and Davis, 2001; 
Masterson et al., 2009; Nakamura et al., 2015; Baldwin et al., 2017; 
Zhou et al., 2017). In contrast, both the LPrm and LPl maintain strong 
reciprocal connections with the primary and secondary visual cortices 
and participate in cortical visual processing (Perry, 1980; Mason and 
Groos, 1981; Takahashi, 1985; Bourassa and Deschênes, 1995; Shi and 
Davis, 2001; Masterson et al., 2009; Blot et al., 2021). Furthermore, 
recent studies have also revealed differences in the cortical projections 
from the LPl and LPrm, as well as variations in the cortical inputs to 
these two nuclei (Nakamura et al., 2015; Bennett et al., 2019; Juavinett 
et al., 2020; Scholl et al., 2021). However, the specific roles of these two 
subnuclei remain poorly understood.

Reportedly, the LPl and LPrm receive inputs from subcortical 
regions other than the retina and SC (Power et al., 1999; Kolmac et al., 
2000; Moore et al., 2000; Scholl et al., 2021; Leow et al., 2022). Notably, 
vesicular glutamate transporter 2, a marker for subcortical excitatory 
input, has been identified in high abundance within the LP nucleus 
(Kaneko et  al., 2002). However, the specific differences in the 
subcortical projections to the LPrm and LPl remain unclear. Therefore, 
in this study, we used Fluorogold (FG), a retrograde neuronal tracer, 

to compare the source of subcortical inputs projecting axonal fibers to 
the LPrm and LPl.

2 Materials and methods

2.1 Animals

All animals were bred under a normal 12-h light/dark schedule 
and fed ad libitum in accordance with the National Institutes of Health 
Guidelines for Animal Research. All experiments were approved by 
the Institutional Animal Care Committee of Kurume University. 
Every effort was made to minimize suffering and reduce the number 
of animals used in this study.

2.2 Injection of neuronal tracers and 
fixation of brain

Six adult male Wistar rats (250–350 g; Japan SLC, Hamamatsu, 
Japan) were used in this study. Rats were anesthetized with mixed 
anesthesia (0.36 mg/kg medetomidine, 4.8 mg/kg midazolam, and 
6.0 mg/kg butorphanol) via intraperitoneal injection and placed in a 
stereotaxic instrument (SR-6 M-HT; NARISIGE, Tokyo, Japan).

For retrograde labeling, rats were injected with 2.5% (w/v) FG 
(H22845; Thermo Fisher Scientific, Waltham, MA, United States) in 
0.9% (w/v) sodium chloride iontophoretically with an Iontophoresis 
Pump (BAB-501; Kation Scientific, Kunfeherto, Hungary). This 
involved applying positive current pulses (7 s long at 7-s intervals) of 
2 μA for 30 min with a glass micropipette (30–50 μm tip diameter) to 
the LPl (4.0 mm posterior to bregma, 2.8 mm lateral to midline, and 
3.9 mm deep to brain surface) or LPrm (4.0 mm to bregma, 1.9 mm to 
midline, and 4.2 mm to surface).

After FG injection, rats were allowed to survive for 4 days. 
Subsequently, rats that received FG were deeply anesthetized using a 
mixture of medetomidine (0.45 mg/kg), midazolam (6.0 mg/kg), and 
butorphanol (7.5 mg/kg). They were then transcardially perfused with 
300 mL of phosphate-buffered saline (PBS) [10 mM sodium 
phosphate, pH 7.4, and 0.9% (w/v) saline], followed by 300 mL fixative 
[0.1 M sodium phosphate buffer (PB) (pH 7.4) containing 4% (w/v) 
paraformaldehyde]. After perfusion, the brains were extracted and 
postfixed with the same fixative at room temperature for 4 h. The 
brains were then cryoprotected in 30% (w/v) sucrose in 
0.1 M PB. Finally, the brains were coronally cut into 50 μm-thick 
sections with a cryomicrotome (CM1950; Leica, Wetzlar, Germany), 
and the sections were collected in PBS.

2.3 Immunoperoxidase staining

The subsequent incubations were performed at room temperature. 
Sections obtained from FG-injected rats were incubated overnight 
with a concentration of 2 μg/mL rabbit anti-FG antibody (AB153-I; 
Merck, Darmstadt, Germany) in PBS containing 0.3% (v/v) Triton 
X-100 (35501–02; Nacalai Tesque, Kyoto, Japan) and 1% albumin from 
bovine serum (01863–77; Nacalai) (PBS-XB). After the primary 
antibody reaction, the sections were washed with PBS for 10 min at 
two times and incubated with 1/200 diluted biotinylated donkey 

Abbreviations: 5N, Trigeminal nucleus; APT, Anterior pretectal nucleus; CL, 

Centrolateral thalamic nucleus; CN, Cerebellar nucleus; DCN, Dorsal column 

nuclei; Hb, Habenular nucleus; Hyp, Hypothalamus; IC, Inferior colliculus; IGL, 

Intergeniculate leaflet; LD, Laterodorsal thalamic nucleus; LGd, Dorsal lateral 

geniculate nucleus; LGv, Ventral lateral geniculate nucleus; LP, Lateral posterior 

thalamic nucleus; LPcm, Caudomedial LP; LPl, Lateral LP; LPrm, Rostromedial LP; 

MD, Mediodorsal thalamic nucleus; OPT, Olivary pretectal nucleus; PAG, 

Periaqueductal gray; PB, Phosphate buffer; PBS, Phosphate-buffered saline; Pom, 

Rostral sector of the posterior nucleus; PPN, Pedunculopontine tegmental nucleus; 

RF, Reticular formation; Rt, Reticular thalamic nucleus; SC, Superior colliculus; 

SC-d, Deep layers of SC; SC-s, Superficial layers of SC; SGS, Superficial gray layer 

of SC; SN, Substantia nigra; VPM, Ventral posteromedial nucleus; ZI, Zona incerta.
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antibody against rabbit immunoglobulin G (711–065-152; Jackson 
ImmunoResearch, West Grove, PA) in PBS-XB for 2 h. Subsequently, 
the sections were washed twice for 10 min each with PBS. Thereafter, 
the sections were incubated with 1/100 diluted avidin-biotinylated 
peroxidase complex (VECTASTAIN Elite ABC-Peroxidase Kit 
Standard, PK-6100; Vector Laboratories, Newark, CA, United States) 
in PBS containing 0.3% (v/v) Triton X-100 for 1 h. Peroxidase bound 
to the sections was washed with PBS and then reacted with 0.02% 
(w/v) 3,3’-Diaminobenzidine (D006; Dojindo, Kumamoto, Japan) and 
0.0005% (v/v) H2O2 in 50 mM Tris–HCl (pH 7.6) for 30–60 min. Next, 
the stained sections were mounted on the MAS-coated glass slides 
(SMAS-01; Matsunami, Osaka, Japan) or CREST-coated glass slides 
(SCRE-01; Matsunami), dried, dehydrated in an ethanol series, 
permeated with xylene, and coverslipped.

2.4 Observation of cell bodies labeled with 
neuronal tracer

Fifty-μm-thick sections obtained from each of the rats injected 
with FG into the LPl or LPrm were stained every 300 μm, and the 
number of FG-labeled somata was counted in the subcortical regions. 
After confirming the distribution of FG labeling, the architecture of 
the brain tissue was visualized using Nissl counterstaining with 0.1% 
(w/v) Cresyl fast violet (15947; Merck). Brain regions where tracer-
labeled cell bodies were observed were identified based on their 
cytoarchitecture (Paxinos and Watson, 2007). When observing the SC, 
it was classified into the following two layers: superficial layers, which 
include the zonal, superficial gray (SGS), and optic layers, and deep 
layers, which include the intermediate gray and white, and deep gray 
and white layers. Representative sections containing FG-labeled cell 
bodies were photographed using an all-in-one microscope (BZ-X 710; 
Keyence, Osaka, Japan).

