








fncel-16-1076599 November 24, 2022 Time: 14:11 # 11

Ehrlich et al. 10.3389/fncel.2022.1076599

FIGURE 3

NTSR1-Venus expression in the mouse brain. (A,B) Epifluorescence microscope images at macro-level. Annotated overview of the highest
NTSR1-Venus expressing brain regions (see Table 2). Scale bars are 1000 µm. (A) Green, intrinsic Venus. (B) Red, NTSR1-Venus is amplified with
Anti-Venus antibody. Complete expression pattern is indicated in Table 2 and visualized in the 3D reconstruction of the amplified NTSR1-Venus
(B) brain sections in Supplementary Video 3 (n = 3 Ntsr1Venus/Venus animals). (C) Confocal imaging of regions with distinct NTSR1-Venus
subcellular expression. Scale bars are either 50 µm for macro views or 20 µm for magnified views of SN and VTA. (D) Scheme depicts map of
subcellular expression pattern (cell bodies/dendrites or axons and terminals) for NTSR1-Venus in regions which highly express NTSR1-Venus.
Brain region annotations: AOB, accessory olfactory bulb; ATN, anterior group of the dorsal thalamus; Amd, Anteromedial nucleus-dorsal; COA,
Cortical amygdalar area; CA1, CA1 hippocampal region; CA2, CA2 hippocampal region; DG, dentate gyrus; DR, dorsal raphe nucleus; GuCtx,
gustatory cortex; IFL, infralimbic area; LSx, lateral septal complex; MS, medial septum; MG, medial geniculate; MRN, midbrain reticular nucleus;
NLOT, nucleus of the lateral olfactory tract; PFC, prefrontal cortex; SN, substantia nigra; VTA, ventral tegmental nucleus.
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TABLE 2 Expression of NTSR1-Venus in adult mouse brain.

Abbreviations Region Subregion Intensity

OLF Olfactory areas

MOB Main olfactory bulb 2

AOB Accessory olfactory bulb 3

CTX Cortex

ACA Anterior cingulate area

I–V 0.5

VI 1

PL Prelimbic area

I–V 1

VI 3

SS Somatosensory areas

I–V 1

VI 1

GU Gustatory areas

I–V 2

VI 1

VISC Visceral area

I–V 2

VI 3

MO Somatomotor areas

I–V 1

VI 1

AUD Auditory areas

I–V 1

VI 3

VIS Visual areas

I–V 1

VI 1

ILA Infralimbic area

I–V 2

VI 3

ORB Orbital area

I–V 1

VI 2

AI Agranular insular area

I–V 1

VI 3

RSP Retrospinal area

I–V 1

VI 0.5

PTLp Posterior parietal association area

I–V 1

VI 3

Tea Temporal association areas

I–V 2

VI 3

PERI Perihinal area

I–V 1

(Continued)
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TABLE 2 (Continued)

Abbreviations Region Subregion Intensity

VI 3

ECT Ectorhinal area

I–V 1

VI 3

ENT Entorhinal areas

I–V 1

VI 3

HPF Hippocampus

CA1 CA1 2

CA2 CA2 0

CA3 CA3 1

DG Dentate gyrus (po) 2

SUB Subiculum 1.5

PAR Parasubiculum 0

POST Postsubiculum 0.5

CTXsp Cortical subplate

CLA Claustrum 0

EP Endopiriform nucleus 2

BLA Basolateral amygdalar nucleus 0

BMA Basomedial amygdalar nucleus 1

PA Posterior amygdalar nucleus 0

STR Striatum

STRd Striatum dorsal region 0.5

STRv Striatum ventral region 1

ACB Nucleus accumbens 0.5

OT Olfactory tubercle 0.5

LSX Lateral septal complex 1

CEA Central amygdalar nucleus 2

IA Intercalated amygdalar nucleus 0.5

AAA Anterior amygdalar area 1

MEA Medial amygdalar nucleus 0

PAL Pallidum

PALd Dorsal 1

PALv Ventral 2

PALm Medial (septum) or MS 2

PALc Caudal 0.5

BST Bed nuclei stria terminalis 1

BS Brain stem

TH Thalamus

SMT Submedial nucleus 0

Amd Anteromedial nucleus, dorsal part 2.5

ATN Anterior group of the dorsal thalamus 3

VPM Ventral posteromedial nucleus 0

RT Reticular nucleus 0

MTN Midline group of dorsal thalamus 0

HB Habenula 1

MG Medial geniculate 3

LAT Lateral group of dorsal thalamus 2

(Continued)

