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Abstract

Background The nucleus incertus (NI) was originally described by Streeter in 1903, as a midline region in the floor

of the fourth ventricle of the human brain with an‘unknown’function. More than a century later, the neuroanatomy
of the NI has been described in lower vertebrates, but not in humans. Therefore, we examined the neurochemical
anatomy of the human NI using markers, including the neuropeptide, relaxin-3 (RLN3), and began to explore the dis-
tribution of the Nl-related RLN3 innervation of the hippocampus.

Methods Histochemical staining of serial, coronal sections of control human postmortem pons was conducted

to reveal the presence of the NI by detection of immunoreactivity (IR) for the neuronal markers, microtubule-associ-
ated protein-2 (MAP2), glutamic acid dehydrogenase (GAD)-65/67 and corticotrophin-releasing hormone receptor 1
(CRHRT), and RLN3, which is highly expressed in NI neurons in diverse species. RLN3 and vesicular GABA transporter
1 (vGATT) mRNA were detected by fluorescent in situ hybridization. Pons sections containing the NI from an AD case
were immunostained for phosphorylated-tau, to explore potential relevance to neurodegenerative diseases. Lastly,
sections of the human hippocampus were stained to detect RLN3-IR and somatostatin (SST)-IR.

Results In the dorsal, anterior-medial region of the human pons, neurons containing RLN3- and MAP2-IR, and RLN3/
VGATT mRNA-positive neurons were observed in an anatomical pattern consistent with that of the NI in other species.
GAD65/67- and CRHR1-immunopositive neurons were also detected within this area. Furthermore, RLN3- and AT8-IR
were co-localized within NI neurons of an AD subject. Lastly, RLN3-IR was detected in neurons within the CA1, CA2,
CA3 and DG areas of the hippocampus, in the absence of RLN3 mRNA. In the DG, RLN3- and SST-IR were co-localized
in a small population of neurons.

Conclusions Aspects of the anatomy of the human NI are shared across species, including a population
of stress-responsive, RLN3-expressing neurons and a RLN3 innervation of the hippocampus. Accumulation
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of phosphorylated-tau in the NI suggests its possible involvement in AD pathology. Further characterization
of the neurochemistry of the human NI will increase our understanding of its functional role in health and disease.
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Background

The brainstem receives a range of sensory and autonomic
inputs from the periphery and the spinal cord, and neu-
rons in this region project throughout the brain to dis-
tribute these integrated signals to influence multiple
higher-processing networks. Ascending networks includ-
ing the locus coeruleus (LC) and medullary raphe nuclei
are highly susceptible to neurodegenerative diseases,
including Alzheimer’s disease (AD) [1-4]. In addition,
extensive studies of the LC have contributed to under-
standing the involvement of the hippocampus in memory
[5-7].

The brainstem nucleus incertus (NI) or the ‘uncertain
nucleus, was originally described by anatomist, George
L. Streeter in 1903 as a midline region in the floor of the
fourth ventricle (4V) of the human brain with ‘unknown’
function [8]. An equivalent area was also described in
guinea pig (1923) [9], hamster (1954) [10], and cat (1968)
[11]. Thereafter, many decades later, a large majority of
neurons in the rat NI or nucleus O [12] were shown to
express the inhibitory neurotransmitter, y-aminobutyric
acid (GABA), as reflected by staining against the GABA-
synthesizing enzyme, glutamic acid dehydrogenase
(GAD), and in situ hybridization (ISH) for vVGATI mRNA
[13, 14]. Since then, the neuroanatomy of the NI and its
connections throughout the brain has been systemati-
cally mapped using various histological methods, in rats
[14-19], mice [20-24], zebrafish [25], and in non-human
primate [26], but not in humans.

In general, the NI is a bilateral nucleus, located in the
midline adjacent to the more lateral LC [15, 17, 22, 24]. Its
anatomy varies slightly in different species. In adult rats,
the NI extends for ~0.7 mm from Bregma — 9.12 mm to
Bregma — 9.84 mm and it is referred to as ‘nucleus O’
by Paxinos and Watson [12, 17, 19]. In mice, the NI is
located more ventral to the 4V than in rats, in the midline
central gray of the dorsal pons [22]. In the macaque, the
NI is located adjacent to the 4V, within the ventromedial
central gray of the pons/medulla, and medial to the LC
[26].

Recent research has identified specific neuroanatomi-
cal and functional connections between the NI and the
septohippocampal system (SHS) and demonstrated that
the NI plays a role in spatial and contextual fear memory
[14, 21, 23, 27, 28]. The predominant inhibitory neuro-
transmitter system (i.e., GABAergic system) is associated
with bi-directional projections between the NI and SHS
[29, 30], and these Nl-related circuits can regulate fear
memory via effects on SST-positive interneurons in the
hippocampus and hippocampally-projecting septal neu-
rons [21, 23]. In addition, the degeneration of GABA and
SST/GABA neurons occurs in the medial SHS and basal
forebrain cortical systems in AD and other neurogenera-
tive dementia [31, 32].