2.5 Statistical analysis

The percentage of the number of retrogradely labeled neurons 
from the LPl or LPrm in the number of all subcortical labeled cells was 
calculated. Subsequently, these percentages were compared using 
Student’s t-test. The threshold level of significance was set at *p < 0.05, 
**p < 0.01, and ***p < 0.001.

3 Results

3.1 Injection of retrograde tracer into the 
LP

To investigate the brain regions that send axonal fibers to the LPl 
and LPrm, we  injected FG, a retrograde neural tracer, into each 
subnucleus in the LP. After injections, we  visualized FGs 
immunohistochemically and observed their distribution. The 
injection sites in the rat thalamus are shown in Figure 1; in the FG1–
FG3 samples, the tracer was injected into the LPl (Figures 1A–C). The 
injection sites were slightly extended to the dorsal lateral geniculate 
nucleus (LGd), rostral sector of the posterior nucleus (Pom), 
laterodorsal thalamic nucleus, optic tract, and LPrm adjacent to the 

LPl (Figures 1A1–C3). In the remaining FG4–FG6 samples, FG was 
injected mainly into the LPrm (Figures 1D–F); the tracer was also 
spread to the centrolateral thalamic nucleus (CL), Pom, and LPl 
surrounding the LPrm (Figures 1D1–F4).

Cell bodies of retrogradely labeled subcortical neurons were 
distributed within the retina, diencephalon, cerebellum, and brain 
stem (Figure 2). In the retina, superficial ganglion cells were labeled 
(Figure 2A), and within the thalamus, except at the injection site, 
labeling was observed in the thalamic reticular nucleus (Rt) 
(Figure  2E), the ventral lateral geniculate nucleus (LGv), and the 
intergeniculate leaflet (IGL) located dorsomedially to the LGv 
(Figure 2D). Labeled somata were also observed in the brainstem and 
cerebellum, including the anterior pretectal nucleus (APT) and other 
pretectal regions (Figure 2B), cerebellar nuclei (Figure 2C), and dorsal 
column nuclei (Figure 2F).

3.2 Retrograde labeling from the LPrm

When FG was injected into the LPrm, retrogradely labeled 
neurons were found in the retina and over a wide area from the 
diencephalon to the medulla oblongata (Table 1; Figure 3). The retinal 
inputs to the LPrm were bilateral, yet a greater number of labels was 
distributed in the contralateral eyeball to the injection site. Within the 
diencephalon, cell bodies were distributed in the Rt, zona incerta (ZI), 
hypothalamus, LGv, and IGL (Figures  3A–C; Table  1). Of these 
regions, the Rt was labeled only on the injected side, while the others 
showed bilateral labeling, although more labeled neurons were 
distributed on the injected side. In the midbrain, particularly large 
numbers of cell bodies were labeled in the deep layers of the SC (SC-d) 
and periaqueductal gray (PAG) ipsilateral to the injection site. The 
labeling distribution within these regions was not homogeneous, with 
the SC-d showing more cell bodies in the medial regions than in the 
lateral regions and the PAG exhibiting a particularly prominent 
distribution in the dorsolateral region (Figures 3D,E). In the SC-s, 
most of the labeling was found in the optic layer, with a few labels in 
the SGS ipsilateral to the injection site (FG4, 85 cells; FG6, 3 cells). 
Furthermore, retrogradely labeled neurons were observed in the 
reticular formation (RF), inferior colliculus, pedunculopontine 
tegmental nucleus, substantia nigra, and pretectal area, including the 
APT (Figures 3C–E; Table 1). In all regions, more cell bodies were 
labeled on the injected side. In the cerebellar nuclei, cell bodies were 
clustered contralaterally, particularly in the ventromedial portion of 
the lateral nucleus (Figure 3F). In the medulla oblongata, labeling cells 
were found contralaterally in the trigeminal nucleus (Figure 3G).

3.3 Retrograde labeling from the LPl

When FG was injected into the LPl, labeled neurons were 
mostly observed within the retina, diencephalon, and midbrain, 
with a few cell bodies seen in the cerebellum and medulla oblongata 
(Table 1; Figure 4). In the diencephalon, labeled cell bodies were 
distributed in the Rt, ZI, hypothalamus, LGv, and IGL, similar to 
injections into the LPrm (Figures 4A–C; Table 1). In the pretectal 
region, numerous labeled cells were observed in the dorsal part of 
the APT and olivary pretectal nucleus (OPT) on the same side as 
the injection site (Figure 4C). In other midbrain regions, the labeled 
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FIGURE 1

Injection sites of the retrograde tracers. Photographs of the injection sites of Fluorogold (FG) are indicated in (A–F). On the drawing of the coronal 
plane (A1–F4), the LPl or LPrm are indicated by light or dark gray, respectively, and the injection sites of FG are shown by solid black lines. In FG1 (A1–A4), 
FG2 (B1–B4), and FG3 (C1–C3), FG was injected mainly in the LPl, whereas in FG4 (D1–D5), FG5 (E1–E4), and FG6 (F1–F4), FG was injected primarily in the 
LPrm. The numbers in the upper right corner of (A1–F4) indicate the distance from Bregma. (A3), (B2), (C2), (D3), (E2), and (F3) are part of (A–F), 
respectively. APT, anterior pretectal nucleus; CL, centrolateral thalamic nucleus; Hb, habenular nucleus; LD, laterodorsal thalamic nucleus; LGd, dorsal 
lateral geniculate nucleus; LPcm, caudomedial LP; MD, mediodorsal thalamic nucleus; Pom, rostral sector of the posterior nucleus; VPM, ventral 
posteromedial nucleus. Scale bars in (F) and (F4) indicate 500  μm and apply to (A–E) and (A1–F3), respectively.
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neurons were observed in the RF, SC, PAG, and pedunculopontine 
tegmental nucleus (Figures 4C–E). Compared to injections into the 
LPrm, the SC-d and PAG contained fewer labeled neurons. In the 
SC-s, 21 labeled cells were distributed in the SGS ipsilateral to the 
injected site of FG1. In FG2 and FG3, all labeling was exclusively 
observed in the optic layer. In the cerebellum and medulla 
oblongata, only a few labeled cell bodies, if any, were detected 
(Figures 4F,G; Table 1).

3.4 Percentage of labeling neurons in 
subcortical input to the LP

The number of labeled neurons when the tracer was injected into 
the LPl tended to be lower than when it was injected into the LPrm 
(Figures 3, 4). However, making an exact quantitative comparison is 
challenging due to the difficulty of maintaining a constant injection 
volume of the tracer. Therefore, in this study, the number of labeled 
cell bodies found in each subcortical region was calculated as a 
percentage of the total number of the entire subcortical labeling 
(Table 2). The three cases where the FG was injected into the LPrm 
(FG4–6) showed similar distribution patterns of labeled cell bodies 
(Figure 5). Similarly, the three cases where the tracer was injected into 

the LPl (FG1–3) also demonstrated the same retrograde 
labeling pattern.

Averaging the three cases injected into the LPl, cell bodies labeled 
within the retina, LGv, and APT accounted for 53.8% of the total 
subcortical labeling (Figure 5). Averaging the injection results into the 
LPrm, labeled somata contained in the PAG and SC-d accounted for 
38.7% of the total. Comparing the LPl and LPrm results, the 
predominant areas with a higher percentage of cell bodies labeled 
retrogradely from the LPl were the APT, OPT, and Rt, whereas the 
LPrm had a predominance of cell bodies labeled within the ZI, RF, 
and PAG.