Frontiers in Cellular Neuroscience 13 frontiersin.org

https://doi.org/10.3389/fncel.2022.1076599
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-1076599 November 24, 2022 Time: 14:11 # 14

Ehrlich et al. 10.3389/fncel.2022.1076599

TABLE 2 (Continued)

Abbreviations Region Subregion Intensity

HY Hypothalamus

PVZ Periventricular zone 1

PVR Periventricular region 1.5

MEZ Hypothalamic medial zone 1.5

LZ Hypothalamic lateral zone (ZI) 2

MPN Median preoptic nucleus 1

MB Midbrain-motor

SNc Substantia Nigra c 3

SNr Substantia Nigra r 1

VTA Ventral tegmental area 3

EW Edinger-Westphal nucleus 2

RR Midbrain reticular nucleus retrorubral area 2

PAG Periaqueductal gray 2

MBsta Midbrain, behavioral state

RAmb Midbrain raphe nuclei 0.5

DR Dorsal Raphe nucleus 2

RN Red nucleus 0.5

MRN Midbrain reticular nucleus 1

HB Hindbrain

P PONS CS, PB, SOC 1

MY Medulla MARN, SUV, RM 2

OLF Olfactory areas

PAA Piriform-amygdalar area 1

COA Cortical amygdalar area 3

PiR Piriform area 0.5

NLOT Nucleus of the lateral olfactory tract 3

Amplified NTSR1-Venus intensity was assessed in n = 3 Ntsr1Venus/Venus animals. Brain areas were annotated according to Allen brain atlas classification. NTSR1-Venus expression
was semi-quantified by comparing fluorescence intensity across areas to other brain regions within the same section. No expression (0), low expression (1), moderate expression (2),
high expression (3).

more diffuse unstructured signal, was observed in PFC,
GuCtx, COA, and anterior group of the dorsal thalamus.
A schematic summarizes the above-described brain mapping
of NTSR1-Venus regional and subcellular distribution
(Figure 3D). These results suggest that adult NTSR1-
Venus animals possess expected tissue distribution (cortical,
thalamic, midbrain, etc.) as predicted by the literature and
allows for subcellular localization of the receptor in brain
sections.

NTSR1-Venus localizes to
dopaminergic neurons

Our brain mapping identified enrichment of NTSR1-Venus
positive neurons in the midbrain. Based on previous in situ
hybridization reports (Nicot et al., 1995), we reasoned that
neurons in the SN and VTA were likely dopaminergic and
not noradrenergic which heavily concentrates in the locus
coeruleus (LC). To test this hypothesis, we first immunostained

adult Ntsr1Venus/Venus brain sections for Venus and dopamine
beta-hydroxylase (DBH) to identify noradrenergic cells
using epifluorescence microscopy. We did not observe
any colocalization between DBH and Venus in the VTA,
where cells were NTSR1-Venus positive and DBH negative
(Figure 4A; Supplementary Video 1) or in the LC where
DBH positive neurons were Venus negative (Figure 4B).
However, when we stained brain sections for Venus and
tyrosine hydroxylase (TH), a dopaminergic neuron marker,
TH colocalized with Venus in the VTA (Figure 4C) but not
in LC (Figure 4D). When slide scanner imaged brain sections
were used to 3D reconstruct the whole brain, we noticed
that the VTA and SN areas were the most enriched areas for
Venus/TH neurons (Supplementary Video 4). Upon closer
examination of the dual Venus/TH-stained brain sections
using confocal microscopy, we observed colocalization on
soma and processes in SN (Figure 4E) and VTA (Figure 4F)
neurons. These results suggest that NTSR1-Venus mice show
enriched expression in dopaminergic neurons within the
midbrain.
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FIGURE 4

