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Abstract

Central activation of fibroblast growth factor (FGF) receptors regulates peripheral glucose 

homeostasis and reduces food intake in preclinical models of obesity and diabetes. The current 

work was undertaken to advance our understanding of the receptor expression, as sites of ligand 

action by FGF19, FGF21, and FGF1 in the mammalian brain remains unresolved. Recent 

advances in automated RNAscope in situ hybridization and droplet digital PCR (ddPCR) 

technology allowed us to interrogate central FGFR/beta klotho (Klb) system at the cellular level in 

the mouse, with relevant comparisons to non-human primate and human brain. FGFR1–3 gene 

expression was broadly distributed throughout the CNS in mus musculus, with FGFR1 exhibiting 

the greatest heterogeneity. FGFR4 expression localized only in the medial habenula and 

subcommissural organ of mice. Likewise, Klb mRNA was restricted to the suprachiasmatic 

nucleus (SCh) and select midbrain and hindbrain nuclei. ddPCR in the rodent hypothalamus 

confirmed that, although expression levels are indeed low for Klb, there is nonetheless a bonafide 

subpopulation of Klb+ cells in the hypothalamus. In NHP and human midbrain and hindbrain, Klb

+ cells are quite rare, as is expression of FGFR4. Collectively, these data provide the most robust 

central map of the FGFR/Klb system to date, and highlight central regions that may be of critical 

importance to assess central ligand effects with pharmacological dosing, such as the putative 

interactions between the endocrine FGFs and FGFR1/Klb, or FGF19 with FGFR4.
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Graphical Abstract

We refined the central map of fibroblast growth factor receptor (FGFR) and beta klotho (Klb) 

expression using automated in situ hybridization in three mammalian species. FGFR4 and Klb 

expression were limited in the rodent CNS, and absent in primate and man, suggesting species-

specific divergence in central FGF signaling.
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1. Introduction

Rapidly rising global rates of obesity, diabetes, and metabolic disease highlight the need for 

new, more effective therapeutic interventions for these disorders. Three members of the 

fibroblast growth factor (FGF) family of ligands - FGF1, FGF19, and FGF21 - have emerged 

as promising therapeutic targets to reduce body weight, inhibit food intake, increase energy 

expenditure, and normalize circulating glucose and plasma lipid levels when administered at 

pharmacological doses. While endogenous FGF ligands play an important role in the 

development and function of a variety of tissues, mounting evidence indicates that the anti-

obesity and anti-diabetic effects of these ligands can be driven by central action (Douris et 

al., 2015; Gasser, Moutos, Downes, & Evans, 2017; Marcelin et al., 2014; Morton et al., 

2013; Rojas et al., 2015; Sarruf et al., 2010; Scarlett et al., 2016; Suh et al., 2014; Talukdar, 

Zhou, et al., 2016). Evidence in support of this assertion stems in part from the potent 

metabolic benefits induced by central administration of these ligands in preclinical animal 

models, but the specific FGF receptor (FGFR) systems involved in these central actions 

remains unclear. FGF19 and FGF21, behaving as endocrine FGFs, engage with the “III/c” 

isoforms of FGF receptors (FGFR) 1, 2, and 3, requiring both the FGFR and the plasma-

membrane bound beta klotho (Klb) co-receptor (Agrawal et al., 2018; Itoh, Ohta, & Konishi, 

2015; Kurosu et al., 2007). FGF19 is unique in that it can also bind to FGFR4 in both the 

presence and absence of Klb (Adams et al., 2012; X. Wu et al., 2010). In contrast, FGF1 is 

an autocrine FGF ligand that requires a heparan sulfate binding partner, but does not require 
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Klb and can engage all known FGFR isoforms. A number of studies have sought to clarify 

the CNS expression patterns of the rodent FGFR-Klb system using radioisotopic in situ 
hybridization (ISH), PCR on tissue blocks and on microdissected brain tissue (Belluardo et 

al., 1997; Bookout et al., 2013; Fon Tacer et al., 2010; Itoh et al., 1994; Talukdar, Owen, et 

al., 2016; Yazaki et al., 1994). While these studies have provided an excellent overview of 

FGFR-Klb neuroanatomy at the gross level, their technical limitations preclude a clear 

understanding of the brain nucleus specificity, cellular resolution, and signal-to-noise in 

regions with sparse expression of FGFR and Klb. Therefore, we sought to map the central 

FGFR/Klb system using RNAscope ISH (Advanced Cell Diagnostics [ACD Bio], Newark, 

CA) to better resolve the central anatomy of this system at the cellular level, and extend 

these findings to higher-order mammalian species (cynomolgus monkey and human).

Fully automated RNAscope ISH (C. M. Anderson et al., 2016; Wang et al., 2012) provided 

cellular-level resolution of FGFR and Klb expression in three mammalian species. The 

methods we employed in this study allowed for rapid, robust, and replicable assessment of 

the central expression of the FGFR/Klb system. Traditional ISH methods are typically 

hampered by technical complexity, low resolution, high noise for rare transcripts, and in the 

case of radioisotopic ISH, extensive time constraints on the order of weeks between an ISH 

experiment and a result (Cassidy & Jones, 2014). Similar to the use of the RNAscope 

platform on a Leica Bond (C. M. Anderson et al., 2016), our automated ISH method allowed 

us to stain 300 slides in 10 batches on the Ventana Discovery ULTRA with minimal user 

input. Even the manual version of the RNAscope assay provides turnaround time to data in 

1–2 work days for 20 slides (Heppner et al., 2017). Beyond the streamlined workflow, this 

platform allowed for cellular level resolution of ISH and immunohistochemical 

identification of different cell populations. The only corollary molecular technique that can 

provide this type of spatial resolution is single cell capture combined with qPCR, which is 

also considerably less-throughput than automated ISH.

In mice, we observed robust expression of FGFR1–3 throughout the entire brain, and 

FGFR1 in particular showed the most dynamic range across different brain regions. The 

relative abundance of FGFR2 was less than the observed ISH signal for FGFR3, and the 

morphology of the FGFR3 signal appears similar to that of non-neuronal cells. FGFR4 

expression, on the other hand, was quite restricted in the rodent CNS: parallel to previous 

observations in rat (Itoh et al., 1994; Miyake & Itoh, 1996), FGFR4 ISH signal was only 

detected in the medial portion of the habenula and the subcommissural ependymal layer. Klb 

ISH signal was also highly restricted: we detected Klb in the suprachiasmatic nucleus (SCh), 

reticular thalamus, medial vestibular nucleus, medial trigeminal neurons (Me5), principal 

sensory nucleus of the trigeminal nerve (Pr5N), but not in the area postrema (AP) (Bookout 

et al., 2013). Dual ISH revealed that FGFR1 and Klb indeed co-localize within cells of the 

SCh, Me5 and Pr5N but not in the reticular thalamus or AP. We used PCR to validate our 

findings on hypothalamic Klb expression using droplet digital PCR (ddPCR). ddPCR 

measures single copies of RNA, allowing us to resolve the presence of rare RNA species that 

may be undetectable otherwise. Our ddPCR data validated our ISH findings in the rodent 

hypothalamus, indicating low copy numbers of Klb and robust expression of FGFR1. Taken 

together, these techniques highlight the power of high resolution in situ hybridization to 

interrogate rare RNA species and therefore cell phenotypes in the mouse brain.
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In addition, we included non-human primate (NHP) and human tissue samples in our ISH 

assays to assess species differences specifically in midbrain/hindbrain FGFR/Klb 

distribution. We found ubiquitous expression of FGFR1–3 in midbrain and hindbrain 

regions, but only a handful of Klb+ neurons in the nucleus of the solitary tract (NTS) in 

human. Together this work provides the most comprehensive assessment of brain FGFR/Klb 

expression using RNAscope and ddPCR, and highlights sites of interest for ligand-receptor 

interaction including FGF19-FGFR4 in the habenula and subcommissural organ, and 

FGF21-FGFR1/Klb in the SCh, Me5, and Pr5N. Interestingly, Klb expression in these 

hindbrain regions in rodents were not observed in NHP and in only a few cells in human 

samples, suggesting that these ligands may drive divergent physiology in different 

mammalian species.