Importantly, a major population of NI neurons has
been demonstrated to produce relaxin-3 (RLN3) in mul-
tiple species [24, 26, 33, 34]. RLN3 is a highly-conserved
neuropeptide [35, 36] that signals via the relaxin-family
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Table 1 Clinical and pathological characteristics of studied cases for each anatomical region and technique used
Tissue Technique Subjects
IHC IF ISH Group Race Sex Age PMI (h) APOE Braak
Hemi-pons X X cT W M 75 2 3/3 Il
X cT W F 71 2.88 3/3 \%
X AD W M 81 3 3/4 \%
Full pons X cT W F 96 352 3/3 v
Hippocampus X X (@) W F 60 367 3/3 |
X cT W F 59 3.15 3/3 |
Testis X cT W M 97 8.53 3/3 \%

AD, Alzheimer's disease; CT, control without history of dementia and neurological disorders; IHC, immunohistochemistry; F, female; IF, immunofluorescence; ISH,

in situ hybridization; M, male; PMI, post-mortem interval in hours; W, white

peptide-3 receptor (RXFP3) [24, 37, 38]. RLN3/RXFP3
signaling is strategically positioned to modulate SHS-
related learning and memory processes that are inte-
gral in AD symptomology [30, 39, 40]. In addition, NI
is a stress-responsive region and its neurons express
receptors for the stress hormone, corticotropin-releas-
ing hormone (CRH) [41-43]. Thus, in light of the likely
importance of the NI and associated GABAergic and
neuropeptide systems in memory and key sensory and
autonomic processes in humans under different physi-
ological conditions, it is timely to investigate the neuro-
chemical anatomy of human NI neurons.

Methods

Postmortem human tissue

The postmortem human brain tissue used in this study
was fully characterized and generously provided by the
Arizona Alzheimer Disease Research Center (ADRC)
Pathology Core, Banner Sun Health Research Institute,
Brain and Body Donation Program (BBDP, Sun City, AZ,
USA, http://www.brainandbodydonationprogram.org).
Autopsy and tissue fixation were conducted as described
[44]. Details for each subject are provided in Table 1.

Multiplex fluorescence in situ hybridization

Expression of RLN3 and vGAT1 mRNA in postmortem
human pons and hippocampus (from control subjects;
see Table 1) was assessed using RNAscope = Multiplex
Fluorescent ISH (Advanced Cell Diagnostics (ACD),
Hayward, CA, USA). Briefly, fresh-frozen, coronal sec-
tions (10 um) were cut at — 20 °C using a cryostat, and
mounted onto Superfrost-Plus slides, according to the
BBDP protocol [44]. All procedures were conducted fol-
lowing the user manual for RNAscope " Multiplex Fluo-
rescent V2 assay (fresh-frozen sections) provided by the
manufacturer (ACD). The slides were stored at — 80 °C
until a 1 h fixation in a freshly prepared solution of 4%
formaldehyde in phosphate-buffered saline (PBS, pH

7.4, initially 4 °C) at room temperature (RT), followed
by washing in PBS and dehydration in ethanol solutions
of increasing concentration (50, 70, and 100%). Dehy-
drated sections were stored at — 20 °C for 48 h and then
air-dried, outlined with Immedge Hydrophobic Bar-
rier Pen (Vector Laboratories, Burlingame, California,
USA), incubated with hydrogen peroxide for 10 min at
RT, and washed in distilled water. Next, after applying
protease IV pre-treatment solution (ACD) for 30 min
at RT and washing in PBS, the sections were hybridized
for 2 h at 40 °C with a solution of multiplex probes for:
RLN3 (Hs-RLN3-C1, Cat. No. 590151, ACD) and vesicu-
lar GABA transporter 1 (vGAT1, Hs-SLC32A1-C3, Cat.
No. 415681-C3, ACD). Sections were washed in 1 X Wash
Buffer (ACD) between every hybridization step. Follow-
ing all amplification steps, HRP-C1 (labelled with TSA
Vivid Fluorophore 650, 1:1,000, Cat. No. 7536, in TSA
buffer, ACD) and HRP-C3 (labelled with TSA Vivid
Fluorophore 570, 1:1,000, Cat. No. 7535, in TSA buffer,
ACD) signal was developed. Finally, the tissue was coun-
terstained with DAPI, coverslipped with ProLong Gold
antifade reagent (Invitrogen, Thermo Fisher Scientific,
Life Technologies Corporation, Eugene, OR, USA) and
imaged using an Axio Imager M2 fluorescence micro-
scope (Zeiss) with an automatic stage and Axiocam 503
mono camera (Zeiss). 20x /0.5 EC Plan Neo-Fluar objec-
tive was used for acquisition of panoramic z-stack images
of the NI and the hippocampus areas (scaling: 0.227 um
in x and y, and 1.250 pm in z axis) and 40x /1.3 Oil EC
Plan Neofluar objective for obtaining single representa-
tive z-stack images of NI neurons (scaling: 0.114 pm in x
and y, and 0.280 pm in z).