4 Discussion

In this study, we determined the differences in subcortical inputs 
to the LPrm and LPl via retrograde tracer injections. In samples 
injected into the LPl, labeled neurons were abundant in the 
diencephalon and midbrain, with fewer somata in the pontine, 
cerebellum, and medulla oblongata. When the number of labeled cell 
bodies was calculated as a percentage of the total number of labeled 
neurons in the entire subcortex, over half were distributed in the 
retina, LGv, and APT. However, when the retrograde tracer was 

FIGURE 2

Visualization of the retrogradely labeled neurons from the LP with FG. The labeled neurons with FG were visualized by immunoperoxidase staining with 
anti-FG antibody. The somata of retrogradely labeled neurons from the LP were observed in the retina (A), anterior pretectal nucleus (B), cerebellar 
nucleus (C), ventral lateral geniculate nucleus (D), thalamic reticular nucleus (E), and dorsal column nucleus (F). The area indicated by the dotted line in 
(D) corresponds to the intergeniculate leaflet. Panels (C) and (E) were the sections of case FG1, while the others were derived from case FG4. APT, 
anterior pretectal nucleus; CN, cerebellar nucleus; DCN, dorsal column nuclei; FG, fluorogold; IGL, intergeniculate leaflet; LGv, ventral lateral 
geniculate nucleus; Rt, reticular thalamic nucleus. All scale bars indicate 100  μm.
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injected into the LPrm, labeled cells were observed in various areas, 
from the diencephalon to the medulla oblongata. Notably, substantial 
concentrations of cell bodies were observed in the SC-d and PAG, 
which together accounted for 38.7% of all subcortical labeling. 
Comparing samples where tracers were injected into the LPl and 
LPrm, retrogradely labeled neurons from the LPl were significantly 
distributed in the APT, OPT, and Rt. Conversely, the percentage of 
retrogradely labeled cell bodies from the LPrm was significantly 
higher in the ZI, RF, and PAG.

Although the LP nucleus is a thalamic nucleus involved in visual 
information processing, the LPrm also receives inputs from regions 
involved in auditory (inferior colliculus), somatosensory (dorsal 
column and trigeminal nuclei), and motor (deep cerebellar nuclei) 
functions. Previous studies have shown that the inferior colliculus, 
deep cerebellar nuclei, and dorsal column nuclei send axons to the LP 
nucleus but have not identified which subnuclei of the LP nucleus are 
innervated by axon fibers (Ledoux et al., 1987; Aumann et al., 1996; 
Ruigrok et al., 2015). Both previous reports and this study suggest that 
the LPrm receives a wide range of information outside the visual 
system when involved in visual information processing in the cortex.

After FG injection, the SC-d were among the sites with numerous 
labeled cell bodies. When comparing the number of labeled cells and 
their percentage of total subcortical input, there was a tendency for 
greater input to the LPrm compared to the LPl from the SC-d, 
although the differences were not significant (Tables 1, 2; Figure 5). 
This projection pattern from the SC-d to the LP aligns with previous 
reports (Scholl et al., 2021; Leow et al., 2022), and the SC-d is known 
to receive not only visual information but also auditory and 
somatosensory information (Sefton et al., 2015), suggesting that the 
LPrm receives more multisensory input than the LPl. Additionally, 
we showed that the labeling was more prevalent in the medial part 
than in the lateral part of the SC-d. The medial parts of the SC, which 
map the upper half of the visual field—areas where rodents frequently 
detect predators—have been anatomically and physiologically linked 
to defense responses (Comoli et al., 2012; Wei et al., 2015). These 
previous and present experiments suggest that the LPrm not only 
relays visual information but also preferentially conveys specific 
information that is particularly threatening to itself in the visual field.

When FG was injected into the LPrm, several labeled cell bodies 
were observed in the PAG, with a particular concentration of labeling 
around the dorsolateral portion of the PAG. Previous studies have 
identified axons from the PAG to the LP (Krout and Loewy, 2000), 
supporting these results. In the PAG, the dorsal lateral portion has 
been reported to receive auditory, hypothalamic, and prefrontal 
cortical inputs, in addition to visual inputs (Benzinger and Massopust, 
1983; Newman et al., 1989; Rhoades et al., 1989; Semenenko and 
Lumb, 1992; Floyd et al., 2000, 2001; Gabbott et al., 2005; Goto et al., 
2005; Motta et al., 2009). Additionally, the dorsolateral PAG has been 
implicated in triggering active defensive behavioral responses, with 
studies showing increased FOS expression in this region following 
exposure to threats such as cat odor (Dielenberg et al., 2001; Keay and 
Bandler, 2001; Motta et al., 2009; Dampney et al., 2013). These results, 
along with previous research, suggest that the LPrm likely receives 
multimodal sensory information and plays a role in defense responses, 
mediated through the PAG. Furthermore, the present study shows that 
these PAG-derived inputs account for a large proportion (18%) 
(Table 2; Figure 5) of the total subcortical inputs to the LPrm.

Whereas the LPrm receives projections from multimodal regions 
such as the SC-d and PAG, a large portion of the regions retrogradely 
labeled from the LPl were predominantly visual areas. The retina 
projects strongly to the LGv, IGL, OPT, and the SC-s (Yamadori, 1977; 
Young and Lund, 1998). The number of labeled cell bodies in these 
regions and the retina accounted for 49.5% of the total subcortical 
input after LPl injection of FG, compared to 16.3% after LPrm 
injection. In the pretectal region, retrogradely labeled neurons from 
the LPl were particularly observed in the APT in addition to the 
OPT. It has been reported that neurons in the OPT project to the LP 

TABLE 1 Number of retrogradely labeled cells after injections into the LP.

Area Injection to LPl Injection to LPrm

FG1 FG2 FG3 FG4 FG5 FG6

Ipsi Rt 379 173 101 218 100 359

LGv 416 353 135 784 328 661

IGL 41 48 17 119 45 103

ZI 152 64 2 810 251 808

Hyp 79 51 1 966 83 770

APT 696 380 130 206 209 254

OPT 114 53 30 27 20 86

SN 1 10 0 78 28 96

SC-s 76 115 118 192 14 103

SC-d 418 170 26 3,173 308 1,634

IC 6 4 1 351 88 99

PAG 265 48 5 1726 346 1,514

RF 36 20 1 353 121 624

Other 255 222 41 700 301 634

Retina 97 3 22 29 0 6

Ipsi total 3,031 1714 630 9,732 2,242 7,751

Contra LGv 104 18 7 171 2 133

IGL 80 32 0 93 13 37

ZI 0 0 0 132 5 66

Hyp 22 10 0 312 6 221

SC-s 1 0 0 7 1 5

SC-d 27 12 1 576 45 336

PAG 88 18 0 720 69 600

RF 28 3 2 237 40 295

CN 30 0 0 126 28 183

5 N 2 3 0 17 23 34

DCN 5 6 0 17 77 70

Other 167 41 2 267 33 149

Retina 800 120 451 852 9 404

Contra total 1,354 263 463 3,527 351 2,533

Both sides 

total

4,385 1977 1,093 13,259 2,593 10,284

After collected coronal serial sections were stained every 300 μm immunohistochemically, 
we counted the number of the labeled neurons. Data are presented as n. 5 N, trigeminal 
nucleus; APT, anterior pretectal nucleus; CN, cerebellar nucleus; DCN, dorsal column nuclei; 
Hyp, hypothalamus; IC, inferior colliculus; IGL, intergeniculate leaflet; LGv, ventral lateral 
geniculate nucleus; OPT, olivary pretectal nucleus; PAG, periaqueductal gray; RF, reticular 
formation; Rt, reticular thalamic nucleus; SC-d, deep layers of the superior colliculus; SC-s, 
superficial layers of the superior colliculus; SN, substantia nigra; ZI, zona incerta.
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in rats and to the pulvinar in monkeys and cats (Benevento and 
Standage, 1983; Weber et al., 1986; Klooster et al., 1995; Schmidt et al., 
2001). The APT has also been reported to input to the LP in rats 
(Cadusseau and Roger, 1991; Leow et al., 2022), aligning with our 
findings. The OPT nucleus is known to receive direct retinal inputs 
and project to areas associated with the pupillary reflex (Klooster 
et al., 1995; Young and Lund, 1998). Although no reports exist on 
retinal inputs to the APT, it has been reported that it receives inputs 
from visual-associated regions such as the LGv, SC-s, and the visual 
cortex (Foster et al., 1989). Our results indicate that the LPl receives a 
higher proportion of visual information than the LPrm and is more 
prominently involved in visual-related functions.