2. Materials & Methods

2.1 Animals.

All procedures were approved by the Institutional Animal Care and Use Committees and 

Institutional Review Board at Novo Nordisk Research Center Seattle, Novo Nordisk A/S, 

and the University of Washington, and followed the U.S. Public Health Service guidelines 

for the humane care and use of experimental animals. Adult male C57/Bl6 mice were used 

for all experiments. Central expression of FGF receptors by PCR and ddPCR and Klb was 

performed on brain blocks from wildtype animals. Transgenic animals expressing Fgfr1-
eGFP (GP338Gsat/Mmucd; Mutant Mouse Regional Resource Center, University of 

California, Davis, CA) were used for all ISH experiments. Formalin-fixed, paraffin-

embedded (FFPE) NHP samples from cynomolgus were procured from OHSU (Beaverton, 

OR), and FFPE human brain samples were procured from the Edinburgh Brain Bank 

(Edinburgh, Scotland). For each component of this study, 4–6 animals were used per 

experiment.

2.2 In situ hybridization.

Fgfr1-eGFP mice were anesthetized with ketamine and xylazine, and were perfused with 

PBS followed by 4% paraformaldehyde (PFA) in 0.1 M PBS. Brains were extracted, 

dissected into 3 mm-thick slabs in the coronal plane, and were paraffin embedded on an 

ASP300S tissue processor (Leica Biosystems, Buffalo Grove, IL) with the following 

sequence: Two 70% EtOH steps (1-hr), two 95% EtOH steps (1.5-hr), two 100% EtOH steps 

(1.5-hr), three xylene steps (1-hr), and three paraffin wax (Surgipath Paraplast, Leica) steps 

(1.5-hr each). Paraffin-infused tissues were embedded rostral side down in warm paraffin to 

form square blocks for sectioning. A series of 10 sections (5 μm/section) was collected every 

200 μm along the rostro-caudal axis to sample the entire brain. Liver tissues were 

simultaneously prepared using the same paraffin-embedding technique and were sectioned at 

5 μm. For cynomolgus and human samples, midbrain and hindbrain sections (4.5 μm thick) 

were used for all ISH experiments. All tissues were retrieved, hybridized and stained using a 

Ventana Discovery ULTRA or Discovery XT system (Ventana Medical Systems, Tucson, 

AZ) and the 2.5 VS RED reagent kit from Advanced Cell Diagnostics following the protocol 

outlined technical bulletin #322250-USM-ULT. We also performed dual ISH to co-localize 

Mm-Fgfr1c and Mm-Klb in mouse brains; these experiments used the same tissue 
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preparation, but utilized RNAscope Universal reagents described in ACD Bio technical 

bulletin #323300-USM. Our assays followed the standard mRNA RED ULTRA protocol 

with software settings for each tissue type described in Table 1. Our total experiment time 

for uniplex or duplex ISH from start to finish is approximately 12–14 hours, 11–13 of which 

are fully automated. We list all steps and reagents for our assays in Table 1. A list of control 

and experimental probes used in this assay are outlined in Table 2. For every ISH run, the e. 
coli gene dapB was used as a negative control, and we used Mm-Polr2a, Mm-PPIB, and Hs-
PECAM as housekeeping genes. All sections were counterstained with hematoxylin 

(Millipore-Sigma, St. Louis, MO) or QD DAPI (Ventana Medical Systems), dehydrated in 

xylenes (1 dip) and coverslipped using EcoMount (BioCare, Pacheco, CA).

2.3 ISH assay and probe validation.

The central FGFR system has been classically described as containing FGFRs 1–3 across 

mammalian species, with a paucity or complete lack of central FGFR4 using radioisotopic 

ISH or laser capture/PCR techniques (Belluardo et al., 1997; Bookout et al., 2013; Fon Tacer 

et al., 2010; Itoh et al., 1994; Yazaki et al., 1994). We therefore aimed to refine this map 

using RNAscope ISH. To develop the RNAscope platform on our autostainer, we first sought 

to optimize retrieval conditions in FFPE mus musculus brain tissue. Optimal ISH staining 

retains crisp nuclear morphometry with well-defined borders, as well as ISH signal yielding 

~2–10 red dots/cell cytoplasm using positive control probes. Brain tissues treated as 

described above and hybridized with the e. coli gene dapB (negative control gene) retained 

tissue morphology and was devoid of any red ISH signal (Fig. 1a), whereas the adjacent 

brain tissue hybridized with Mm-Polr2a (positive control gene) exhibited positive red signal 

in essentially every cell (Fig. 1b). To further test the specificity of this assay, we employed 

probes designed to identify Mm-NPY (Fig. 1c) and Mm-Pomc (Fig. 1d). In line with classic 

neuropeptide staining and transgenic reporter labeling of these cells (Broberger, Johansen, 

Johansson, Schalling, & Hokfelt, 1998; Lam et al., 2015; Luquet, Perez, Hnasko, & 

Palmiter, 2005; Mercer et al., 2014), the RNAscope ISH platform identified hypothalamic 

NPY+ cells that straddle the most mediobasal portion of the arcuate nucleus (ARC) along 

the third ventricle (3V), whereas POMC+ neurons are dispersed more laterally and 

uniformly throughout the ARC. These cells expressed such an abundance of NPY or POMC 

mRNA that we could not resolve single ISH dots, despite the fewer number of ZZ pairs that 

were complexed together to build the signal amplification tree (Table 1). We also validated 

the utility of our experimental probes by testing them in mouse liver samples (Fig. 2). Using 

the retrieval and protease preparation timing described in Methods, we assessed ISH 

expression of dapB (Fig. 2a), Mm-PPIB (Fig. 2b), Mm-Fgfr1 (Fig. 2c) and Mm-Klb (Fig. 

2d) in mouse liver. By PCR methods, Mm-Fgfr1 is expressed at very low levels in the mouse 

liver, whereas Mm-Klb is expressed at relatively high levels in liver homogenates (Fisher et 

al., 2010). We paralleled these findings by RNAscope ISH, and observed only a low number 

of red dots in samples hybridized with the Mm-Fgfr1 probe, but near ubiquitous expression 

in liver sections hybridized with the Mm-Klb probe (Fig. 2d). Collectively, these validation 

studies showed the robust and high signal-to-noise capabilities of the RNAscope platform 

(dapB versus Mm-PPIB or Mm-Polr2a), neuroanatomical accuracy (Mm-Npy and Mm-
Pomc), and probe set specificity (Mm-Fgfr1c and Mm-Klb in liver) to dissect the central 

FGFR/Klb system by ISH. Stable transfected Baf3 cells expressing the different receptors, 
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i.e. human-Klb, human-FGFR1c, human-FGFR2, human-FGFR3, and human-FGFR4, were 

used as positive controls for the ISH analysis of NHP and human samples (data not shown).