NTSR1-Venus neurons are dopaminergic VTA neurons. (A,B) Tissue sections from Ntsr1Venus/Venus animals were stained with anti-Venus (green)
or noradrenergic cell marker anti-dopamine-β-hydroxylase (DBH) shown in magenta. Neurons in midbrain dopaminergic regions ventral
tegmental area (VTA) (A), and noradrenergic locus coeruleus (LC) (B) are shown. (C,D) Tissue sections from Ntsr1Venus/Venus animals were
stained with anti-Venus (green) or dopaminergic cell marker anti-tyrosine hydroxylase (TH) shown in magenta. Co-labeling was assessed in VTA
(C) and LC (D). For panels (A–D), co-labeled cells are shown in white. Scale bars are 1000 µm for the macro view (insets) and 200 µm for the
magnified view. White boxes found on insets highlight areas of magnification. Images were acquired with epifluorescence on an Olympus
VS120 slide scanner. (E,F) Tissue sections from Ntsr1Venus/Venus animals were stained with anti-Venus (green) or dopaminergic cell marker
anti-TH (magenta). Confocal images of co-labeled NTSR1-Venus and dopaminergic neurons in substantia nigra compacta (SN) (E) and VTA (F)
are shown. Scale bars are 50 µm. (A–F) Images are representative of n = 3 Ntsr1Venus/Venus animals.

Real-time imaging of NTSR1
localization and trafficking at
subcellular resolution in intact brain
slices

Studying GPCR trafficking in living tissues has been a highly
desired yet unfulfilled goal. The robust labeling of NTSR1-
Venus on soma of dopaminergic neurons motivated us to
ask whether we could use these animals to monitor receptor

endocytosis in living tissue sections? We prepared acute coronal
slices containing SN and VTA (Figure 5A) from 5-week-old
Ntsr1Venus/Venus animals for multiphoton imaging. In untreated
slices, we observed that basal NTSR1-Venus was visible at
the membrane and punctate internal structures throughout
soma and processes (Figure 5B) suggesting that endogenous
neuropeptide/neurotransmitter release could have promoted
receptor endocytosis.

To test whether NTSR1 receptors are indeed being bound
by endogenous ligand in acute slice, we compared NTSR1

Frontiers in Cellular Neuroscience 15 frontiersin.org

https://doi.org/10.3389/fncel.2022.1076599
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/