Previous studies have reported differences in the corticothalamic 
projections to the LPl and LPrm. The primary and secondary visual 

cortices have a stronger projection to the LPl, while the LPrm receives 
projections from the rostral cortex, including the anterior cingulate and 
orbital cortices (Bennett et  al., 2019). It has also been reported that 
projections from the visual cortex to the LP nucleus are primarily 
attributed to layer 6, whereas projections to the LPrm have more fibers 
originating from layer 5 (the main output layer of the cortex) compared 
to the LPl (Scholl et al., 2021). Furthermore, a previous study on cortical 
projections from the thalamic LP nucleus reported that neurons in the 
LPrm widely project to the visual and other cortices, whereas those in the 
LPl send more axons to the visual cortex than those in the LPrm 
(Nakamura et al., 2015). These reports suggest that the LPl plays a key role 
in visual function, while the LPrm participates in multimodal information 
processing. The anatomical differences observed in the subcortical neural 
circuits in this study align with previous studies on thalamocortical circuits.

FIGURE 3

Schematics of the distributions of retrogradely labeled neurons after injection of FG into the LPrm. Dots in (A–G) indicate the locations of labeled cell 
bodies in case FG6. The left side of the drawing is ipsilateral to the FG injection site. 5  N, trigeminal nucleus; APT, anterior pretectal nucleus; CN, 
cerebellar nucleus; Hyp, hypothalamus; LGv, ventral lateral geniculate nucleus; PAG, periaqueductal gray; PPN, pedunculopontine tegmental nucleus; 
RF, reticular formation; Rt, reticular thalamic nucleus; SC, superior colliculus; ZI, zona incerta.
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This study shows that the LPl receives more subcortical projections 
from visual-related areas, including the retina, LGv, and OPT, while 
the LPrm receives more nerve fibers from areas associated with 
multimodal sensory and biological defense responses, such as the 
PAG, SC-d, ZI, and RF. Among the sites where several cell bodies were 
labeled in this study, LGv, IGL, APT, Rt, and ZI have been reported as 
brain regions that inhibit thalamic nuclei (Halassa and Acsády, 2016; 
Langel et al., 2018; Fratzl et al., 2021; Sabbagh et al., 2021). Since no 
inhibitory neurons are present in the rat dorsal thalamus, except for 
some thalamic nuclei, it is the prethalamus and subcortical regions 
outside the thalamus that inhibit the dorsal thalamic neurons. The Rt, 
which is a component of the prethalamus, is known to inhibit all 
thalamic nuclei, whereas other regions selectively project to some 
thalamic nuclei (Kolmac et  al., 2000; Halassa and Acsády, 2016). 
Inhibitory innervations to the LP nucleus are reported to be from the 
LGv, ZI, and APT (Power et al., 1999; Kolmac et al., 2000; Moore et al., 
2000). Furthermore, this study revealed a tendency for projections 
from the APT and ZI to the LPl and LPrm, respectively. This 
differential excitatory and inhibitory subcortical input to the LPl and 
LPrm suggests that the two subnuclei may play different functional 
roles. Indeed, it has also been reported that the responsiveness of 

neurons differs between the LPl and LPrm (Foik et al., 2020). This 
study indicates that the LPl and LPrm may receive information from 
different subcortical locations and may play different information-
processing roles in the cerebral cortex.

In this study, some of the tracers did not remain exclusively within 
the LP nucleus (Figure 1). Therefore, some retrogradely labeled cells 
may project outside of the LP nucleus. Tracer leakage into the LGd 
occurred in cases FG1 and FG3. The LGd receives retinal input, and 
tectogeniculate projections from the SGS are confined to the caudal/
dorsolateral shell region in the LGd (Mackay-Sim et al., 1983; Reese, 
1988; Bickford et al., 2015). While a high number of labeled retinal 
ganglion cells were observed in both cases FG1 and FG3, the SGS had 
minimal labeling in FG1 and none in FG3. Thus, it is likely that the 
tracer leaked into the rostromedial region but did not reach the shell 
region of the LGd. In case FG1, the injected tracers were also observed 
on the optic tract; therefore, it is possible that some of the retinal 
ganglion cells were labeled by tracers taken up from passage fibers in 
the optic tract. However, in other cases, FG was injected into sites 
distant from the optic tract, yet labeling was observed in the retina 
(Table 1; Figure 5). A previous study that labeled retinal projections 
anterogradely found stronger labeling in the dorsal part of the LP 

FIGURE 4

Schematics of the distributions of retrogradely labeled neurons after injection of FG into the LPl. Dots in (A–G) indicate the locations of labeled cell 
bodies in case FG1. The left side of the drawing is ipsilateral to the FG injection site. 5  N, trigeminal nucleus; APT, anterior pretectal nucleus; CN, 
cerebellar nucleus; Hyp, hypothalamus; IC, inferior colliculus; LGv, ventral lateral geniculate nucleus; OPT, olivary pretectal nucleus; PAG, 
periaqueductal gray; PPN, pedunculopontine tegmental nucleus; RF, reticular formation; Rt, reticular thalamic nucleus; SC, superior colliculus; ZI, zona 
incerta.
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nucleus (Yamadori, 1977; Noseda et al., 2010). Therefore, most of the 
retinal ganglion cells labeled in this study appear to have been labeled 
from the dorsal portion of the LP nucleus, and in cases FG1 and FG3, 
some retinal neurons may have been labeled from the LGd. 
Furthermore, the lack of retinal labeling in case FG5 may be due to 
the injection mainly into the ventral part of the LP.

Leakage of tracer to the Pom was observed in FG1, FG2, and FG5. 
While previous studies have reported projections from the ventral and 
caudal regions of the APT to the Pom (Bokor et  al., 2005; Casas-
Torremocha et al., 2022), retrograde labeling was more prevalent in the 
dorsal region of the APT in this study. The Allen Mouse Brain 
Connectivity Database (Allen Institute for Brain Science, 2011) confirms 
that anterograde tracers injected into the dorsal APT led to projections to 
the LPl (Experiment 264097661 and 147789031). It has also been reported 
that the dorsal part of the APT projects to the LP and laterodorsal 
thalamic nucleus (Bokor et al., 2005). In the case of FG1, tracer leakage to 
the laterodorsal thalamic nucleus suggests that some labeled cells may 
project to this nucleus. However, regardless of whether tracer leakage into 
the laterodorsal thalamic nucleus occurred or not, labeled APT cells 
accounted for a substantial proportion of the subcortical labeling in 
FG1–3 (Figure 5). Thus, the neurons labeled in the dorsal part of the APT 
in this study appear to primarily project to the LPl.

Among the findings of FG injected into the LPrm, in cases FG4 
and FG6, there was tracer leakage into the CL, which is located medial 
to the LPrm. Previous studies have reported a projection from the 
SC-d to the CL (Yamasaki et  al., 1986; Bickford and Hall, 1989; 
Masullo et al., 2019), indicating that a part of the labeled cells in cases 
FG4 and FG6 may also project to the CL. Although no FG leakage into 
the CL was observed in case FG5, we found substantial FG labeling in 

the SC-d (Tables 1, 2; Figure 5). Furthermore, FG labeling in the SC-d 
was more prevalent in the medial portions than in the lateral portions, 
whereas previous studies injecting retrograde tracers into the CL 
found labeling throughout the SC-d, not confined to only the medial 
or lateral part (Yamasaki et  al., 1986; Bickford and Hall, 1989). 
Additionally, when an anterograde tracer was injected into the medial 
part of the SC-d, labeling in the LPrm was particularly strong (the 
Allen Mouse Brain Connectivity Database, Experiment 305025440 
and 183376269) (Allen Institute for Brain Science, 2011). In 
experiment 183376269, projection fibers from the medial SC-d were 
mainly directed to the laterodorsal thalamic nucleus; however, labeling 
fibers were also distributed in the LPrm. In contrast, in experiment 
305025440, where an anterograde tracer was injected into both the 
medial SC-s and SC-d, the main distribution site of labeled fibers was 
the LPcm; however, labeling was also observed in the LPrm. The 
labeling in the LPcm is consistent with that of previous studies, which 
reported that input mainly from the optic layer of the SC-s projects to 
the LPcm (Sugita et al., 1983; Takahashi, 1985). Therefore, based on 
these previous reports, the tendency in this study toward more 
labeling medially in the SC-d may be largely due to the projection 
from the SC-d to the LPrm.