2.4. Antibody characterization.

Rodent brains were phenotyped using antibodies directed against specific neuronal, 

microglia, and astrocyte markers. Neurons were identified using a rabbit monoclonal anti-

NeuN antibody (#ab177847, RRID: AB_2532109, clone EPR17263; Abcam, Cambridge, 

UK) at a 1:500 dilution. The anti-NeuN antibody is raised against amino acids 1–100 of 

human NeuN, which exhibits 100% homology to mouse and rat NeuN. Microglia were 

labeled using a rabbit polyclonal anti-Iba1 antibody (#019–19741, RRID: AB_839504; 

FUJIFILM Wako Diagnostics, Mountain View, CA) at a 1:250 dilution. This antibody was 

raised against the c-terminus of synthetic Iba1 protein common to human, mouse, and rat 

Iba1. Astrocytes were identified with a polyclonal rabbit anti-GFAP antibody (#AB5804, 

RRID: AB_2109645; Sigma/EMD Millipore, St. Louis, MO) at a dilution of 1:1000. The 

anti-GFAP antibody was developed against purified bovine GFAP. Prior to our use in 

experiment 2.5, we validated the specificity of these antibodies using standard uniplex 

diaminobenzidine-based IHC methods (Fig. 3), as well as isotype antibody negative controls 

(data not shown), and obtained results similar to previously published data with regards to 

neuron (Saito et al., 2018), astrocyte (Talos, Fishman, et al., 2006; Talos, Follett, et al., 

2006), and microglia (Homma, Li, Hayashi, Kawano, & Kawano, 2006; Yamada & Jinno, 

2013) morphology.

To further validate the specificity of these antibodies, we performed iterative chromogenic 

IHC with denaturing steps to multilabel mouse brains using all three antibodies (anti-GFAP, 

anti-Iba1, anti-NeuN). In this experiment, sections were deparaffinized, retrieved in sodium 

citrate (pH 6.0) for 16 min at 95C, and each antibody was incubated for 2 hr at RT. Primary 

antibody staining was followed by a 20 min incubation of OmniMap anti-rabbit HRP 

secondary antibody (#5269679001, Roche Diagnostics, Risch-Rotkreuz, Switzerland) and 

visualized with chromogenic substrates. We visualized the anti-NeuN antibody with teal-

HRP substrate (#8254338001; Roche Diagnostics), the anti-GFAP antibody with purple 

HRP substrate (#7053983001; Roche Diagnostics), and the anti-Iba1 antibody with green 

HRP substrate (beta test product from Dr. A. Murillo, Ventana/Roche Diagnostics). Between 

antibody incubation and staining steps, a 16 min denaturing treatment using sodium citrate 

(pH 6.0) at 95C removed primary and secondary antibodies without perturbing chromogenic 

precipitates. This allowed us to triple label brains for astrocytes, glia, and neurons with 

negligible chromogen overlap between these distinct cell classes (Fig. 4). Any permutation 

of antibody/chromogen order revealed the same staining of astrocytes, glia, and neurons 

(data not shown), revealing a robust assay to multilabel brains using antibodies developed in 

the same species.

2.5. Duplex fluorescent ISH (FISH) and immunofluorescence (IF) for cellular phenotyping.

To phenotype FGFR+ cells in the rodent brain, we combined HRP-based ISH (ACD Bio) to 

label FGFR mRNA with a rhodamine conjugate (#7259883001; Roche Diagnostics), 

followed by IF to identify common CNS cell populations using the antibody dilutions 

outlined in Methods 2.4. The ISH component of this assay followed the same pretreatment 
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and cell conditioning parameters outlined in Table 1. IF was programmed sequentially after 

the ISH assay, and each primary antibody was incubated for 2 hr at RT on the Discovery 

ULTRA, followed by a 20 min application of OmniMap anti-rabbit HRP secondary antibody 

(#5269679001; Roche Diagnostics), and secondary antibodies were visualized using FITC-

HRP substrate for 20 min (#7259212001, Roche Diagnostics). We did not perform multiplex 

IHC in combination with ISH, as the tissue denaturing steps (sodium citrate, pH 6.0 for 16 

min at 95C) described in Methods 2.4 compromised antibody binding in our IF sequences if 

performed after ISH pretreatment/retrieval (data not shown).

2.5. Droplet digital PCR in mouse hypothalamus, cerebrum, and liver.

Five wildtype C57/Bl6 mice were euthanized with 2% CO2, and their brains and livers were 

rapidly extracted. The hypothalamus from each animal was sub sectioned and harvested as a 

~17 mm3 block. Hypothalami were blocked coronally from the preoptic area (+0.26 mm 

from bregma) to the midbrain (−3.52 mm from bregma), sagitally from optic tract-to-optic 

tract (+/− 1.5 mm from midline), and horizontally through the ventral thalamus (1.5 mm 

from the ventral brain surface). RNA was extracted from tissues from 5 animals using an 

RNeasy mini kit (Qiagen, Hilden, Germany), and quality control for all samples was 

performed using an Agilent 2100 Bioanalyzer Instrument (Agilent, Santa Clara, CA) and 

RNA 6000 nano kit reagents (Agilent). All samples had an RNA integrity number exceeding 

8.0 (on a 1–10 scale based on 28S and 18S ribosome electropherogram data) and were 

included for ddPCR assays. For these assays, 10–100 ng of cDNA was made using a high 

capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) or the iScript 

cDNA Synthesis Kit (Bio-Rad, Hercules, CA). All samples were assayed in triplicate. 

ddPCR was performed on a QX200 droplet digital PCR system (Bio-Rad), and data output 

for positive ddPCR read These assays utilized the same probe sets from Applied Biosystems 

outlined in Table 3.

2.6 Imaging.

Slides were imaged on an AxioScan.Z1 (Zeiss AG, Oberkochen, Germany) at 40x in 

brightfield mode or using Colibri 7 LED illumination (Zeiss) to visualize DAPI and 

rhodamine channels for post-hoc assessment. Rhodamine and DAPI were visualized with an 

exposure time of 200 ms and 50 ms, respectively. Stained slides with NHP and human brain 

tissue were scanned into digital images on an Olympus VS120 (Olympus, Hamburg, 

Germany). Qualitative assessment of FGFR or Klb ISH expression were based on 

hybridization signal strength from N = 5 animals. ++++: highest density (saturated ISH 

signal); +++: high density (10–12 dots/cell); ++: moderate density (6–10 dots/cell); +: low 

density (2–6 dots/cell); +/−: labeling inconsistently above background; −: no labeling. 

Duplex fluorescent FISH/IF images were captured on an upright DM500 microscope (Leica) 

at 40x equipped with a CTR 5500 epifluorescent light source (Leica) and a Photofluor 

LM-75 camera (89 North, Williston, VT). Fluorescent images were captured with exposure 

times of 50 ms, 500 ms, and 200 ms for DAPI, FITC, and rhodamine channels, respectively. 