The images were then processed in Zen software (3.3
blue edition and 2.3 SP1 black edition, Zeiss) and Image]
[45] to improve the signal-to-noise ratio and converted
into maximum intensity projection images.
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Immunohistochemistry (IHC)

Chromogenic immunohistochemical studies were com-
pleted using sections from human pons, hippocam-
pus, and testis (see Table 1). Tissue was fixed according
to the BBDP protocol [44], sectioned at 30-40 pm on a
microtome, and mounted on charged glass slides for
histology. Briefly, free-floating sections were blocked
in 1% H,0, and 3% bovine serum albumin (BSA, Cat.
No. D5637, Sigma-Aldrich, St. Louis, Missouri, USA).
Pons sections were stained with hematoxylin and eosin
(H&E, Cat. No. 26041-06, EMS, Hatfield, PA, USA and
Cat. No. E511-100, Thermo Fisher Scientific, Tempe,
AZ, USA). Sequential sections were incubated in anti-
sera raised against microtubule-associated protein-2
(MAP2, 1:8,000, Cat. No. ab183830, anti-rabbit, Abcam,
Fremont, CA, USA) or RLN3 (1:1,500, Cat. No. PA47448,
anti-goat, Invitrogen, Carlsbad, CA, USA), overnight
(ON) at 4 °C. Sections were washed and then incubated
in species-specific secondary antisera (1:1,000 Cat. No.
Vector BA-1000, goat anti-rabbit IgG (H+L), bioti-
nylated, Vector Laboratories Inc., Burlingame, California,
USA, or Cat. No. Vector BA-5000, rabbit anti-goat IgG
(H+L), biotinylated, Vector Laboratories Inc., Newark,
California, USA) for 2 h at RT. Sections were washed
and incubated in 1:1,000 avidin/biotin reagent (VEC-
TASTAIN ABC-HRP Kit (Standard), Cat. No. PK-4000,
Vector Laboratories Inc., Burlingame, California, USA),
washed and incubated in 3,3’-diaminobenzidine (DAB,
Cat. No. D5637, Sigma-Aldrich, St. Louis, Missouri,
USA; concentrated: 10 mg/mL). Sections were reacted
for 10 min (MAP2) and 30 min (RLN3), dried, dehy-
drated through graded alcohols, cleared in xylene, and
mounted using Permount (Cat. No. 17986-01, EMS, Hat-
field, PA USA). Hippocampus and testis sections were
only incubated with RLN3 antibody and subjected to the
same steps described above.

Image analysis

Imaging of tissue sections stained using immunohisto-
chemistry was performed using an Olympus IX70 micro-
scope equipped with brightfield illumination (Olympus,
Tokyo, Japan). Results were captured using an Olympus
DP-71 color digital camera. Whole slide images were
acquired using an Olympus VS200 slide scanner and pro-
cessed using Olympus DESKTOP v3.4.1 to generate rep-
resentative images.

Immunofluorescence

Postmortem brain samples were selected to best match
critical factors such as postmortem interval (PMI), age
and sex, as well as other relevant covariates (Table 1).
Sections were washed (3 %) in phosphate-buffered saline
with 0.1% Tween® 20 detergent (PBS-T, Cat. No.
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20012-027, GIBCO PBS pH 7.2 (1X), Life Technolo-
gies Corporation, Grand Island, New York, USA, with
Tween® 20 detergent, Cat. No. P1379, Sigma Aldrich
Company, St. Louis, Missouri, USA), and blocked with
3% BSA, with incubation for 1 h. After further wash-
ing, sections were incubated in a range of combined
primary antisera [RLN3 (1:1,500, Cat. No. PA47448, anti-
goat, Invitrogen, Carlsbad, CA, USA) and ATS8 (1:500,
MN1020, anti-mouse, Invitrogen, Carlsbad, CA, USA),
or corticotrophin-releasing hormone receptor 1 (CRHR1,
1:500, Cat. No. ab150561, anti-rabbit, Abcam, Fremont,
CA, USA), or GAD65/67 (1:500, Cat. No. PA5-104543,
anti-rabbit, Invitrogen, Carlsbad, CA, USA), or MAP2
(1:500, Cat. No. ab183830, anti-rabbit, Abcam, Fremont,
CA, USA), or SST (1:200, Cat. No. ab108456, anti-rabbit,
Abcam, Fremont, CA, USA)] antisera; ON at 4 °C.