fncel-16-1076599 November 24, 2022 Time: 14:11 # 16

Ehrlich et al. 10.3389/fncel.2022.1076599

FIGURE 5

Monitoring GPCR activation in dopaminergic midbrain neurons in acute slices using NTSR1-Venus animals. (A) Shown is a representative image
of an acute slice prepared from Ntsr1Venus/Venus animals used for multiphoton imaging (left) and an image of NTSR1-Venus intrinsic expression
(right). Scale bars are 1000 µm. (B) A representative high magnification two-photon image shows healthy living NTSR1-Venus cell bodies in
acute slices prepared from control Ntsr1Venus/Venus animals. Venus expression is shown (left) and DIC is shown (right). Scale bars are 20 µm.
(C) Experimental schematic shows during slice recovery, 1/3 of slices were incubated in control cutting solution, 2/3 of slices were incubated in
1 µM SR48692, and following 0 min image acquisition, either aCSF (black), 1 µM SR48692 (blue), or 10 µM PD149163 (pink) was added to the
aCSF flowing in the perfusion system. Scheme created with www.biorender.com. (D) Representative multiphoton images of acute slices
containing the VTA from Ntsr1Venus/Venus animals used to measure NTSR1-Venus internalization. Slices were first incubated with either cutting
solution or 1 µM SR48692. Baseline images were obtained and following image acquisition the indicated drug was added—control (aCSF), 1 µM
SR48692 or 10 µM PD149163. Scale bars are 20 µm and 2 µm (insets). Arrowheads indicate representative puncta (green) or membrane (white)
localized receptor. (E) Internalization of NTSR1-Venus was quantified as average number of particles per image. Images are representative of
n = 4–5 acute slices per condition from Ntsr1Venus/Venus animals. Graph depicts the mean ± SEM. *Indicates significance compared to
PD149163 at 0 min, # comparison between PD149163 and control, §comparison between PD149163 and SR48692. *#,§ p < 0.05, **§§ p < 0.01
via 2way ANOVA [significant time effect F(2.406,24.06) = 7.457; p = 0.0019], significant drug effect F(2,10) = 11.13; p = 0.0029 with a significant
interaction F(8,40) = 11.41; p < 0.0001.
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distribution in slices treated with the NTSR1 specific antagonist,
SR48692 (Gully et al., 1993). In these experiments, slices were
prepared as before and a third of them were placed in cutting
solution (control) whereas the rest of the slices were placed
in cutting solution (see Section “Materials and methods”)
containing 1 µM SR48692 for the duration of slice recovery.
Following slice recovery, VTA/SN-containing slices were placed
in the imaging chamber with circulating aCSF and a baseline
image (0 min) was acquired. Immediately following image
acquisition, either drug was added to the circulating aCSF or
for control slices, nothing was added. For slices which had
recovered in 1 µM SR48692, either 1 µM SR48692, or 10 µM
PD149163 was added to the slice (Figure 5C). We began each
60-min imaging session with a baseline Z-stack image taken
at 0 min and subsequent Z-stack acquired images were taken
every 15 min. In control slices, NTSR1-Venus expression was
observed at plasma membrane and internal punctate structures
for the duration of imaging (Figure 5D). In antagonist recovered
and treated slices, NTSR1-Venus remained visible at internal
punctate structures as well as plasma membrane. Remarkably,
addition of 10 µM PD149163 onto slices preincubated with
antagonist during slice recovery, enabled the observation of
agonist-induced NTSR1-Venus puncta throughout soma and
processes. NTSR1-Venus puncta were then quantified in the
acquired image projections by counting vesicle-sized particles
(Figure 5E). In control slices, a similar number of puncta were
visible at the start (0 min) and at the end (60 min) of imaging.
Antagonist-only treated slices showed a trend of decreasing
puncta across imaging time perhaps suggesting increased
membrane localized receptors. In 10 µM PD149163 stimulated
slices, vesicle-sized particle counts were significantly higher than
controls at 30, 45, and 60 min and significantly higher than
antagonist-only treated slices at 15, 30, 45, and 60 min. Taken
together, these results indicate that our endogenous labeling
strategy enables the subcellular localization and trafficking of
NTSR1 to be visualized directly, and with high spatiotemporal
resolution, in intact brain slices.

Discussion

G protein-coupled receptors are low abundance membrane-
bound proteins that have major regulatory physiological
functions. However, their low detectability has made it
difficult to fully characterize their role(s) in physiologically
relevant models. Development of GPCR therapeutics would
benefit from the study of GPCRs in their native environment.
Yet, high affinity specific antibodies to detect endogenous
receptors are lacking for many members of the family.
Knock-in animal approaches such as Rhodopsin-GFP (Chan
et al., 2004), DOR-eGFP (Scherrer et al., 2006), MOR-
mCherry (Erbs et al., 2015), NOP-eGFP (Ozawa et al., 2015),
KOR-tdTomato or KtdT (Chen et al., 2020), MOR-Venus

(Ehrlich et al., 2019), GPR88-Venus (Ehrlich et al., 2018),
ACKR3-Venus (Ehrlich et al., 2021), have demonstrated that
a fluorescent protein can be added to the C-terminus of
GPCRs yielding a more readily detectable receptor, expressed
under endogenous transcriptional control, that retains
expected tissue distribution and function. Here, we report the
characterization of new fluorescent receptor knock-in mice, the
NTSR1-Venus.

Modification of a GPCR by addition of an epitope or
a fluorescent protein sequence can potentially change the
receptor’s activity. Here, we demonstrate that the normal
activation and internalization of NTSR1-Venus is maintained.
NTSR1-Venus had similar potencies to WT receptors for
neurotensin and PD149163 in Gq activation in HEK293 cells
and in intracellular Ca2+ signaling assays in hippocampal
neurons. We also show in neurons that basal NTSR1-Venus
traffics to plasma membrane allowing for agonist mediated
redistribution to endosomes. Moreover, in behavioral assays,
we found that activation with PD149163 reduces locomotor
behavior similarly to what is observed in WT animals.