All images were compiled post-hoc in Illustrator (Adobe Inc., San Jose, CA).
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3. Results

3.1. Central mRNA expression of Mm-Fgfr1, Mm-Fgfr2, and Mm-Fgfr3 in mus musculus.

We found Mm-Fgfr1, Mm-Fgfr2, and Mm-Fgfr3 signal expressed throughout the entire 

mouse brain (representative low-power images are shown in Fig. 5). Fgfr1+ cells with the 

most robust expression were found in the MM (Fig. 5a), 5N (Fig. 5b), LDTg (Fig. 5c). Cells 

in these regions expressed enough RNAscope signal that, similar to our hypothalamic Mm-
NPY and Mm-Pomc staining, we could not resolve individual red dots in the ISH assay, 

indicating that these cells strongly express Mm-Fgfr1. Nevertheless, there was differential 

ISH signal intensity that varied in a region-specific manner. In brain nuclei critical for the 

maintenance of energy homeostasis, we observed moderately strong staining in the PVH 

(Fig. 5d), and VMH (Fig. 5e), but fewer copies of Mm-Fgfr1c in the ARC (Fig. 5e), and 

hindbrain (AP/NTS, Fig. 5f). Mm-Fgfr2 and Mm-Fgfr3 both displayed much more 

consistent and ubiquitous CNS staining patterns: Signal for either ISH transcript was 

observed throughout the mouse brain, with highlights for Mm-Fgfr2 and Mm-Fgfr3 shown 

in Figs. 6 and 7, respectively. Interestingly, we noticed less regional variability with these 

two probes despite a similar probe design length (20 Z pairs, Table 2), suggesting that many 

cell populations throughout the CNS express similar amount of Fgfr2 and Fgfr3. Despite the 

relative dearth of Fgfr2 signal compared to Fgfr1 or Fgfr3, one notable region that showed 

higher ISH signal across all five mouse brains was the subcommissural organ (Fig. 6a).

3.2 FGFR4 mRNA expression is restricted to the subcommissural organ (sco) and lateral 
habenula (LHb) of mus musculus.

Laser capture microdissection and PCR analysis has yielded little information on central 

expression of Fgfr4 (Fon Tacer et al., 2010). While radioisotopic ISH (Itoh et al., 1994) or 

digoxigenin ISH suggest small amounts of Fgfr4 in brain regions that lie lateroventral to the 

dorsal third ventricle, these techniques are hampered by high background relative to low-

abundance mRNA targets (DIG) and less spatial resolution (radioisotopic). RNAscope 

allowed us to assess Mm-Fgfr4 expression in a much greater spatially sensitive manner: we 

detected Mm-Fgfr4 expression in the lateral habenula (LHb), medial habenula (MHb), and 

subcommissural organ (sco) (Fig. 8). It is notable that we could distinguish the sco, as this 

ependymal layer is quite small, extending ~125 μm lateral from midline, 250 μm in the 

rostrocaudal axis, with a thickness of ~100 μm (Paxinos, Franklin, & Franklin, 2001). 

Consistent with previous studies, we detected robust Mm-Fgfr4 mRNA in the liver using 

RNAscope (data not shown), suggesting that our probe is specific and sensitive, and that the 

rodent CNS only expresses Mm-Fgfr4 in the MHb, LHb, and sco. A complete qualitative 

comparison of central mouse Fgfr1–4 ISH expression is described in Table 4.

3.3. Heterogeneity of FGFR expression in mouse tanycytes.

Based on our sampling schematic (Methods) we were able to detect FGFR expression in 

tanycytes at 2–3 levels per animal (Fig. 9). At −1.5 mm from bregma (Fig. 9a), Mm-Fgfr1 
appears much more abundantly expressed in the lateral β2-tanycytes, but appears much more 

homogenously expressed in the caudal ARC (−2.1 mm from bregma; Fig. 9b). Mm-Fgfr3, 

on the other hand, is homogenously expressed in the tanycyte layer at −1.5 mm from bregma 
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(Fig 9c), but appears highly enriched in the β1-α2 tanycyte transition zone in the caudal 

ARC (Fig. 9d).

3.4. A phenotypic survey of FGFR+ cells in the mus musculus brain.

To assess the cellular identity of FGFR+ cells in the mouse brain, we performed duplex 

FISH/IF to visualize receptor mRNA in neurons, microglia, and astrocytes (Fig. 10). 

Hypothalamic (ARC, VMH, DMH) NeuN+ neurons showed occasional co-localization with 

FGFR1 ISH signal, whereas only a small subset of Iba1+ microglia co-expressed FGFR2 

(data not shown). The consistent FGFR phenotype we observed in the rodent brain, 

encompassing both hypothalamic and non-hypothalamic sites, was that cells strongly 

expressing FGFR3 mRNA are GFAP+ astrocytes (Fig. 10a). However, a proportion of these 

GFAP+ astrocytes do not strongly express FGFR3+, and this subpopulation appears to be 

surrounding presumptive blood vessels (Fig. 10b).

3.5. Klb ISH expression in mice is only found in a small subset of brain regions, and 
exhibits limited co-localization with Fgfr1c in the SCh, Me5 and Pr5N.

Similar to Fgfr4, central Mm-Klb expression was restricted to a limited number of brain 

regions: We detected the strongest Mm-Klb expression in the SCh (Fig. 11a), and Mm-Klb+ 

cells were observed in all animals in the reticular thalamus (RTh, Fig. 11b), principal 

sensory trigeminal nucleus (Pr5N, Fig. 11c), medial trigeminal neurons (Me5N, Fig. 11d), 

and hippocampal CA1-CA3 transition zone (data not shown). Klb expression was observed 

in a small number of cells in the hypothalamus (Fig. 11e) and hindbrain (Fig. 11f), with no 

apparent expression in the AP (Fig. 10f). We next assessed the degree to which Klb and 

Fgfr1 co-localize in Klb+ cells. Duplex ISH revealed limited co-expression between Fgfr1 
(red, Fig. 12) and Klb (brown, Fig. 12) to cells in the SCh (Fig. 12a), Pr5N (Fig. 12b), Me5N 

(Fig. 12c), and hippocampal CA1-CA3 transition zone (data not shown). We detected no co-

localization of Fgfr1 in Klb+ cells in the RTh, and contrary to previous results (Bookout et 

al., 2013); we observed sparse-to-no Klb in the AP (Fig 12d) or any other hindbrain regions.

3.6. FGFR/Klb expression in mouse brain tissues by droplet digital PCR (ddPCR).

A disadvantage of qPCR is that low abundance mRNA transcripts (Mm-Klb), or mRNA 

transcripts with distinct regional expression patterns (Mm-Klb in the SCh, with little signal 

in the rest of the hypothalamus) are difficult to detect in a sizable piece of tissue. 

Additionally, qPCR results are relative to the expression of a housekeeping gene, which may 

vary region-to-region in the CNS. We therefore employed ddPCR (Bio-Rad) to probe fresh 

frozen tissues to validate our ISH data showing that the mouse hypothalamus does indeed 

contain Mm-Klb (Fig. 13). ddPCR uses technology that can make nanoliter-size lipid 

droplets for PCR reactions, allowing users to detect a single copy of RNA. Fgfr1 was 

robustly expressed in hypothalamus and cerebellum samples (86–166 copies/ng cDNA, Fig. 

13a), and as predicted based on ISH data (Fig. 2), Fgfr1 levels in liver were on the order of 

5±3 copies/ng cDNA. We measured low levels of Klb in the hypothalamus (1 copy/ng 

cDNA) and cerebellum (0.2 copies/ng cDNA), but high expression in the liver (139 

copies/ng cDNA). To determine the dynamic range for Klb mRNA detection using the 

ddPCR system, we titrated cDNA from pooled liver mRNA libraries (starting at 50 ng 

cDNA/20 μl reaction). In this experiment, our lowest liver mRNA input (0.06 ng cDNA/20 
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μl reaction) yielded 0.837 Klb copies/ng mRNA (Fig. 13b). Comparatively, we measured 

~1–2 copies of Klb mRNA per ng cDNA (Fig. 13b). Together, this indicates that our 

hypothalamic Klb measurements by ddPCR are above the detection limit of the system, and 

verify that, although few copies are observed in the hypothalamus, it nevertheless contains 

measureable Mm-Klb (1–2 copies per ng cDNA).