Sections were washed 3Xxin PBS-T and incubated
in species-specific, fluorophore-conjugated secondary
antibodies (1:1000, Red: Cat. No. A11036, AlexaFluor
568 goat anti-rabbit IgG (H+L) 2 mg/mL, and 1:1,000,
Green: Cat. No. A11034, AlexaFluor 488 goat anti-rabbit
IgG (H+L) 2 mg/mL, or Cat. No. A11055, donkey anti-
goat IgG (H+L) 2 mg/mL, or Cat. No. A11029, goat anti-
mouse IgG (H+L) 2 mg/mL, Life Technologies, Eugene,
OR, USA). After a final wash, sections were mounted,
dipped in 1% Sudan Black (Cat. No. 199664, Sigma-
Aldrich, St. Louis, Missouri, USA to reduce autofluores-
cence, and coverslipped with UltraCruz containing DAPI
(UltraCruz® Hard-set mounting medium, sc-359850,
Dallas, TX, USA).

Imaging analysis

Imaging of tissue sections stained with fluorescent mark-
ers was performed using an Olympus IX70 microscope
equipped with epifluorescence illumination. Images were
captured using an Olympus DP-71 color digital camera.
High-resolution micrographs were acquired using a Leica
SP8 confocal microscope (Leica, Wetzlar, Germany).

Specificity of RLN3 antiserum—Dot blot

and pre-adsorption tests

Dot blot analysis was used to test the specificity of the
polyclonal RLN3 antibody used in the immunohisto-
chemical studies for recognizing human RLN3 peptide.
Lyophilized human RLN3 (Cat. No. 035-36, Phoenix
Pharmaceuticals, Burlingame, CA, USA) was reconsti-
tuted in distilled water and was used at a concentration of
10 pg. Two pl of RLN3 peptide were added to the center
of a 0.2 pm nitrocellulose membrane (Cat. No.1620146,
Bio-Rad, Hercules, CA, USA). Non-specific sites were
blocked by incubation with 5% BSA in Tris-buffered
saline with 0.1% Tween® 20 detergent (TBS-T, 20 mM
Tris—HCl and 150 mM NacCl, Sigma-Aldrich, Cat. Nos.
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Fig. 1 RLN3-Immunoreactivity in the coronal anterior hemi-pons of human brain. A Neuronal populations in the human pons, stained for MAP2-IR.
MAP?2 is a marker of neuronal cells, their perikarya and dendrites [94]. B A higher magnification view of the human pons, with red arrows indicating
MAP2-IR neurons in an area adjacent to the medial longitudinal fasciculus equivalent to that containing RLN3-positive NI neurons in the macaque.
C RLN3-immunopositive neurons in human NI. Abbreviations: EP, ependyma, 4V, fourth ventricle, HG, Hypocellular gap, IR, immunoreactivity, LC,
locus coeruleus, MAP2, microtubule-associated protein-2, mlf, medial longitudinal fasciculus, NI, nucleus incertus

T5941, T1503, S3014, with Tween® 20 detergent, Sigma
Aldrich, Cat. No. P1379, St. Louis, Missouri, USA) for
1 h at RT, and then the membrane was incubated with
RLNS3 antiserum (1:15,000, Cat. No. PA47448, anti-goat,
Invitrogen, Carlsbad, CA, USA) for 30 min. The mem-
brane was washed 310 min in TBS-T, incubated with
a secondary antibody conjugated with HRP (1:500, Cat.
No. PI-9500, Horse Anti-Goat IgG (H+L), peroxidase;
Vector Laboratories Inc., Newark, CA, USA) for 30 min
at RT, then washed 310 min in TBS-T and 1X5 min in
TBS. The membrane was incubated with ECL reagent for
1 min, then imaged on an Amersham Imager 680 (GE),
with an exposure time of 90 s.

Validation of the dot blot result was also performed
using a pre-adsorption assay. An aliquot of RLN3 antise-
rum (see details in IHC section) was pre-incubated ON
with RLN3 peptide (molar ratio 1:10 antibody:peptide).
RLN3 immunohistochemistry was repeated as described
above in 40 pm, free-floating sections from postmortem
human testis (a positive control tissue for RLN3 peptide
expression [46].

Results

In this study, we identified the NI of the human brain, in
postmortem tissue using RLN3, MAP2, GAD 65/67, and
CRHRI1 as neurochemical markers for the area. Combin-
ing techniques that preserve the neuroanatomy—ISH and
IHC—we first detected the presence of RLN3 mRNA and
peptide in the human NI, using hemi-brain sections. The
neuronal distribution within the dorsal pons at the level
of the NI was first mapped using an antibody for MAP2,
which is expressed in neurons [47] (Fig. 1A, B). Multiple
neuronal populations were stained for MAP2, in the dor-
sal, anterior-medial region of the pons; the area adjacent
to the 4V and dorsal to the medial longitudinal fasciculus