This study had some limitations. First, there was difficulty in 
constant tracer injection and quantitative comparisons. We aimed to 
compare each case of injection by calculating the percentage of total 
subcortical input. In each case, FG1–3 and FG4–6 exhibited similar 
patterns, although there were differences in tracer injection sites and 
leakage (Figures 1, 5). This suggests that the labeling patterns obtained 
in this study are primarily influenced by labeling from the main 
injection sites, LPl and LPrm, rather than the presence or absence of 
tracer leakage to the surrounding LP nucleus. Second, this study 
focused on subcortical inputs to the thalamic nucleus but did not 
consider the functional properties of subcortical input fibers or cortical 
projections. Inhibitory projections from the APT to the LP nucleus and 
other thalamic nuclei have been reported in rats (Bokor et al., 2005; 
Leow et al., 2022), while excitatory and inhibitory projections from the 
pretectum to the pulvinar and LGd, respectively, have been observed 
in cats (Cucchiaro et al., 1991; Schmidt et al., 2001; Wang et al., 2002; 
Baldauf et  al., 2005). The Allen Mouse Brain in situ hybridization 
database (https://mouse.brain-map.org/) has confirmed the expression 
of VGluT2 mRNA, a marker for excitatory cells, in the mouse APT 
nucleus (experiment 73818754). Therefore, further analysis using other 
techniques is needed to confirm whether the projection fibers to the 
LP nucleus are excitatory or inhibitory. Additionally, if we  could 
analyze projections to the LP nucleus from all brain regions, including 
both cortical and subcortical inputs, we would be able to better clarify 
the influence of the LP nucleus on information processing in the brain.

In summary, our findings reveal distinct subcortical input patterns 
to the LPl and LPrm components of the thalamic LP nucleus. The 
LPrm receives strong inputs from the SC-d and PAG, along with 
diverse information spanning from the diencephalon to the medulla 
oblongata. Conversely, the majority of the projections to the LPl 
originate from visually relevant regions such as the retina, LGv, IGL, 
APT, OPT, and SC-s. These results highlight the distinct functional 
roles of the LPrm and LPl in visual processing. Although both the 
LPrm and LPl are strongly involved in visual cortical processing, this 
study highlights that the LPrm takes part in multisensory integration 
and defensive responses, whereas the LPl has a more specific role in 
the visual system.

TABLE 2 Percentage of retrogradely labeled cells in the total subcortical 
labeling.

Area Injection to LPl Injection to LPrm

FG1 FG2 FG3 FG4 FG5 FG6

Retina 20.5 6.2 43.3 6.6 0.3 4.0

LGv 11.9 18.8 13.0 7.2 12.7 7.7

IGL 2.8 4.0 1.6 1.6 2.2 1.4

APT 16.5 19.7 11.9 1.7 8.2 2.5

OPT 2.9 2.7 2.7 0.4 0.8 0.8

SC-s 1.8 5.8 10.8 1.5 0.6 1.1

SC-d 10.1 9.2 2.5 28.3 13.6 19.2

IC 0.2 0.2 0.1 2.6 3.6 1.0

Rt 8.6 8.8 9.2 1.6 3.9 3.5

ZI 3.5 3.2 0.2 7.1 9.9 8.5

RF 1.5 1.2 0.3 4.4 6.2 8.9

Hyp 2.3 3.1 0.1 9.6 3.4 9.6

PAG 8.1 3.3 0.5 18.4 16.0 20.6

other 9.6 13.8 3.9 8.8 18.5 11.3

The percentage of the number of labeled cell bodies in each subcortical region (both sides) in 
the total number of labeled subcortical neurons was calculated. Data are presented as 
percentages. APT, anterior pretectal nucleus; Hyp, hypothalamus; IC, inferior colliculus; IGL, 
intergeniculate leaflet; LGv, ventral lateral geniculate nucleus; OPT, olivary pretectal nucleus; 
PAG, periaqueductal gray; RF, reticular formation; Rt, reticular thalamic nucleus; SC-d, deep 
layers of the superior colliculus; SC-s, superficial layers of the superior colliculus; ZI, zona 
incerta.
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FIGURE 5

Percentage of retrogradely labeled neurons in total subcortical labeling cells. The percentages of the labeling neuron numbers in the total subcortical 
labeling neurons in each case (Table 2) were graphed. The values for each of the three cases of FG1–3 and FG4–6 were averaged, respectively, and 
compared with each other. The Rt, OPT, and APT contained predominantly higher percentages of labeled cells when injected into the LPl than when 
injected into the LPrm (indicated by bold lines). In contrast, the ZI, RF, and PAG were the areas with predominantly higher percentages of retrograde 
labeling from the LPrm. APT, anterior pretectal nucleus; Hyp, hypothalamus; IC, inferior colliculus; IGL, intergeniculate leaflet; LGv, ventral lateral 
geniculate nucleus; OPT, olivary pretectal nucleus; PAG, periaqueductal gray; RF, reticular formation; Rt, reticular thalamic nucleus; SC-d, deep layers 
of the superior colliculus; SC-s, superficial layers of the superior colliculus; ZI, zona incerta. *p  <  0.05, **p  <  0.01, and ***p  <  0.001 using Student’s t-test.

https://doi.org/10.3389/fnana.2024.1430636
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
http://www.editage.com


Nakamura and Ohta 10.3389/fnana.2024.1430636

Frontiers in Neuroanatomy 11 frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References
Allen Institute for Brain Science. (2011). Allen mouse brain connectivity database: 

Connectivity projectome. Available at: https://connectivity.brain-map.org/ (Accessed 
June 1, 2024).

Aumann, T. D., Rawson, J. A., Pichitpornchai, C., and Horne, M. K. (1996). Projections 
from the cerebellar interposed and dorsal column nuclei to the thalamus in the rat: a 
double anterograde labelling study. J. Comp. Neurol. 368, 608–619. doi: 10.1002/(SICI
)1096-9861(19960513)368:4<608::AID-CNE11>3.0.CO;2-D

Baldauf, Z. B., Wang, S., Chomsung, R. D., May, P. J., and Bickford, M. E. (2005). 
Ultrastructural analysis of projections to the pulvinar nucleus of the cat. II: Pretectum. 
J. Comp. Neurol. 485, 108–126. doi: 10.1002/cne.20487

Baldwin, M. K. L., Balaram, P., and Kaas, J. H. (2017). The evolution and functions of 
nuclei of the visual pulvinar in primates. J. Comp. Neurol. 525, 3207–3226. doi: 10.1002/
cne.24272

Benevento, L. A., and Standage, G. P. (1983). The organization of projections of the 
retinorecipient and nonretinorecipient nuclei of the pretectal complex and layers of the 
superior colliculus to the lateral pulvinar and medial pulvinar in the macaque monkey. 
J. Comp. Neurol. 217, 307–336. doi: 10.1002/cne.902170307

Bennett, C., Gale, S. D., Garrett, M. E., Newton, M. L., Callaway, E. M., Murphy, G. J., 
et al. (2019). Higher-order thalamic circuits channel parallel streams of visual 
information in mice. Neuron 102, 477–492.e5. doi: 10.1016/j.neuron.2019.02.010

Benzinger, H., and Massopust, L. C. (1983). Brain stem projections from cortical area 
18 in the albino rat. Exp. Brain Res. 50, 1–8. doi: 10.1007/BF00238228