3.7. Human and NHP expression of Fgfr1c, Fgfr2, Fgfr3, Fgfr4, and Klb in the hindbrain 
and vestibular nuclei.

In order to evaluate the translatability of the mouse ISH data to higher species, automated 

ISH was performed on human and cynomolgous monkey brain tissue sections encompassing 

the AP, NTS, and the vestibular nuclei. Abundant Fgfr1c expression was observed in the 

cynomolgous monkey and human AP and NTS (Fig. 14). In contrast, Klb+ cells were 

observed in a small number of cells in the human NTS (Fig. 14). Scarce expression of Fgfr2 
was detected in human and cynomolgous monkey AP, whereas Fgfr3 ISH signal was only 

observed in the NTS region of both species (data not shown). No expression of Fgfr4 was 

observed in any of the human or cynomolgous monkey hindbrain regions investigated (data 

not shown).

Investigation of human and cynomolgous monkey tissue sections encompassing the 

vestibular nuclei revealed no ISH signal of Fgfr1c or Klb in this area (data not shown). 

Evident expression of both Fgfr2 and Fgfr3 was observed in the human and cynomolgous 

monkey vestibular nuclei area, whereas no ISH signal of Fgfr4+ cells were detected in this 

nucleus (data not shown). No ISH signal was detected after hybridization with the negative 

control probe dapB in any of the tissue sections investigated.

4. Discussion

4.1. Clarifying the central FGFR/Klb receptor system.

Using complementary neuroanatomical, molecular, and multi-species animal approaches, 

this work provides a comprehensive and systematic dissection of the central FGFR/Klb 

system. We were able to obtain cellular-level specificity using the RNAscope ISH platform. 

This methodology allowed us to validate previous works describing ubiquitous, widespread 

expression of FGFR1–3 (Belluardo et al., 1997; Fon Tacer et al., 2010; Itoh et al., 2015; 

Yazaki et al., 1994). We further defined these cell populations by dual FISH/IF labeling; our 

data suggest that cells containing high expression of FGFR3 mRNA are GFAP+ astrocytes. 

We noted subpopulations of neurons, glia, and astrocytes expressing FGFR1–2, but there 

was no consistent expression pattern observed in our initial phenotyping observations in the 

hypothalamus and hippocampus. These data are in line with published RNAseq databases in 

the rodent cerebral cortex (Zhang et al., 2014) and hypothalamus (Campbell et al., 2017), 

suggesting that further studies are needed to clarify the regional and phenotypic profiles of 

FGFR+ cells in the brain. Previous data suggest that FGFR4 is only expressed in the MHb of 

the rat (Itoh et al., 1994; Miyake & Itoh, 1996), and Klb expression in the mouse is 

predominantly restricted to the AP and SCh (Bookout et al., 2013; Fon Tacer et al., 2010; 

Talukdar, Owen, et al., 2016). Our findings further refine this map, indicating expression of 

FGFR4 in the MHb as well as the LHb and sco, and extend the Klb+ brain regions to include 
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the SCh, Me5N, RTh, and 5N, as well as a few cells observed in the PVN and VMH. Unlike 

Bookout et al., we only identified a handful of low expressing Klb+ neurons in the NTS and 

AP despite employing a probe design for maximum signal amplification. With other 

RNAscope probe sets, we have observed non-specific signal in the choroid plexus using our 

brain retrieval conditions (K.H. & A.J.M., personal communication), and therefore the AP 

Klb+ signal observed in the choroid plexus of the fourth ventricle by Bookout et al. may be 

promiscuous ISH staining. A secondary explanation may be that central Klb expression, 

particularly in the AP, is regulated by the age, the circadian clock or other extrinsic factors, 

such as circulating signals or afferent input from visceral sensory fibers transmitted via the 

vagus nerve (Bookout et al., 2013; Diaz-Delfin et al., 2012; Jager et al., 2016; Kim et al., 

2011). Our animals were all adults (>6 months of age) and were euthanized at mid-day, and 

it is conceivable that this may be a point at which hindbrain Klb expression is reduced. 

ddPCR experiments, on the other hand, substantiated the presence of Klb in the 

hypothalamus (Fig. 13). We postulate that the bulk of this signal comes from collecting the 

SCh as part of our larger hypothalamic blocks, and not from the few Klb+ cells we found in 

the PVH and VMH (Fig. 11e). Collectively, we were able to corroborate the previous data 

illustrating central expression of FGFR1–3 throughout the entirety of the rodent CNS, and 

pinpoint the rare populations of Klb+ and FGFR4+ cells in the mouse brain.

4.2. Species comparisons of FGFR and Klb expression.

Using three mammalian models, our findings indicate that FGFR1–3 are broadly expressed 

across the CNS of mice, and appear to have similar expression patterns in the hindbrain and 

midbrain in NHP and man. While FGFR4 and Klb were detected in discrete ependymal, 

hypothalamic, midbrain, and hindbrain CNS nuclei in mice, mRNA encoding these receptors 

was not detected in cynomolgus or human brain samples. The two most parsimonious 

explanations for these species differences are that 1) Klb+ and FGFR4+ cells are much rarer 

in the brain of higher-order mammals, or 2) mice have unique Klb and FGFR4 expression 

patterns that are different from primates. Ryan et al. report that FGFR4 is present in rat 

hypothalamus, providing further evidence of species-specific divergence in CNS FGFR4 and 

Klb expression (Ryan et al., 2013). We may also have more readily detected rare Klb 
transcripts in mice due to a more substantial ISH oligonucleotide probe (Table 2), but the 

total lack of Klb+ midbrain and hindbrain neurons in the Me5N and Pr5N across all primate 

samples indicates that these cells are quite rare. Interestingly, FGF21 analogs that require 

Klb for potency can nevertheless drive metabolically relevant decreases in food intake 

(Stanislaus et al., 2017; Talukdar, Zhou, et al., 2016) and/or body weight (Andersen et al., 

2018) in both mice and NHPs. It remains to be determined, however, if these analogs drive 

metabolic changes through peripheral or central pathways, and notably if these effects are 

governed by cells and system we have identified that are Klb+.

4.3. Implications for central FGF ligand signaling and the control of peripheral energy 
homeostasis.

Our initial purpose in mapping the central FGFR/Klb receptor system in greater detail was 

to provide mechanistic insights into FGF19, FGF21, and FGF1 actions that ameliorate 

diabetes, obesity, and promote energy expenditure. With regards to endocrine FGFs 

(principally FGF19 and FGF21), physiological actions of these two ligands requires co-
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expression of Klb alongside FGFR1c or FGFR4 (Agrawal et al., 2018; Kurosu et al., 2007). 

By this logic, FGF19 and FGF21 signaling would be limited to sites of FGFR1c/Klb co-

expression (Fig. 12). On the other hand, if FGF19 can stimulate FGFR4 in the absence of 

Klb (Adams et al., 2012; X. Wu et al., 2010), such an action would presumably be limited to 

the subcommissural organ and habenula (Fig 8). It has been reported that central actions 

alone of FGF19, FGF21, or an FGFR1/Klb activating antibody can drive improvements in 

body weight and metabolic state (Foltz et al., 2012; Kolumam et al., 2015; Lan et al., 2017; 

Morton et al., 2013; Sarruf et al., 2010; A. L. Wu et al., 2011), suggesting that cells in the 

SCh, Pr5N, and Me5N (Fig. 11–12) are critical for driving this physiological change. 