Additionally in locomotion assays, we show NTSR1-Venus
animals are less sensitive to PD149163 than WT animals
indicating that future behavioral assays will require careful
consideration about the appropriate concentration to use. This
may be related to the lower efficacy of NTSR1-Venus to
activate Gq observed in the cell-based assay. Alternatively,
the decrease in agonist-induced behavioral response may arise
from distinct receptor degradation or recycling in NTSR1-
Venus animals. It is intriguing that owing to a difference
in their C-termini, in contrast to NTSR2, NTSR1 receptors
have been reported not to recycle (Botto et al., 1998;
Martin et al., 2002) and to undergo lysosomal degradation
instead (Vandenbulcke et al., 2000). Going forward, it will
be interesting to utilize recombinant systems and NTSR1-
Venus animals to investigate further the life cycle of NTSR1
receptors.

In the present study, we mapped the receptor throughout
the central nervous system. Intrinsic fluorescence of NTSR1-
Venus was sufficient to allow for direct visualization of the
Venus-fused receptors on neurons and antibody-mediated
amplification of the Venus signal allowed a greater cellular
resolution. In general, we observed protein in the reported
RNA transcript expression pattern (Nicot et al., 1994; Alexander
and Leeman, 1998; Lein et al., 2007) with strong expression
in midbrain (VTA and SN), olfactory areas, thalamic nuclei,
and moderate expression in select pallidum, amygdala, cortical,
hippocampal, hypothalamic, and midbrain areas.

For a few brain regions, the observed protein expression
differed from other reports. Transcripts have been detected
in the infralimbic cortex of adult rodents by single-cell RNA-
seq analysis (Tasic et al., 2016) and some ISH reports (Nicot
et al., 1994; Alexander and Leeman, 1998) but not others
(Lein et al., 2007). This has led to some discussion about
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whether the observed expression of Ntsr1 in cortical layer 6b
pyramidal cells of Ntsr1-Cre animals (Sundberg et al., 2018)
is from active Ntsr1 transcripts or a transgene recombination
event leftover from development (Schroeder and Leinninger,
2018). Our findings support Ntsr1 transcript and protein as
being expressed on fibers and terminals in the prefrontal
cortex and cortical layer 6. Also, several studies have indicated
expression of Ntsr1 transcripts in habenula (Moyse et al.,
1987; Nicot et al., 1994; Alexander and Leeman, 1998) and
a single immunodetection study described NTSR1 in medial
but not lateral habenula (Boudin et al., 1996). In habenula,
we found negligible Ntsr1 transcript levels, which may be
expected from microdissected tissue-based RT-PCR assays, and
NTSR1-Venus protein expression from brain section imaging
was low but slightly more evident in lateral than medial
habenula. Finally, the central amygdala has been reported to
contain Ntsr1 transcripts (Alexander and Leeman, 1998) but
not protein (Boudin et al., 1996). We observed moderate
expression of NTSR1-Venus suggesting that the protein is also
present at this brain site. Future experiments could examine
whether transcript and protein reside in the same neurons by
conducting transcript analysis in brain sections from NTSR1-
Venus animals.

NTSR1-Venus receptor somato-dendritic localization was
most highly detectable in midbrain regions including VTA,
SN, periaqueductal gray, dorsal raphe, midbrain reticular
nucleus, and magnocellular reticular nucleus. These areas are
components of the reticular formation, a broadly defined
group of nuclei that have roles in behavioral arousal and
consciousness through connectivity between the brain stem and
telencephalon. Our observation that NTSR1-Venus colocalizes
with tyrosine hydroxylase labeled dopaminergic neurons agrees
with previous reports (Nicot et al., 1995; Yamada et al., 1995).
In fixed sections and live VTA slice preparations, we observed
NTSR1-Venus along neuronal membranes, with a punctate
pattern previously termed as “hot spots” (Boudin et al., 1996)
where receptors congregate along somato-dendritic sites. These
collections of receptors are theorized to be receptors that
have recycled back to the membrane or a localized storage
of NTSR1 receptors that could be mobilized to respond
upon NT stimulation (Boudin et al., 1996). Future studies
may utilize NTSR1-Venus mice to characterize these receptor
pools.