(mlf); and the distribution was similar to the distribu-
tion of neurons in the area of macaque brain identified
as the NI [26]. Once a neuronal population at the antici-
pated rostrocaudal level of the human NI was identified,
RLN3-IR was detected to confirm the location and bet-
ter define the anatomical boundaries of the NI (Fig. 1C).
The presence of RLN3 mRNA was detected to investigate
whether RLN3 translation was also occurring within the
NI (Fig. 2A). RLN3 mRNA and peptide were confirmed
within the antero-medial level of the pons. Importantly,
as in other species tested [37], ISH results indicated that
RLN3 mRNA is colocalized with vGATI mRNA in human
NI (Fig. 2B, C), which indicates the GABAergic nature of
NI neurons synthesizing RLN3 in the human brain. In line
with findings in rats [17, 20], and to some extent in mice
[20, 24], the anatomy of the NI in humans was character-
ized by a compact and more dispersed regions. Previous
reports in the rat brain [17] indicated that the pars com-
pacta displayed a dense population of neurons near the
4V, while the pars dissipata contained fewer, more sparse
neurons along the superior part of the mlf.

We validated the specificity of the RLN3 antisera for
detection of human RLN3 using sections of postmortem
human testis (positive control) [46] incubated with or
without RLN3 antiserum subjected to pre-adsorption of
the native peptide (Supplementary Fig. 1A—F). The pre-
adsorption completely abolished specific immunostain-
ing. In addition, a dot blot experiment demonstrated that
the RLN3 antiserum binds to native RLN3 peptide (Sup-
plementary Fig. 1G), although we did not assess its cross-
reactivity with other related or unrelated peptides. In
studies to confirm the neuronal nature of RLN3 immuno-
positive cells, we co-incubated RLN3 and MAP2 antisera
(Fig. 3) and immunofluorescent detection revealed con-
sistent colocalization of these markers within neurons in
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Fig. 2 In situ hybridization of RLN3 mRNA in the NI. A RLN3 mRNA detection in coronal anterior hemi-pons of the human brain. B Higher
magnification images of RLN3 mRNA (green particles) and € vGATT mRNA (yellow particles) co-localized in neurons in the NI area (merge). Inset

represents the hemi-pons section under brightfield illumination. Abbreviations: 4V, fourth ventricle, mif, medial longitudinal fasciculus, NI, nucleus
incertus, vGATT, vesicular GABA transporter-1
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Fig. 3 RLN3-immunoreactivity in neurons containing Microtubule-Associated Protein-2, a marker of neuronal cells, their perikarya, and dendrites
[94]. A NIin human brain; white arrows indicate RLN3-immunoreactivity co-localized with MAP2. B Higher magnification view of a RLN3*/MAP2*
neuron indicated with a white star. C Higher magnification of RLN3—/MAP2+ neurons indicated in A with white arrowheads. MAP2 (red), RLN3
merging with MAP2 (yellow), DAPI (blue). Abbreviations: 4V, fourth ventricle, MAP2, microtubule-associated protein 2, RLN3, relaxin-3
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Fig. 4 MAP2-immunoreactivity in neurons in the coronal anterior pons. A Low-power image of the neuroanatomy of the human pons
containing the NI stained for MAP2-IR, a marker of neuronal perikarya and dendrites [94]. B Higher magnification image of the boxed area in A.
C Higher magnification of the Nl area in B. D Higher magnification of the Nl area in C. Abbreviations: EP, ependyma, HG, hypocellular gap, IR,
immunoreactivity, LC, locus coeruleus, MAP2, microtubule-associated protein-2, mlf, medial longitudinal fasciculus, NI, nucleus incertus, 4V, fourth
ventricle
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Fig. 5 RLN3-Immunoreactivity in the coronal human NI. A Low power image of the anterior level of the pons, with the NI located at the floor

of the 4V, above the mlf and lateral to the LC. B Higher magnification image of the boxed area in A. C Higher magnification image of the boxed

area in B, with neurons lightly and heavily stained for RLN3 indicated by red arrows and red arrowheads, respectively. D, E Higher magnification
images of neurons with light and heavy staining for RLN3-IR, respectively. Abbreviations: EP, ependyma, 4V, fourth ventricle, HG, Hypocellular gap, IR,
immunoreactivity, LC, locus coeruleus, mlf, medial longitudinal fasciculus, NI, nucleus incertus

the NI region, while in areas outside the NI, MAP2 posi-
tive neurons were negative for RLN3-IR (Fig. 3).

After identifying the human NI region in sections
of hemi-brain samples and validating the ability of the
RLNS3 antiserum to recognize the native peptide, we con-
ducted further experiments in sections of intact, bilateral
pons and immunostained them for additional mark-
ers. We confirmed the distribution of MAP2-containing
neurons in the same NI area identified using hemi-pons
sections (Fig. 4), and detected nuclear and cytoplasmic
structures using H&E (Supplementary Fig. 2). The pres-
ence of the NI bilaterally was revealed by detection of
RLN3-IR (Fig. 5), and different (light/heavy) staining of
the peptide was observed in different neurons within the
area (Fig. 5D, E).