Administration of pharmacological doses of these compounds, however, may lessen the 

requirement of Klb for ligand-receptor-ERK signaling (Adams et al., 2012). In this scenario, 

ligands that drive responses via FGFR1 may have the capacity to act on many CNS sites, as 

has been reported for the effect of FGF19 to hyperpolarize hypothalamic AgRP neurons 

(Marcelin et al., 2014), more recently shown in electrophysiological preparations (A.F.B., 

personal communication). The possibility that such effects are mediated indirectly via 

projections from brain areas where both FGFR1 and Klb are expressed can also be 

considered. Nevertheless, our ISH data has highlighted key regions and cells that express 

FGFRs and Klb, which can be used to disentangle sites of action after pharmacologic 

treatment with endocrine FGFs. One limitation in our data set is that the ISH expression 

patterns identify cells likely to be responsive to FGF ligand stimulation, but do not identify 

potential non-somatic sites where FGF ligands are active in the brain. Techniques such as in 
situ ligand binding may reveal the pathways by which FGF19 and FGF21 elicit their putative 

central effects.

The central actions of FGF1, on the other hand, are complicated by its ligand-receptor 

biology: FGF1 is a pan-FGFR activator (Beenken & Mohammadi, 2009), and could 

therefore act on sites across the entire rostro-caudal axis of the CNS of all mammalian 

species that we have studied. Mechanistically, FGF1 appears to decrease food intake acutely 

and modulate peripheral blood glucose via hypothalamic astrocytes, tanycytes, and neurons 

(Ferguson & Johnson, 1991; Robins et al., 2013; Scarlett et al., 2016; Suzuki, Li, Akaike, & 

Imamura, 2001; Suzuki, Li, Ishisaki, et al., 2001). If FGF1 acts on FGFR3 in astrocytes, 

FGF1 may induce astrocyte activation, differentiation, and biosynthesis of apoE-HDL, with 

downstream consequences for local neural networks (G. Anderson & Maes, 2014; Ito et al., 

2005; Kang, Lee, Han, Choi, & Song, 2014; Pringle et al., 2003). Within the tanycyte layer, 

we observed distinct and heterogeneous expression of FGFR1 and FGFR3 in mouse (Fig. 9). 

Tanycytes lining the third ventricle are regarded as central sensors of circulating metabolites 

and glucose (Elizondo-Vega et al., 2015; Lopez-Gambero, Martinez, Salazar, Cifuentes, & 

Nualart, 2018). Notably, the ventral β-tanycytes are implicated in this sensing process, and 

also appear to directly respond to FGF1 agonism, potentially contributing the mechanism by 

which central FGF1 application can induce diabetes remission (Scarlett et al., 2016). This 

divergent expression pattern raises a few interesting questions: Do the different FGFRs in 

tanycytes govern acute food intake reductions versus prolonged diabetes remission after 

FGF1 treatment? Does centrally-delivered FGF1 stimulate tanycytes equivalently, or does 

each tanycyte subclass have specific signaling cascades dependent on the density of FGFR 

expression? Additionally, rodent brains contain detectable levels of endogenous FGF1 (Chen 
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et al., 2015; Lein et al., 2007; Miller, Ortega, Bashayan, Basch, & Basilico, 2000), but it is 

unclear if this depot plays a role in the control of energy and glucose homeostasis. Further 

studies on the acute versus chronic effects of FGF1 on the different astrocyte populations 

and tanycyte layers, as well as contributions from endogenous central FGF1, may reveal how 

these interactions contribute to type 2 diabetes remission.

4.4. Concluding remarks.

In summary, we have identified novel brain regions expressing FGFRs/Klb that are 

postulated to drive the anti-diabetic and anti-obesity actions of central FGF ligand action. 

While the mechanistic actions of central FGF ligand stimulation remains unresolved, our 

ISH mapping may provide more mechanistic insights into the receptor classes driving 

peripheral metabolic homeostasis. Further pharmacologic dissection of FGF ligand 

stimulation in the mammalian CNS alongside our FGFR/Klb map may shed additional light 

on this biological system and identify additional pharmacological targets for reducing the 

burden of obesity and type 2 diabetes.
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Figure 1. 
The negative control gene dapB (a1-a2) shows no RNAscope signal in the hypothalamus, 

whereas the positive control gene Mm-Polr2a (b1) exhibits near ubiquitous expression of 6–

10 dots/cell in the mouse brain (b2). Arcuate (ARC) nucleus-specific gene expression of 

Mm-NPY (c) is clustered along the 3V in the most mediobasal portion of this nucleus, 

whereas Mm-Pomc (d) is expressed more laterally and dorsally in the ARC. Scale bars = 

200 μm.
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Figure 2. 
dapB shows no expression in the liver using autostainer parameters outlined in Table 1 (a), 

whereas Mm-PPIB is expressed ubiquitously throughout this organ (b). Mm-Fgfr1c was 

only detected in a small number of cells (c), whereas Mm-Klb appears in most cells 

throughout the liver (d). Scale bars = 200 μm.
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Figure 3. 
Uniplex IHC demonstrated the specificity of three antibodies to detect neurons, astrocytes, 

and glia in the hippocampus. The anti-NeuN antibody labeled neurons in the granular layer 

of the dentate gyrus (GrDG, a), whereas anti-GFAP and anti-Iba1 antibodies labeled 

astrocytes (b) and microglia (c), respectively, in the molecular layer of the dentate gyrus 

(MoDG). Scale bar = 100 μm.
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Figure 4. 
Triple IHC for neurons (NeuN, teal), astrocytes (GFAP, purple), and glia (Iba1, green, open 

arrows) with three antibodies raised in rabbit. This experiment allowed us to demonstrate the 

distinct staining patterns for these cell classes simultaneously in the same sections. 

Representative images show lack of NeuN staining in classical white matter tracts that are 

nonetheless supported by glia and astrocytes (corpus callosum, cc, 3a), whereas the granular 

layer of the hippocampal dentate gyrus (GrDG) is packed with neural cell bodies (3b) 

interspersed with Iba1+ glia and GFAP+ astrocytes. In the ventromedial hypothalamus, 

ventrolateral portion (VMHVL), astrocytes supporting the blood-brain barrier around a 

capillary are shown in panel 3c (closed arrow). Panel 3d shows a higher magnification image 

of astrocyte-ensheathed blood vessels in the contralateral VMHVL (arrows). Scale bars = 25 

μm.
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Figure 5. 
Mm-Fgfr1c is expressed throughout the mouse CNS, with the most qualitatively robust 

expression observed in the mammillary body (MM, a), principal sensory nucleus of the 

trigeminal nerve (5N, b), and laterodorsal tegmentum (LDTg, c). These cells express so 

much Fgfr1 that the ISH staining appears to fill cell bodies, giving them a neuronal-like 

appearance. In food intake/energy balance governing centers, we observed consistent 

medium-high expression in the paraventricular hypothalamus (PVN, d), ventromedial 

hypothalamus (VMH, e), β2-tanycytes (inset, e), and nucleus of the solitary tract (NTS, f), 
but lower expression in the arcuate nucleus (ARC, e) or area postrema (AP, f). Scale bar = 

200 μm.
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Figure 6. 
While expressed in low levels in the entirety the mouse CNS (1–4 dots/cell), Mm-Fgfr2 
appeared the most concentrated in the subcommissural organ (sco, a). Additional 

representative Mm-Fgfr2 ISH staining is shown in the medial cingulate cortex area 29 and 

area 30 (b) and hindbrain (c). Scale bar = 200 μm.
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Figure 7. 
Mm-Fgfr3 is robustly expressed in the mouse CNS, as highlighted in the hypothalamus (a), 

hippocampus (b), and hindbrain (c). Scale bar = 200 μm.