In acute VTA slice preparations, we also observed untreated
NTSR1-Venus at the plasma membrane and in puncta following
slice recovery. NTSR1-Venus was stabilized at the plasma
membrane in slices treated with antagonist. Interestingly,
delta opioid receptor (DOR) electrophysiological studies using
DOR-eGFP animals, previously reported that a DOR-eGFP
subcellular localization is altered during slice recovery and
required decreased electrical activity by substitution of sodium
chloride with potassium gluconate to restore plasma membrane
expression, as the altered intracellular localization was not

reversible by its antagonist naltrexone (Rezai et al., 2013).
Although here, we cannot rule out that other chemical
factors induced by cutting may have contributed to punctate
NTSR1 localization, the agonist mediated redistribution was
improved following antagonist treatment suggesting that the
subcellular distribution was likely due to local neuropeptide
release.

The possibility of observing GPCR activities in living tissues
has been an open question in the field for some time. In
this study, we were able to observe NTSR1-Venus receptor
trafficking in real-time. Direct observation of NTSR1-Venus
will enable future studies to examine NTSR1’s neuromodulation
of dopamine and signaling properties at receptor level and
may contribute to drug discovery efforts in Parkinson’s disease,
schizophrenia and addiction. For example, following compound
screening, top hit compounds could be evaluated in cultured
neurons or acute slices from NTSR1-Venus animals to test
their ability to engage the receptor and promote endocytosis.
More broadly, because NTSR1 is pleiotropic (Besserer-Offroy
et al., 2017) and robustly internalizes upon agonist stimulation,
studies using NTSR1-Venus may improve our understanding
of how GPCRs respond to distinct pharmacological stimuli
and how receptor trafficking and endocytosis itineraries
influence signaling outcomes. Together, this work establishes
the NTSR1-Venus mouse as an excellent model for the study
of GPCR trafficking, internalization, and signaling in living
neurons.
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SUPPLEMENTARY FIGURE 1

Spontaneous locomotor activity. Saline injected animals were not
habituated to activity boxes and allowed to move freely for 150 min.
Data shown in 10-min bins. ∗p < 0.05 via 2way RM ANOVA with a
Bonferroni’s post-hoc test [significant effect by time F(14,238) = 50.54;
p < 0.0001], significant effect by genotype F(1,17) = 8.534; p = 0.0095
with a significant interaction F(14,238) = 1.909; p = 0.0262.

SUPPLEMENTARY FIGURE 2

Intrinsic and amplified NTSR1-Venus expression in mouse midbrain
sections. (A–C) NTSR1-Venus expression is visible according to gene
dosage. (A) Ntsr1WT/WT. (B) Ntsr1Venus/WT. (C) Ntsr1Venus/Venus.

SUPPLEMENTARY VIDEO 1

Live confocal imaging captures NTSR1-Venus internalization in
hippocampal neurons treated with 1 µM PD149163. NTSR1-Venus
trafficking was monitored for 20 min following agonist addition. 60x
objective on a Zeiss LSM710 laser scanning confocal microscope.

SUPPLEMENTARY VIDEO 2

Live confocal imaging of NTSR1-Venus hippocampal neurons treated
with vehicle. NTSR1-Venus trafficking was monitored for 20 min
following vehicle addition. 60x objective on a Zeiss LSM710 laser
scanning confocal microscope.

SUPPLEMENTARY VIDEO 3

Amplified NTSR1-Venus expression in the 3D reconstructed mouse
brain. Whole brain 3D reconstruction of brain sections immunostained
for Venus (red).

SUPPLEMENTARY VIDEO 4

Amplified NTSR1-Venus expression colocalizes with dopaminergic cells.
3D reconstructed mouse brain from brain sections immunostained for
Venus (green) and dopaminergic cells detected with anti-tyrosine
hydroxylase (red).
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