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Abstract

The centrally-projecting Edinger-Westphal nucleus (EWcp) has been shown to contribute 

to regulation of multiple functions, including responses to stress and fear, attention, food 

consumption, addiction, body temperature and maternal behaviors. However, receptors involved in 

regulation of these behaviors through EWcp remain poorly characterized. On the other hand, the 

oxytocin peptide (OXT) is also known to regulate a substantial number of physiological responses 

and behaviors. Here we show that mRNA encoding OXT receptors (Oxtr) is expressed in EWcp 

of male and female C57BL/6J mice. These receptors are present on urocortin 1 (Ucn) mRNA-

containing neurons and, to a lesser extent, on neurons in EWcp expressing the vesicular glutamate 

transporter 2 (Vglut2) mRNA of EWcp. Using RNAscope in situ hybridization, we show that 

neurons containing Ucn and Vglut2 mRNAs are two intermingled, but independent subpopulations 

in EWcp and characterize their relationship with other populations of neurons in the vicinity 

of this nucleus. Using immunohistochemistry, we show that intraperitoneal (IP) administration 

of OXT can induce FOS in Oxtr-containing neurons, suggesting that these receptors on EWcp 

neurons are functional. A follow up study showed that injection of OXT (2.3 or 7.7 mg/kg, IP) 

is accompanied by a decrease in body temperature. Since EWcp is known to be involved in 

regulation of body temperature, we hypothesize that OXT’s effects on body temperature could 

be mediated through the EWcp. The contribution of OXTR in EWcp to regulation of various 

functions of EWcp and OXT needs to be deciphered.
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Introduction

Our understanding of relationships between various brain regions and their functions in 

behavior is continuing to expand. Relevant to this expansion is a developing appreciation 

that specific neuronal subpopulations within defined brain regions can have varied 

neurochemical nature and serve different roles. Such development is striking for the 

Edinger-Westphal nucleus (EW). Originally, EW was considered to be a parasympathetic 

cholingergic nucleus with very specific functions: constriction of pupil in response to 

light and lens accomodation, responses achieved through the innervation of ciliary ganglia 

(Edinger, 1855; Warwick, 1954; Westphal, 1887). While this narrow view was questioned 

early on, including by such visionaries as Ramon y Cajal (Cajal, 1995), this concept of 

the EW prevailed through the 20th century and is part of most neurology textbooks. This 

concept was finally challenged and revised when it was shown that EW contains other cells 

with projections to multiple brain regions (Bachtell et al., 2004; Loewy and Saper, 1978; 

Loewy et al., 1978) and does not contain markers for acetylcholine production in rodents, 

cats and humans (Cavani et al., 2003; Horn et al., 2008; May et al., 2008; Ryabinin and 

Weitemier, 2006; Weitemier and Ryabinin, 2005). As a result, the EW is now understood to 

refer to two populations of neurons: 1) the centrally-projecting EW (EWcp), which is not 

cholinergic, but is morphologically identical to the EW in human and rodent brain atlases, 2) 

the preganglionic EW (EWpg), which is cholinergic and anatomically well-defined in birds 

and monkeys (Kozicz et al., 2011).

While the EWpg serves its classical oculomotor function, the understanding of the functions 

of EWcp is less than clear. Early studies on EWcp, described its sensitivity to stress, alcohol 

and several other addictive drugs, and deduced its involvement in regulation of anxiety, 

depression, energy expenditure, thermoregulation and consummatory behaviors (Bachtell 

et al., 2002b; Bachtell et al., 1999; Bloem et al., 2012; Gaszner et al., 2004; Kozicz, 

2003; Kozicz and Arimura, 2001; Weitemier and Ryabinin, 2005). More recent studies also 

indicate a role in attention, vigilance, fear responses and maternal behaviors (Li et al., 2018; 

Lovett-Barron et al., 2017; Priest et al., 2021; Topilko et al., 2022; Zhang et al., 2019). These 

expanding views on the functions of EWcp suggest that it is an important hub structure 

needing further exploration.

As the name suggests, EWcp was found to project not to the ciliary ganglia, but instead to 

a large number of central regions. Early studies described major projections from EWcp to 

include the spinal cord, the central nucleus of amygdala, the bed nucleus of stria terminalis, 

lateral septum, dorsal raphe and others (Bachtell et al., 2003; Bittencourt et al., 1999; 

da Silva et al., 2013; Dos Santos Junior et al., 2015; Kozicz, 2003; Maciewicz et al., 

1984; Phipps et al., 1983; Weitemier et al., 2005). More recent studies suggest that the 

EWcp supplies major projections to the periaqueductal gray, caudate, lateral hypothalamus, 

supraoptic nucleus and other nuclei (Priest et al., 2021; Topilko et al., 2022).