Hultman et al. Page 24

J Comp Neurol. Author manuscript; available in PMC 2020 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
The central site of Mm-Fgfr4 expression was found in the lateral and medial habenula (a) 

and more concentrated in the subcommissural organ (sco, b). Scale bar = 200 μm.
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Figure 9. 
Tanycytes lining the 3V within the hypothalamus exhibit heterogeneous expression of 

FGFR1 (a-b) and FGFR3 (c-d): At −1.5 mm from bregma, β2-tanycytes at the base of the 

3V strongly express FGFR1 (arrows, a), whereas FGFR3 (C) is expressed much more 

homogenously in the entire tanycytic layer. In the caudal ARC (−2.1 from bregma), FGFR1 

expression is much more uniform (b), whereas FGFR3 at this level is highly expressed in the 

β1-α2 tanycyte transition zone (arrows, d). Scale bar = 250 μm.
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Figure 10. 
We observed occasional FGFR1+/NeuN+ neurons and FGFR2+/Iba1+ glia in the 

hypothalamus (ARC, VMH, DMH) and hippocampus, but these were a minority of observed 

total neuron or glial cell populations. GFAP+ astrocytes, on the other hand, consistently 

expressed high levels of FGFR3 (closed arrows, 8a), with the exception of astrocytes 

surrounding presumptive blood vessels (open arrows, 8b). Scale bar = 25 μm.
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Figure 11. 
Klb ISH signal was found predominantly concentrated in the suprachiasmatic nucleus (SCh, 

a), reticular thalamus (RTh, b), principal sensory trigeminal nucleus (5N, c), and facial nerve 

nucleus (7N, d). Expression using this technique showed occasional Klb+ cells in the 

anterior hypothalamus (AH, e, black arrows), paraventricular hypothalamus (PVN, e, black 

arrows), nucleus of the solitary tract (NTS, f, black arrows), and motor nucleus (XII, f, black 

arrows), but negligible expression elsewhere in the hypothalamus or hindbrain. Scale bar = 

200 μm.
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Figure 12. 
Mm-Fgfr1c (red) and Klb (brown) were found co-expressed in the suprachiasmatic nucleus 

(SCh, a), principal sensory nucleus of the trigeminal nerve (Pr5N, b), medial trigeminal 

neurons (Me5N, c), but not in the area postrema (AP, d). Pr5N and Me5N exhibited low 

expression of Klb (1–2 DAB+ dots/cell), but this expression pattern was consistent in all 

neurons assessed in these regions from N=3 animals. Scale bar = 200 μm.
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Figure 13. 
a: Using ddPCR, we detected 86±6, 166±13, and 5±3 copies of FGFR1/ng cDNA in the 

hypothalamus (black), cerebellum (gray), and liver (black), respectively. From these same 

samples, we were able to measure 0.9±0.1, 0.2±0.1, and 139±38 copies of Klb/ng cDNA in 

the hypothalamus, cerebellum, and liver, respectively. b: To validate our findings that the 

hypothalamus does indeed contain low levels of Klb expression, we titrated 50 ng of cDNA 

from liver samples (white) and compared the Klb copy yield to triplicate 50 ng reactions 

from the hypothalamus (black). We detected a mean of 52.4 copies of Klb/50 ng cDNA 

reaction in the hypothalamus, which was 4-fold higher than the lower limit of detection in 

liver samples (15.59 copies of Klb/0.06 ng cDNA reaction).
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Figure 14. 
Overview of AP and NTS in human and cynomolgous monkey hindbrain (a and b, 

respectively. Scale = 250 μm). Evident Fgfr1c ISH signal was found in the AP area of the 

cynomolgous monkey (b) and human (g) hindbrain, and scant Fgfr1C expression was 

observed in the NTS of both species (c and h, respectively). Klb ISH signal was only 

observed in a few numbers of cells in the human NTS (j), whereas no signal for Klb was 

observed in the cynomoglous AP or NTS (scale = 100 μm). Inserts in figure b-e and g-j 
show higher magnification of ISH signal (scale = 20 μm).
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Table 1.
User input protocol parameters for Ventana Discovery ULTRA or Discovery XT for 
uniplex or duplex ISH.

This table outlines user-modifiable protocol steps for two different tissue types (liver, brain), as well as two 

ISH assay (uniplex, duplex). All other steps in these assays are hard-programmed by the Ventana Discovery 

software and are not modifiable by laboratory staff.

ISH step Uniplex ISH (liver) Uniplex ISH (brain) Duplex ISH (brain)

Baking 32 min / 69°C 32 min / 69°C 32 min / 69°C

Deparaffinization Selected Selected Selected

Cell Conditioning 32 minutes / 97°C 24 minutes / 97°C 24 minutes / 97°C

Protease pretreatment 24 minutes / 37°C 12 minutes / 37°C 12 minutes / 37°C

Probe application 4 minutes / 37°C 4 minutes / 37°C 4 minutes / 37°C

Hybridization 2 hours / 43°C 2 hours / 43°C 2 hours / 43°C

AMP 1 (duplex only) - - 32 min / 39°C

AMP 2 (duplex only) - - 32 min / 39°C

AMP 5 32 min / 39°C 32 min / 39°C 4 min / 39°C

AMP 8 (duplex only) - - 4 min / 39°C
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Table 2.
ISH probes for mouse, cynomolgus monkey (NHP), and human.

Control and experimental probes used for ISH experiments. All probes are annotated based on NCBI 

accession number and a defined target region. The “Z pairs” column denotes the size of the hybridization 

scaffold that builds on a given transcript for fast red staining. All FGFR probes are considered pan-isoform 

with the exception of Mm-FGFR1, which was specifically designed to identify Mm-FGFR1c and not Mm-

FGFR1b.

Probe ACD Bio Cat. 
No.

Accession ID Target Region Z pairs Use/Specificity

dapB 312039 EF191515 414–862 10 Negative control (bacterial gene)

Mm-PPIB 313919 NM_011149.2 98–856 15 Positive control (high copy number)

Mm-Polr2a 312479 NM_009089.2 2802–3678 20 Positive control (low copy number)

Mm-NPY 313329 NM_023456.2 28–548 12 Positive control probe (brain)

Mm-Pomc 314089 NM_008895.4 19–995 10 Positive control probe (brain)

Mm-FGFR1-O1 454949 NM_001079909.2 87–4624 20 Designed for the 1c variant of FGFR1, and against 
the 1b variant #AF176552

Mm-FGFR2 443509 NM_010207.2 2–1677 18 Pan-FGFR2 probe

Mm-FGFR3 440779 NM_008010.5 511–1615 20 Pan-FGFR3 probe

Mm-FGFR4 443519 NM_008011.2 25–1953 17 No human cross-reactivity

Mm-Klb-O1 481219 NM_031180.2 2–1825 35 Designed for maximum signal amplification

Hs-PECAM 316729 NM_001032378.1 915–1827 20 Positive control (NHP and human)

Hs-FGFR1 310079 NM_023110 811–1832 23 Pan-FGFR1 for NHP and human

Hs-FGFR2 311179 NM_000141.4 1743–3033 25 Pan-FGFR2 for NHP and human

Hs-FGFR3 310799 NM_000142.4 536–3245 28 Pan-FGFR3 for NHP and human

Hs-FGFR4 506279 NM_002011.4 151–1690 13 No mouse cross-reactivity

Hs-Klb 445159 NM_175737.3 729–1680 20 Klb for NHP and human
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Table 3.
ddPCR probes.