Bickford, M. E., and Hall, W. C. (1989). Collateral projections of predorsal bundle cells 
of the superior colliculus in the rat. J. Comp. Neurol. 283, 86–106. doi: 10.1002/
cne.902830108

Bickford, M. E., Zhou, N., Krahe, T. E., Govindaiah, G., and Guido, W. (2015). Retinal 
and tectal "driver-like" inputs converge in the shell of the mouse dorsal lateral geniculate 
nucleus. J. Neurosci. 35, 10523–10534. doi: 10.1523/JNEUROSCI.3375-14.2015

Blot, A., Roth, M. M., Gasler, I., Javadzadeh, M., Imhof, F., and Hofer, S. B. (2021). 
Visual intracortical and transthalamic pathways carry distinct information to cortical 
areas. Neuron 109, 1996–2008.e6. doi: 10.1016/j.neuron.2021.04.017

Bokor, H., Frere, S. G., Eyre, M. D., Slezia, A., Ulbert, I., Luthi, A., et al. (2005). 
Selective GABAergic control of higher-order thalamic relays. Neuron 45, 929–940. doi: 
10.1016/j.neuron.2005.01.048

Bourassa, J., and Deschênes, M. (1995). Corticothalamic projections from the primary 
visual cortex in rats: a single fiber study using biocytin as an anterograde tracer. 
Neuroscience 66, 253–263. doi: 10.1016/0306-4522(95)00009-8

Cadusseau, J., and Roger, M. (1991). Cortical and subcortical connections of the pars 
compacta of the anterior pretectal nucleus in the rat. Neurosci. Res. 12, 83–100. doi: 
10.1016/0168-0102(91)90102-5

Casas-Torremocha, D., Rubio-Teves, M., Hoerder-Suabedissen, A., Hayashi, S., 
Prensa, L., Molnar, Z., et al. (2022). A combinatorial input landscape in the "higher-order 
relay" posterior thalamic nucleus. J. Neurosci. 42, JN-RM-0698-22–JN-RM-0698-7781. 
doi: 10.1523/jneurosci.0698-22.2022

Comoli, E., das Neves Favaro, P., Vautrelle, N., Leriche, M., Overton, P. G., and 
Redgrave, P. (2012). Segregated anatomical input to sub-regions of the rodent superior 
colliculus associated with approach and defense. Front. Neuroanat. 6:9. doi: 10.3389/
fnana.2012.00009

Cucchiaro, J. B., Bickford, M. E., and Sherman, S. M. (1991). A GABAergic projection 
from the pretectum to the dorsal lateral geniculate nucleus in the cat. Neuroscience 41, 
213–226. doi: 10.1016/0306-4522(91)90211-6

Dampney, R. A., Furlong, T. M., Horiuchi, J., and Iigaya, K. (2013). Role of dorsolateral 
periaqueductal grey in the coordinated regulation of cardiovascular and respiratory 
function. Auton. Neurosci. 175, 17–25. doi: 10.1016/j.autneu.2012.12.008

Diamond, I. T., and Hall, W. C. (1969). Evolution of neocortex. Science 164, 251–262. 
doi: 10.1126/science.164.3877.251

Dielenberg, R. A., Hunt, G. E., and McGregor, I. S. (2001). ‘When a rat smells a cat’: 
the distribution of Fos immunoreactivity in rat brain following exposure to a predatory 
odor. Neuroscience 104, 1085–1097. doi: 10.1016/s0306-4522(01)00150-6

Floyd, N. S., Price, J. L., Ferry, A. T., Keay, K. A., and Bandler, R. (2000). Orbitomedial 
prefrontal cortical projections to distinct longitudinal columns of the periaqueductal gray 
in the rat. J. Comp. Neurol. 422, 556–578. doi: 10.1002/1096-9861(20000710)422:4<556::aid-
cne6>3.0.co;2-u

Floyd, N. S., Price, J. L., Ferry, A. T., Keay, K. A., and Bandler, R. (2001). Orbitomedial 
prefrontal cortical projections to hypothalamus in the rat. J. Comp. Neurol. 432, 307–328. 
doi: 10.1002/cne.1105

Foik, A. T., Scholl, L. R., Lean, G. A., and Lyon, D. C. (2020). Visual response 
characteristics in lateral and medial subdivisions of the rat pulvinar. Neuroscience 441, 
117–130. doi: 10.1016/j.neuroscience.2020.06.030

Foster, G. A., Sizer, A. R., Rees, H., and Roberts, M. H. (1989). Afferent 
projections to the rostral anterior pretectal nucleus of the rat: a possible role in the 
processing of noxious stimuli. Neuroscience 29, 685–694. doi: 
10.1016/0306-4522(89)90141-3

Fratzl, A., Koltchev, A. M., Vissers, N., Tan, Y. L., Marques-Smith, A., Stempel, A. V., 
et al. (2021). Flexible inhibitory control of visually evoked defensive behavior by the 
ventral lateral geniculate nucleus. Neuron 109, 3810–3822.e9. doi: 10.1016/j.
neuron.2021.09.003

Gabbott, P. L., Warner, T. A., Jays, P. R., Salway, P., and Busby, S. J. (2005). Prefrontal 
cortex in the rat: projections to subcortical autonomic, motor, and limbic centers. J. 
Comp. Neurol. 492, 145–177. doi: 10.1002/cne.20738

Goto, M., Canteras, N. S., Burns, G., and Swanson, L. W. (2005). Projections from the 
subfornical region of the lateral hypothalamic area. J. Comp. Neurol. 493, 412–438. doi: 
10.1002/cne.20764

Halassa, M. M., and Acsády, L. (2016). Thalamic inhibition: diverse sources, diverse 
scales. Trends Neurosci. 39, 680–693. doi: 10.1016/j.tins.2016.08.001

Hughes, H. C. (1977). Anatomical and neurobehavioral investigations concerning the 
thalamo-cortical organization of the rat’s visual system. J. Comp. Neurol. 175, 311–335. 
doi: 10.1002/cne.901750306

Jones, E. G. (2007). The thalamus. 2nd Edn. Cambridge: Cambridge University Press.

Juavinett, A. L., Kim, E. J., Collins, H. C., and Callaway, E. M. (2020). A systematic 
topographical relationship between mouse lateral posterior thalamic neurons and 
their visual cortical projection targets. J. Comp. Neurol. 528, 99–111. doi: 10.1002/
cne.24737

Kaas, J. H., and Lyon, D. C. (2007). Pulvinar contributions to the dorsal and ventral 
streams of visual processing in primates. Brain Res. Rev. 55, 285–296. doi: 10.1016/j.
brainresrev.2007.02.008

Kaneko, T., Fujiyama, F., and Hioki, H. (2002). Immunohistochemical localization of 
candidates for vesicular glutamate transporters in the rat brain. J. Comp. Neurol. 444, 
39–62. doi: 10.1002/cne.10129

Keay, K. A., and Bandler, R. (2001). Parallel circuits mediating distinct emotional 
coping reactions to different types of stress. Neurosci. Biobehav. Rev. 25, 669–678. doi: 
10.1016/s0149-7634(01)00049-5

Klooster, J., Vrensen, G. F., Müller, L. J., and van der Want, J. J. (1995). Efferent 
projections of the olivary pretectal nucleus in the albino rat subserving the pupillary 
light reflex and related reflexes. A light microscopic tracing study. Brain Res. 688, 34–46. 
doi: 10.1016/0006-8993(95)00497-e

Kolmac, C. I., Power, B. D., and Mitrofanis, J. (2000). Dorsal thalamic connections of 
the ventral lateral geniculate nucleus of rats. J. Neurocytol. 29, 31–41. doi: 
10.1023/A:1007160029506

Krout, K. E., and Loewy, A. D. (2000). Periaqueductal gray matter projections to 
midline and intralaminar thalamic nuclei of the rat. J. Comp. Neurol. 424, 111–141. doi: 
10.1002/1096-9861(20000814)424:1<111::aid-cne9>3.0.co;2-3