The expanding views on the function and afferents of EWcp are paralleled by the increased 

appreciation for its neurochemical complexity. Thus, the most commonly known marker 

of EWcp neurons is urocortin 1 (UCN), a peptide of the corticotropin releasing family 

(Bittencourt et al., 1999; Vaughan et al., 1995). EWcp is the main source of UCN in 
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the brain (Kozicz et al., 1998; Weitemier et al., 2005; Wong et al., 1996). While no 

major neurotransmitters were identified as being expressed in UCN neurons, these neurons 

have also been shown to be one of the major brain sources of neuropeptide cocaine- and 

amphetamine-regulated transcript (CART) (Kozicz, 2003; Okere et al., 2010). Separate 

populations of neurons in the vicinity of EWcp were shown to contain tyrosine hydroxylase 

(TH) and vesicular glutamate transporter 2 (VGLUT2, also known as SLC17A6), a marker 

of glutamatergic neurons (Bachtell et al., 2002a; Fonareva et al., 2009; Spangler et al., 2009; 

Zhang et al., 2019). Some neurons in or near UCN were also found to contain the peptide 

cholecystokinin (CCK) (Innis and Aghajanian, 1986; Maciewicz et al., 1984). There appears 

to still be disagreement on whether CCK, UCN and VGLUT2 are markers for separate 

populations of neurons or could be co-expressed (Priest et al., 2021; Topilko et al., 2022; 

Zhang et al., 2019; Zuniga and Ryabinin, 2020).

The importance of EWcp for regulation of several functions requires attention to receptors 

that are expressed in this brain region. In agreement with its importance in regulation of 

energy expenditure and possible stress-related functions, earlier studies pointed to presence 

of ghrelin and leptin receptors in this brain region (Giardino et al., 2012; Scott et al., 2009; 

Spencer et al., 2012; Xu et al., 2009; Xu et al., 2022; Xu et al., 2011). Neurons of EWcp 

have also been shown to express estrogen beta receptors, suggesting potential sex-specific 

regulation of various functions (Derks et al., 2010). However, the receptor composition of 

neuronal populations of EWcp needs further exploration.

Here we describe the presence of receptors for oxytocin (OXT) in EWcp. OXT is 

nanopeptide well known to be involved in maternal behaviors, and more recently implicated 

in regulation of social behaviors, stress responses, nociception, food consumption, addictive 

behaviors and thermoregulation (Carter et al., 2020; Grinevich and Neumann, 2021; Lee et 

al., 2009). However, its receptors in EWcp have not been previously described. To bridge 

this gap in knowledge, we use RNAscope in situ hybridization (ISH) to investigate which 

neuronal populations in EWcp and its vicinity express OXT receptors (OXTRs). Since the 

relationship between various subpopulations of EWcp is a matter of disagreement, we also 

use RNAscope ISH to clarify the neuroanatomical relationships between several markers 

expressed in this area. To assess whether the OXTR receptors are functional, we tested 

whether peripheral administration of OXT results in FOS induction in EWcp neurons. 

Having identified EWcp as sensitive to administration of exogenous OXT, we tested whether 

administration of OXT is associated with hypothermic responses and FOS induction in 

EWcp.

Experimental Procedures

Animals.

Adult male and female C57BL/6J mice were obtained from Jackson Laboratories 

(Sacramento, CA, USA). They were housed in the main colony room at 4 per cage at 

12/12 light:dark cycle (lights on at 6:00 am) in standard “shoebox” cages (18.4 cm W × 29.2 

cm D × 12.7 cm H) in a temperature (20–22°C)- and humidity-controlled environment with 

food (LabDiet 5001; LabDiet) and water ad libitum prior to experiments for 1–2 weeks prior 

to experiments. All protocols were approved by the Oregon Health & Science University 
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animal care and use committee and performed within the National Institutes for Health 

Guidelines for the Care and Use of Laboratory Animals, as well as the Guidelines for the 

Care and Use of Mammals in Neuroscience and Behavioral Research.

RNAscope experiments.