Additional immunostaining was completed to fur-
ther verify possible similarities in the neurochemistry of
the human NI with other species. In all non-human spe-
cies examined (i.e., rats, mice, macaque), RLN3-positive
neurons are GABAergic [14, 33] and express the CRHR1
in the rat [34, 48]. GAD65/67- and CRHR1-IR were
detected in the human NI (Fig. 6), and both CRHR1- and

GADG65/67-IR were co-localized with RLN3-IR (Fig. 6C,
F).

In light of the possible association between the NI neu-
ral network and memory and cognition under normal
and pathological conditions [21, 23, 39, 40], we examined
the relationship between a marker for AD-related pathol-
ogy, phosphorylated-tau and RLN3-expressing neurons
in the NI from an AD subject (Fig. 7). Notably, phospho-
rylated-tau was detected at the NI level of pons sections
from an AD subject, as reflected by AT8-IR and these
neurons also contained RLN3-IR (Fig. 7C), whereas no
AT8-IR was detected in NI neurons of a control subject
(Fig. 7D). Successful detection of AT8-IR in LC of AD
sections was used as a positive control for the antibody
(data not shown).

Lastly, we conducted initial studies of the presence of
NI-related RLN3-IR, in postmortem sections of hip-
pocampus from a control subject, and observed a distinct
accumulation of RLN3-IR in sparse neurons in the CA1-2
and CA3/DG layers (Fig. 8). Notably, RLN3 mRNA was
not detected within the hippocampus (data not shown),
indicating likely peptide accumulation in the area.
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GAD 65/67

Fig. 6 RLN3-immunoreactive neurons in the NI co-express CRHR1- and GAD65/67-immunoreactivity. A-C RLN3 positive neurons and surrounding
cells in the coronal human NI region, co-express corticotropin-releasing hormone receptor-1 immunoreactivity (CRHR1; white arrows). D-F RLN3
positive neurons co-express glutamic acid decarboxylase 65/67 immunoreactivity (GAD65/67, white arrows). Insets represent higher magnification
images of neurons indicated by an asterisk in C and F. CRHR1 and GAD65/67 (red), RLN3 (green), DAPI (blue), merged image (yellow)

Control

Fig. 7 NFT co-localized with RLN3-immunoreactivity in the NI of AD brain. A-C AT8 (a marker for neurofibrillary tangles, NFT) and RLN3 positive
staining of neurons in the coronal human NI of an AD case, with co-expression of RLN3 and NFT (indicated by white arrows). D-F AT8 and RLN3
staining of the NI of a control, age and sex-matched, non-demented subject. Insets in C and F represent higher magnification images of neurons
marked with an asterisk, and reveal the co-localization of NFT and RLN3 in AD but not control brain. AT8 (red), RLN3 (green), AT8 and RLN3 (yellow),
DAPI (blue)
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Fig. 8 RLN3-immunoreactivity within human hippocampal neurons. A Overview of the neuroanatomy of the coronal hippocampus lightly
counterstained with neutral red. B-D Higher magnification images of RLN3-immunopositive cells within the CA1-2 (red boxed area in A). E, F High
magnification images of RLN3-IR in the cells within the CA3 and dentate gyrus (DG, black boxed area in A). G Interneuron within the DG labeled
for RLN3-IR (green) and somatostatin-IR (SST, red). The pattern of staining suggests an accumulation of the neuropeptide on the surface of these

neurons, which express the RLN3 receptor, RXFP3 in mice [76]

Discussion

The current results indicate that aspects of the anatomy
and neurochemistry of the NI are preserved across spe-
cies and that the human NI shares similarities with non-
human primates such as the macaque [26] and common
experimental species, such as rats and mice [19, 37, 49].
Marker proteins of the GABAergic and CRH-mediated
stress response systems and phosphorylated-tau were
detected within human RLN3 NI neurons in control and
AD subjects, respectively.

Numerous earlier anatomical studies have character-
ized the connectivity and neurophysiological activity of
the NI in rat and mouse brain, including the strong pro-
jections to the SHS system, and to multiple cortical and
limbic areas involved in emotional cognition [14, 17, 18,
21], while others have characterized the nature of the
transmitters, neuropeptides, and receptors expressed by
different populations of NI neurons in these species [14—
22], which provide an insight to the likely functional role
of the NI in the human brain.
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In the following sections, the significance of the current
results is reviewed in the context of previous preclinical
studies. It includes an overview of the existing knowl-
edge on the role of the NI, and in particular RLN3 signal-
ing systems, in spatial and contextual fear memory, and
stress. Finally, it addresses the limitations of the current
study and future experiments that are warranted based
on our important initial findings.