Kumar, V. J., Scheffler, K., and Grodd, W. (2023). The structural connectivity 
mapping of the intralaminar thalamic nuclei. Sci. Rep. 13:11938. doi: 10.1038/
s41598-023-38967-0

Langel, J., Ikeno, T., Yan, L., Nunez, A. A., and Smale, L. (2018). Distributions of 
GABAergic and glutamatergic neurons in the brains of a diurnal and nocturnal rodent. 
Brain Res. 1700, 152–159. doi: 10.1016/j.brainres.2018.08.019

Ledoux, J. E., Ruggiero, D. A., Forest, R., Stornetta, R., and Reis, D. J. (1987). 
Topographic organization of convergent projections to the thalamus from the inferior 
colliculus and spinal cord in the rat. J. Comp. Neurol. 264, 123–146. doi: 10.1002/
cne.902640110

Leow, Y. N., Zhou, B., Sullivan, H. A., Barlowe, A. R., Wickersham, I. R., and Sur, M. 
(2022). Brain-wide mapping of inputs to the mouse lateral posterior (LP/pulvinar) 
thalamus-anterior cingulate cortex network. J. Comp. Neurol. 530, 1992–2013. doi: 
10.1002/cne.25317

Mackay-Sim, A., Sefton, A. J., and Martin, P. R. (1983). Subcortical projections to 
lateral geniculate and thalamic reticular nuclei in the hooded rat. J. Comp. Neurol. 213, 
24–35. doi: 10.1002/cne.902130103

Mason, R., and Groos, G. A. (1981). Cortico-recipient and tecto-recipient visual zones 
in the rat’s lateral posterior (pulvinar) nucleus: an anatomical study. Neurosci. Lett. 25, 
107–112. doi: 10.1016/0304-3940(81)90316-5

https://doi.org/10.3389/fnana.2024.1430636
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://connectivity.brain-map.org/
https://doi.org/10.1002/(SICI)1096-9861(19960513)368:4<608::AID-CNE11>3.0.CO;2-D
https://doi.org/10.1002/(SICI)1096-9861(19960513)368:4<608::AID-CNE11>3.0.CO;2-D
https://doi.org/10.1002/cne.20487
https://doi.org/10.1002/cne.24272
https://doi.org/10.1002/cne.24272
https://doi.org/10.1002/cne.902170307
https://doi.org/10.1016/j.neuron.2019.02.010
https://doi.org/10.1007/BF00238228
https://doi.org/10.1002/cne.902830108
https://doi.org/10.1002/cne.902830108
https://doi.org/10.1523/JNEUROSCI.3375-14.2015
https://doi.org/10.1016/j.neuron.2021.04.017
https://doi.org/10.1016/j.neuron.2005.01.048
https://doi.org/10.1016/0306-4522(95)00009-8
https://doi.org/10.1016/0168-0102(91)90102-5
https://doi.org/10.1523/jneurosci.0698-22.2022
https://doi.org/10.3389/fnana.2012.00009
https://doi.org/10.3389/fnana.2012.00009
https://doi.org/10.1016/0306-4522(91)90211-6
https://doi.org/10.1016/j.autneu.2012.12.008
https://doi.org/10.1126/science.164.3877.251
https://doi.org/10.1016/s0306-4522(01)00150-6
https://doi.org/10.1002/1096-9861(20000710)422:4<556::aid-cne6>3.0.co;2-u
https://doi.org/10.1002/1096-9861(20000710)422:4<556::aid-cne6>3.0.co;2-u
https://doi.org/10.1002/cne.1105
https://doi.org/10.1016/j.neuroscience.2020.06.030
https://doi.org/10.1016/0306-4522(89)90141-3
https://doi.org/10.1016/j.neuron.2021.09.003
https://doi.org/10.1016/j.neuron.2021.09.003
https://doi.org/10.1002/cne.20738
https://doi.org/10.1002/cne.20764
https://doi.org/10.1016/j.tins.2016.08.001
https://doi.org/10.1002/cne.901750306
https://doi.org/10.1002/cne.24737
https://doi.org/10.1002/cne.24737
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1016/j.brainresrev.2007.02.008
https://doi.org/10.1002/cne.10129
https://doi.org/10.1016/s0149-7634(01)00049-5
https://doi.org/10.1016/0006-8993(95)00497-e
https://doi.org/10.1023/A:1007160029506
https://doi.org/10.1002/1096-9861(20000814)424:1<111::aid-cne9>3.0.co;2-3
https://doi.org/10.1038/s41598-023-38967-0
https://doi.org/10.1038/s41598-023-38967-0
https://doi.org/10.1016/j.brainres.2018.08.019
https://doi.org/10.1002/cne.902640110
https://doi.org/10.1002/cne.902640110
https://doi.org/10.1002/cne.25317
https://doi.org/10.1002/cne.902130103
https://doi.org/10.1016/0304-3940(81)90316-5


Nakamura and Ohta 10.3389/fnana.2024.1430636

Frontiers in Neuroanatomy 12 frontiersin.org

Masterson, S. P., Li, J., and Bickford, M. E. (2009). Synaptic organization of the 
tectorecipient zone of the rat lateral posterior nucleus. J. Comp. Neurol. 515, 647–663. 
doi: 10.1002/cne.22077

Masullo, L., Mariotti, L., Alexandre, N., Freire-Pritchett, P., Boulanger, J., and 
Tripodi, M. (2019). Genetically defined functional modules for spatial orienting in the 
mouse superior colliculus. Curr. Biol. 29, 2892–2904.e8. doi: 10.1016/j.cub.2019.07.083

Moore, R. Y., Weis, R., and Moga, M. M. (2000). Efferent projections of the 
intergeniculate leaflet and the ventral lateral geniculate nucleus in the rat. J. Comp. 
Neurol. 420, 398–418. doi: 10.1002/(sici)1096-9861(20000508)420:3<398::aid-
cne9>3.0.co;2-9

Motta, S. C., Goto, M., Gouveia, F. V., Baldo, M. V., Canteras, N. S., and Swanson, L. W. 
(2009). Dissecting the brain’s fear system reveals the hypothalamus is critical for 
responding in subordinate conspecific intruders. Proc. Natl. Acad. Sci. USA 106, 
4870–4875. doi: 10.1073/pnas.0900939106

Nakamura, H., Hioki, H., Furuta, T., and Kaneko, T. (2015). Different cortical 
projections from three subdivisions of the rat lateral posterior thalamic nucleus: a single-
neuron tracing study with viral vectors. Eur. J. Neurosci. 41, 1294–1310. doi: 10.1111/
ejn.12882

Newman, D. B., Hilleary, S. K., and Ginsberg, C. Y. (1989). Nuclear terminations of 
corticoreticular fiber systems in rats. Brain Behav. Evol. 34, 223–237. doi: 
10.1159/000116508

Noseda, R., Kainz, V., Jakubowski, M., Gooley, J. J., Saper, C. B., Digre, K., et al. (2010). 
A neural mechanism for exacerbation of headache by light. Nat. Neurosci. 13, 239–245. 
doi: 10.1038/nn.2475

Paxinos, G., and Watson, C. (2007). The rat brain in stereotaxic coordinates. 6th Edn. 
San Diego: Academic Press.

Perry, V. H. (1980). A tectocortical visual pathway in the rat. Neuroscience 5, 915–927. 
doi: 10.1016/0306-4522(80)90160-8

Power, B. D., Kolmac, C. I., and Mitrofanis, J. (1999). Evidence for a large projection 
from the zona incerta to the dorsal thalamus. J. Comp. Neurol. 404, 554–565. doi: 
10.1002/(SICI)1096-9861(19990222)404:4<554::AID-CNE10>3.0.CO;2-2

Reese, B. E. (1988). 'Hidden lamination' in the dorsal lateral geniculate nucleus: the 
functional organization of this thalamic region in the rat. Brain Res. 472, 119–137. doi: 
10.1016/0165-0173(88)90017-3

Rhoades, R. W., Mooney, R. D., Rohrer, W. H., Nikoletseas, M. M., and Fish, S. E. 
(1989). Organization of the projection from the superficial to the deep layers of the 
hamster’s superior colliculus as demonstrated by the anterograde transport of Phaseolus 
vulgaris leucoagglutinin. J. Comp. Neurol. 283, 54–70. doi: 10.1002/cne.902830106

Ruigrok, T. J. H., Sillitoe, R. V., and Voogd, J. (2015). “Cerebellum and cerebellar 
connections” in The rat nervous system. ed. G. Paxinos (San Diego, CA: Elsevier), 
133–205.