All probes were purchased from Applied Biosystems

Probe Cat. No. Accession ID Exon Boundary Assay Location Amplicon Length

Mm-FGFR1 Mm00438990-m1 NM_001079909.2 9–10 1917 76

Mm-Klb Mm00473122-m1 NM_031180.2 1–2 824 113

Mm-NPY Mm01410146-m1 NM_023456.2 3–4 349 130

Mm-POMC Mm00435874-m1 NM_008895.4 2–3 285 60

Mm-HPRT Mm03024075-m1 NM_013556.2 2–3 276 131
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Table 4.
Relative density of central FGFR1–4 and Klb expression in mus musculus brain.

Qualitative estimates of FGFR1–4 and Klb ISH expression were based on hybridization signal strength from N 

= 5 animals. ++++: highest density (saturated ISH signal); +++: high density (10–12 dots/cell); ++: moderate 

density (6–10 dots/cell); +: low density (2–6 dots/cell); +/−: labeling inconsistently above background; −: no 

labeling.

Region Nucleus FGFR1 FGFR2 FGFR3 FGFR4 Klb

Cerebral Cortex Claustrum ++ +/− ++ − −

Dorsal endopiriform nucleus ++ +/− +++ − −

Insular, dysgranular (3, 4, and 6b) ++ +/− ++ − −

Insular, granular (3, 4, and 6b) ++ +/− ++ − −

Piriform +++ +/− +++ − −

Motor, primary (3, and 6b) ++ +/− ++ − −

Somatosensory, primary (3, 4, and 6b) ++ +/− ++ − −

Somatosensory, secondary (3, 4, and 6b) ++ +/− ++ − −

Retrosplenial, agranular (3, and 6b) ++ +/− ++ − −

Retrosplenial, granular (3, 4, and 6b) ++ +/− ++ − −

Perirhinal + +/− ++ − −

Ectorhinal + +/− ++ − −

Entorhinal +++ +/− +++ − −

Parasubiculum ++ +/− +++ − −

Lateral entorhinal ++ +/− ++ − −

Auditory, secondary (3, 4, and 6b) ++ +/− ++ − −

Temporal association (3, 4, and 6b) ++ +/− ++ − −

Forebrain Nucleus accumbens core ++ +/− + − −

Nucleus accumbens shell +++ +/− ++ − −

Caudate putamen + +/− + − −

Hippocampus and septum Ammon’s horn CA1 ++ +/− ++ − −

Ammon’s horn CA2 ++ +/− ++ − −

Ammon’s horn CA3 ++ +/− ++ − −

Dentate gyrus +++ + + − −

Lateral septal nucleus, intermediate +++ +/− ++ − −

Lateral septal nucleus, ventral +++ +/− ++ − −

Bed nucleus of the stria terminalis ++ − +++ − −

Thalamus Paraventricular nucleus, anterior ++ +/− +++ − −

Anteromedial nucleus +/− − +++ − −

Central medial nucleus +/− +/− +++ − −

Central lateral nucleus +/− + +++ − −

Interoanteromedial nucleus +/− + +++ − −

Paracentral nucleus +/− + +++ − −
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Region Nucleus FGFR1 FGFR2 FGFR3 FGFR4 Klb

Reticular thalamus − +/− ++ − +

Subparafasciucular nucleus ++ + +++ − −

Reuniens nucleus +/− +/− +++ − −

Submedial nucleus +/− +/− +++ − −

Ventral posterolateral nucleus + +/− +++ − −

Ventral posteromedial nucleus +/− +/− +++ − −

Lateral habenula ++ +/− + − −

Medial habenula ++ +/− + + −

Subcommissural organ + +++ − ++ −

Hypothalamus Medial preoptic area +++ + +++ − −

Median preoptic nucleus ++ + +++ − −

Lateral preoptic area ++ + +++ − −

Paraventricular nucleus ++ + +++ − +/−

Suprachiasmatic nucleus ++ + +++ − + + +

Supraoptic nucleus ++ + +++ − −

Anterior hypothalamic area, posterior + +/− +++ − +/−

Arcuate nucleus + +/− +++ − −

Median eminence + − + −

Ventromedial nucleus, central ++ +/− +++ − +/−

Ventromedial nucleus, dorsomedial +++ +/− +++ − +/−

Lateral hypothalamic area ++ + +++ − −

Dorsomedial nucleus, dorsal +++ +/− +++ − +/−

Dorsomedial nucleus, ventral +++ +/− +++ − −

Ventral premammillary nucleus ++++ + +++ − −

Posterior hypothalamic area ++ + +++ − −

Supramammillary nucleus ++++ + ++++ − −

β-tanycytes - rostral (−1.2 mm from bregma) ++ + + − −

β-tanycytes - mid (−1.6 mm from bregma) ++++ ++ ++ − −

β-tanycytes - caudal (−1.9 from bregma) ++ + + − −

α-tanycytes - rostral (−1.2 from bregma) + + ++ − −

α-tanycytes - mid (−1.6 from bregma) + + ++ − −

α-tanycytes - caudal (−1.9 from bregma) + ++ ++++ − −

Cerebellum ++ ++ ++ − −

Midbrain Precommissural nucleus ++ + +++ − −

Ventral tegmental area ++ + ++++ − −

Ventrolateral tegmental area ++ + ++++ − −

Substantia nigra, compact part ++ + +++ − −

Edinger Westphal nucleus +++ + +++ − −

Rostral linear nucleus + +/− ++ − −
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Region Nucleus FGFR1 FGFR2 FGFR3 FGFR4 Klb

Superior colliculus, deep gray ++ − ++ − −

Superior colliculus, superficial gray ++ − ++ − −

Deep mesencephalic nucleus ++ +/− +++ − −

Cuneiform nucleus +++ +/− +++ − −

Medial vestibular nucleus + + +++ − +

Lateral vestibular nucleus − + +++ − −

Lateral parabrachial nucleus ++++ + +++ − −

Medial parabrachial nucleus ++ + +++ − −

Medial trigeminal neurons +++ − ++ − +

Pontine reticular nucleus, caudal part ++ +/− +++ − −

Pontine reticular nucleus, oral part ++ +/− +++ − −

Supratrigeminal nucleus +++ + ++ − −

Principal sensory nucleus of the trigeminal nerve ++++ + ++ − −

Facial nucleus +++ − +++ − −

Hindbrain Area postrema +/− +/− + − +/−

Nucleus of the solitary tract +++ +/− ++ − +/−

Dorsal motor nucleus of the vagus +++ +/− ++ − −

Intercalate nucleus of the medulla ++ − ++ − −

Hypoglossal nucleus ++++ +/− +++ − +

Intermediate reticular nucleus ++ +/− ++ − −

Medullary reticular nucleus, ventral +++ +/− ++ − −

Medullary reticular nucleus, dorsal ++++ +/− ++ − −
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