Identification of the NI in human brain

In the current study, we used MAP2-IR to detect neu-
ronal populations in an area in the human dorsomedial
pontine tegmentum equivalent to that reported to con-
tain the NI in vertebrates [17, 22, 26]. After using MAP2
to identify a neuronal population appropriately posi-
tioned adjacent to the floor of the 4V and medial to the
LC, we used serial, free-floating, formalin-fixed hemi-
brain sections to detect the presence of RLN3, a neuro-
peptide marker for the NI.

Neurochemical profile of the NI and its functional
implications

In rats and mice, RLN3 is primarily expressed in the
NI [24, 34-36, 38] with some additional positive cells
located in the pontine raphe nucleus (PRn), the later-
oventral periaqueductal gray (PAG), and a region dorsal
to the substantia nigra (SN) pars compacta [33, 34]. We
observed high densities of RLN3-IR in the human NI,
similar to that observed in other species [26, 50] and also
detected neurons expressing a lower density of RLN3-IR.
Further investigation is needed to understand whether
RLN3-IR neurons in the hippocampus, might accumu-
late the peptide via receptor-mediated mechanisms and
might display a correlation with the low RLN3-IR density
observed in the NI.

RLN3 is co-expressed with GAD- and GABA-IR in
GABAergic projection neurons in rats [14, 33, 51]. In
humans, we also observed GAD65/67-IR co-localized with
RLN3-IR and mRNA encoding the vGATI co-localized
with RLN3 mRNA. In rats and mice, populations of NI
neurons express other peptides, including neuromedin-B
(NMB) [20] and cholecystokinin (CCK) [14, 18] and RLN3
is co-localized with NMB in the mouse [14, 22], but in a
separate population to the CCK neurons in rat [14, 22].
However, unlike RLN3, which is confined to small popu-
lations of neurons in the pontine raphe, PAG, and dorso-
lateral to SN [24, 33, 34], NMB and CCK are more widely
expressed throughout neurons in the forebrain [52, 53].
Furthermore, multiple anatomical and pharmacologi-
cal studies in the rat have revealed modulatory inputs to
the NI from a range of other key neuropeptide systems,
including CRH, orexin/hypocretin [54, 55] and mela-
nin-concentrating hormone (MCH) [56], as reflected by
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expression of CRHR1 [48] orexin/(hypocretin) receptors
(OX1, OX2) [54, 55, 57], and MCH receptor-1 (MCH-
1) [56], further reflecting the importance of the NI in the
control of arousal and attention [58], processes highly
related to cognition. NI neurons in rats and mice also
express receptors for the monoamine transmitters, sero-
tonin [serotonin-1A receptor (5-HT,,)] [59] and dopa-
mine [D2-like receptor (D2R)] [14, 60]. Several of these
putative influences have been explored experimentally
and been found to affect the activity of rat NI neurons [19,
43, 55, 56, 60, 61]. For example, pre-clinical studies using
behavioral challenges, pharmacological interventions,
lesions, and electric manipulations in rats, revealed that
the NI was activated by stress and is a component of the
stress response/initiation circuits [24, 34, 42, 48, 62]. In the
current study, CRHR1-IR was detected within human NI
neurons, aligned with these pre-clinical findings [19, 34],
and stress is known to affect memory at multiple points of
the neuraxis [63]. In addition, anterograde tracing in mice,
revealed that CRH neurons in the dorsomedial medulla
innervate the NI and have been shown to regulate key
aspects of sleep that drive memory consolidation [64].

In this regard, the SHS is a major target of studies aimed
at understanding the etiology of age- and dementia-related
memory decline; and studies in animal models have
revealed that the RLN3/NI network shares anatomical sim-
ilarities with other neuromodulatory networks implicated
in the control of memory and arousal, and AD symptoms,
such as the serotonergic, cholinergic, and noradrenergic
systems [21, 65-70]. Indeed, extensive studies of the LC
have contributed to understanding the involvement of the
hippocampus in memory [71]. Importantly, stress and CRH
also affect the activity of these systems [72-74]