Sabbagh, U., Govindaiah, G., Somaiya, R. D., Ha, R. V., Wei, J. C., Guido, W., et al. 
(2021). Diverse GABAergic neurons organize into subtype-specific sublaminae in the 
ventral lateral geniculate nucleus. J. Neurochem. 159, 479–497. doi: 10.1111/jnc.15101

Schmidt, M., Sudkamp, S., and Wahle, P. (2001). Characterization of pretectal-nuclear-
complex afferents to the pulvinar in the cat. Exp. Brain Res. 138, 509–519. doi: 10.1007/
s002210100738

Schneider, G. E. (1969). Two visual systems. Science 163, 895–902. doi: 10.1126/
science.163.3870.895

Scholl, L. R., Foik, A. T., and Lyon, D. C. (2021). Projections between visual cortex and 
pulvinar in the rat. J. Comp. Neurol. 529, 129–140. doi: 10.1002/cne.24937

Sefton, A. J., Dreher, B., Harvey, A. R., and Martin, P. R. (2015). “Visual system” in The 
rat nervous system. ed. G. Paxinos (San Diego, CA: Elsevier), 947–983.

Semenenko, F. M., and Lumb, B. M. (1992). Projections of anterior hypothalamic 
neurones to the dorsal and ventral periaqueductal grey in the rat. Brain Res. 582, 
237–245. doi: 10.1016/0006-8993(92)90139-z

Shi, C., and Davis, M. (2001). Visual pathways involved in fear conditioning measured 
with fear-potentiated startle: behavioral and anatomic studies. J. Neurosci. 21, 9844–9855. 
doi: 10.1523/JNEUROSCI.21-24-09844.2001

Sugita, S., Otani, K., Tokunaga, A., and Terasawa, K. (1983). Laminar origin of the 
tecto-thalamic projections in the albino rat. Neurosci. Lett. 43, 143–147. doi: 
10.1016/0304-3940(83)90178-7

Takahashi, T. (1985). The organization of the lateral thalamus of the hooded rat. J. 
Comp. Neurol. 231, 281–309. doi: 10.1002/cne.902310302

Tohmi, M., Meguro, R., Tsukano, H., Hishida, R., and Shibuki, K. (2014). The 
extrageniculate visual pathway generates distinct response properties in the higher visual 
areas of mice. Curr. Biol. 24, 587–597. doi: 10.1016/j.cub.2014.01.061

Wang, S., Eisenback, M., Datskovskaia, A., Boyce, M., and Bickford, M. E. (2002). 
GABAergic pretectal terminals contact GABAergic interneurons in the cat dorsal 
lateral geniculate nucleus. Neurosci. Lett. 323, 141–145. doi: 10.1016/
s0304-3940(01)02533-2

Weber, J. T., Chen, I. L., and Hutchins, B. (1986). The pretectal complex of the cat: cells 
of origin of projections to the pulvinar nucleus. Brain Res. 397, 389–394. doi: 
10.1016/0006-8993(86)90645-1

Wei, P., Liu, N., Zhang, Z., Liu, X., Tang, Y., He, X., et al. (2015). Processing of visually 
evoked innate fear by a non-canonical thalamic pathway. Nat. Commun. 6:6756. doi: 
10.1038/ncomms7756

Wilke, M., Turchi, J., Smith, K., Mishkin, M., and Leopold, D. A. (2010). Pulvinar 
inactivation disrupts selection of movement plans. J. Neurosci. 30, 8650–8659. doi: 
10.1523/JNEUROSCI.0953-10.2010

Yamadori, T. (1977). An experimental anatomical study on the optic nerve fibers 
in the rat by using a new selective silver impregnation technique: termination of 
the main optic tract. Okajimas Folia Anat. Jpn. 54, 229–245. doi: 10.2535/
ofaj1936.54.4_229

Yamasaki, D. S., Krauthamer, G. M., and Rhoades, R. W. (1986). Superior collicular 
projection to intralaminar thalamus in rat. Brain Res. 378, 223–233. doi: 
10.1016/0006-8993(86)90925-x

Young, M. J., and Lund, R. D. (1998). The retinal ganglion cells that drive the 
pupilloconstrictor response in rats. Brain Res. 787, 191–202. doi: 10.1016/
S0006-8993(97)01473-X

Zhou, N. A., Maire, P. S., Masterson, S. P., and Bickford, M. E. (2017). The mouse 
pulvinar nucleus: organization of the tectorecipient zones. Vis. Neurosci. 34:E011. doi: 
10.1017/S0952523817000050

https://doi.org/10.3389/fnana.2024.1430636
https://www.frontiersin.org/journals/neuroanatomy
https://www.frontiersin.org
https://doi.org/10.1002/cne.22077
https://doi.org/10.1016/j.cub.2019.07.083
https://doi.org/10.1002/(sici)1096-9861(20000508)420:3<398::aid-cne9>3.0.co;2-9
https://doi.org/10.1002/(sici)1096-9861(20000508)420:3<398::aid-cne9>3.0.co;2-9
https://doi.org/10.1073/pnas.0900939106
https://doi.org/10.1111/ejn.12882
https://doi.org/10.1111/ejn.12882
https://doi.org/10.1159/000116508
https://doi.org/10.1038/nn.2475
https://doi.org/10.1016/0306-4522(80)90160-8
https://doi.org/10.1002/(SICI)1096-9861(19990222)404:4<554::AID-CNE10>3.0.CO;2-2
https://doi.org/10.1016/0165-0173(88)90017-3
https://doi.org/10.1002/cne.902830106
https://doi.org/10.1111/jnc.15101
https://doi.org/10.1007/s002210100738
https://doi.org/10.1007/s002210100738
https://doi.org/10.1126/science.163.3870.895
https://doi.org/10.1126/science.163.3870.895
https://doi.org/10.1002/cne.24937
https://doi.org/10.1016/0006-8993(92)90139-z
https://doi.org/10.1523/JNEUROSCI.21-24-09844.2001
https://doi.org/10.1016/0304-3940(83)90178-7
https://doi.org/10.1002/cne.902310302
https://doi.org/10.1016/j.cub.2014.01.061
https://doi.org/10.1016/s0304-3940(01)02533-2
https://doi.org/10.1016/s0304-3940(01)02533-2
https://doi.org/10.1016/0006-8993(86)90645-1
https://doi.org/10.1038/ncomms7756
https://doi.org/10.1523/JNEUROSCI.0953-10.2010
https://doi.org/10.2535/ofaj1936.54.4_229
https://doi.org/10.2535/ofaj1936.54.4_229
https://doi.org/10.1016/0006-8993(86)90925-x
https://doi.org/10.1016/S0006-8993(97)01473-X
https://doi.org/10.1016/S0006-8993(97)01473-X
https://doi.org/10.1017/S0952523817000050

	Understanding subcortical projections to the lateral posterior thalamic nucleus and its subregions using retrograde neural tracing
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Injection of neuronal tracers and fixation of brain
	2.3 Immunoperoxidase staining
	2.4 Observation of cell bodies labeled with neuronal tracer
	2.5 Statistical analysis

	3 Results
	3.1 Injection of retrograde tracer into the LP
	3.2 Retrograde labeling from the LPrm
	3.3 Retrograde labeling from the LPl
	3.4 Percentage of labeling neurons in subcortical input to the LP

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