Notably, the NI is the source of an ascending GABAe-
rgic pathway to the SHS, and NI neurons display activity
related to hippocampal theta rhythm in rats and mice [15,
19-21, 48, 64, 75]. Moreover, it has recently been shown
that the NI plays a role in fear memory formation in mice
via direct inhibition of the SST neurons of the hippocam-
pus [21, 23]. This evidence confirmed earlier proposals,
based on several studies in rodents, that demonstrated the
involvement of the NI-RLN3/RXFP3 system in declara-
tive and contextual memory [19, 27, 28, 75]. These recent
studies employing optogenetics and viral-based pathway
mapping revealed that the ascending arm of the NI-SHS
pathway can regulate fear memory via effects on SST-
positive interneurons in the hippocampus and on hip-
pocampally-projecting septal neurons [21, 23], and that
NI activity can be regulated by descending inputs from
the prefrontal and retrosplenial cortex [23]. In this regard,
earlier studies have reported that SST interneurons
receive a RLN3 innervation and express RLN3 receptors
(RXFP3 mRNA) [51, 76, 77].
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Notably, the degeneration of GABA and somatostatin/
GABA neurons occurs in the hippocampus and basal fore-
brain-cortical systems in AD and other neurodegenerative
dementias [78]. Therefore, overactivity or degeneration of
the inputs from the NI may have adverse consequences for
memory formation and may be a target for neural dysreg-
ulation by AD pathological processes. In our initial stud-
ies, we observed an accumulation of RLN3-IR in a distinct
population of neurons in the CA1, CA2, and DG layers of
the human hippocampus. In the DG, RLN3-IR was pre-
sent in neurons containing SST-IR, and this peptide ‘accu-
mulation’ may be associated with the normal function or
pathological dysfunction of the RLN3/RXFP3 system at
different stages of aging or age-related pathology.

Possible impact of AD pathology on NI RLN3 neurons
Brainstem networks including those ascending from the
LC and the raphe nuclei are highly susceptible to neu-
rodegenerative diseases, including AD [79-82], and
phosphorylated-tau has been used as a marker of neu-
rodegeneration in diseases such as Alzheimer’s disease
and related dementias (ADRD) [83-86]. Interestingly,
phosphorylated-tau deposition was demonstrated at the
level of the pons in cases diagnosed with AD [87, 88].
Pioneering studies by Braak and colleagues report that
intracellular pretangles are first identified in the LC and
various other brainstem nuclei, years before the pres-
ence of mature tangles in the limbic system [1]. Notably,
we observed an accumulation of phosphorylated-tau
(reflected by AT8-IR) in RLN3-containing neurons of the
NI of a Braak IV AD subject, suggesting a possible asso-
ciation of the NI with AD etiology.

A likely role of NI and related circuits in memory for-
mation [21, 40, 89], and evidence that tau accumulation
induces synaptic and spatial memory impairment [90—
92], highlight the importance of further characterizing
the neurochemical anatomy of the human NI and the
impact of AD on this profile.

Limitations of these studies

While studies of postmortem human brain tissue have
provided valuable insights into the neurochemical pro-
file of human NI neurons, it is important to acknowledge
that this approach is not able to capture dynamic changes
that occur in the brain of living individuals. In addition,
sampling from hemi-brains may introduce some degree
of bias, as it does not sample the complete bilateral NI.
While efforts have been made to ensure accurate and
representative sampling, future studies could consider
accounting for potential differences between sampled
hemi-brains and the complete bilateral NI.
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Postmortem tissue from elderly patients presents neu-
ronal loss therefore postmortem tissue from young adults
would be beneficial to quantify the neuronal population in
the NI. While free-floating formalin-fixed sections present
a well conserved neuroanatomy, and low levels of auto-
fluorescence, the availability of this specific type of tissue
is limited. Comparative studies using larger sample sizes
are warranted. Finally, all the subjects used in this study
were Caucasian, which may limit the generalizability of
our findings to other racial and ethnic backgrounds. It is
important to recognize the potential influence of genetic
and environmental factors that can vary across different
populations and to address this limitation, future studies
should include a more diverse cohort of subjects to ensure
the broad applicability of results. Institutions that serve
more diverse populations could assist the recruitment of
participants from various racial and ethnic backgrounds.

Future experiments

Further characterization of the molecular profile of neu-
rons within the human NI as a function of age and AD is
warranted, and future studies should consider employing
techniques that allow real-time monitoring of human NI
activity, such as functional imaging methods [93]. Such
approaches would provide a more comprehensive under-
standing of the temporal dynamics of human NI function
as well as their cellular underpinnings.

Conclusions

The NI is an important, but understudied nucleus in
the anterior pons of the human brain. RLN3 is a useful
marker of the NI. Accumulation of phosphorylated-tau
was detected in the NI of an AD patient. RLN3-IR was
detected in a population of hippocampal neurons, in
the absence of its corresponding mRNA. The involve-
ment of the NI and related neural circuits in memory and
ADRDs should be explored in future comparative studies
using imaging and postmortem tissue.
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Additional file 1. Fig. 1. Specificity of RLN3 Antiserum Assessed in Human
Testis. (A-C) RLN3-immunoreactivity (IR) detected in spermatozoa cells in
the human testis; (B,C) Higher magnification images of RLN3-IR in boxed
area in A. (D-F) Pre-adsorption of RLN3 antibody pre-incubated overnight
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blot for RLN3 antiserum against native peptide; circular immunoreactiv-
ity in the center of the cellulose membrane reflects the binding of the
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Additional file 2. Fig. 2. Hematoxylin and Eosin Staining of Pons of Human
Brain. (A) Low-power image of the neuroanatomy of the coronal pons
containing the NI. (B) Higher magnification of the boxed area in A. (C)
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