To qualitatively characterize the presence of Oxtr mRNA in EWcp and to determine 

distribution of various markers in EWcp and its vicinity, we used 6 male and 6 female 10 

weeks-old mice. Care was taken to ensure that analysis for each gene would be performed 

in both male and female mice. Mice were perfused by 4% paraformaldehyde in 10 mM 

phosphate-buffered saline (pH=7.4, PBS) and postfixed in the same solution for 24 hours 

at 4°C. The tissue was then immersed in 20% sucrose, and subsequently 30% sucrose/PBS 

at 4°C until tissue saturation was achieved. The brains were then frozen in Optimal Cutting 

Temperature (OCT) embedding media in 2-methylbutane with dry ice, and stored in an 

airtight container at −80°C. Slices were cut with a CM1950 cryostat (Leica Microsystems, 

Inc., Deerfield, IL) at 12–15 μm thickness.

The RNA scope ISH is based on patented signal amplification and background suppression 

technology by Advanced Cell Diagnostics, Inc (ACD). We followed the manual for the 

RNAscope® Multiplex Fluorescent Reagent Kit v2 (Cat. No. 323100) for fixed frozen tissue 

mounted on slides. The validated probes for specific mouse mRNAs were designed by ACD 

and are listed in Table 1. The gene probes were combined with different fluorescent dies 

(Akoya Biosciences - FP1487001KT - Opal 520, Akoya Biosciences - FP1488001KT - Opal 

570) to enable double-labeling when needed. Autofluorescence and non-specific binding 

was eliminated by a 15 mins at 40°C incubation with RNAscope® Multiplex FL v2 HRP 

blocker (included in kit).

Slides were washed in PBS and baked for 30 minutes at 60°C. Sections were post-fixed 

by immersing the slides in prechilled 10% neutral-buffered formalin for at 4°C. Slides 

were then dehydrated through serial incubations in 50% ethanol (EtOH), 70% EtOH, 100% 

EtOH, then again 100% EtOH and air-dried for 5 min at room temperature. To improve the 

gene signal, fresh RNAscope® 1X Target Retrieval Reagent (included in kit 323100) was 

applied for a 5-minute incubation at 98–102°C. The hot slides were then transferred into 

distilled water and rinsed two times, followed by one rinse in 100% EtOH, before being 

air dried. A barrier around brain sections was drawn using ImmEdge Hydrophobic Barrier 

pen. RNAscope Protease III was applied to section for 30 min at 40°C to expose mRNA. 

Following this, slides were rinsed two times with distilled water. Incubation with each probe 

was done for 2 hours at 40°C. At the same time, sections were incubated with the 3-plex 

positive control probe (Cat No: 320881) and the 3-plex Negative Control Probe (Cat No: 

320871) with each assay. The slides were washed two times in the provided Wash buffer 

(ACD, 310091) for 2 minutes each.

Amplification and detection steps were performed using the RNAscope Multiplex 

Fluorescent Reagent Kit v2 for single-plex probes. Sections on slides were incubated with 

Amp1 and then Amp2 for 30 min at 40°C and then washed two times in Wash buffer for 2 

minutes each between both incubations. Amp3 was applied onto the sections for a 15-minute 

incubation at 40°C, followed by two washes in Wash buffer for 2 min each. The reaction 
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was developed with channel-appropriate solutions for 15 minutes at 40°C and then washed 

two times for 2 minutes each. For product detection, 50–100μL of diluted Opal 520/570 (1: 

2200) was added to each slide and incubated for 30 minutes at 40°C. The slides were again 

washed with Wash solution two times. For double labeling, steps starting with Amp1 to Opal 

520/570 were repeated. The slides were washed two times as described above, followed by 

the blocking procedure as mentioned above and washed two times as well. After the final 

two washes, each slice was immediately covered with 1–2 drops of ProLong Gold Antifade 

Mountant.

FOS immunohistochemistry after OXT injection—To test whether OXT 

administration results in FOS induction in EWcp, we performed an immunohistochemistry 

(IHC) experiment. The study was performed with 4 male and 4 females per treatment 

(8 weeks of age) during the light phase of the circadian cycle. Mice were habituated to 

daily intraperitoneal (IP) saline injections for 2 days prior to experiment. On the day of 

experiment, mice were injected either 7.7 mg/kg OXT (IP) or corresponding volume of 

saline. Ninety minutes after the injection, mice were euthanized by CO2, brains dissected 

and post-fixed in 2% PFA/1xPBS. Immersion rather than perfusion was used because it 

allows quicker dissection times and processing more brains at a time, which decreases 

batch effects. The rest of the IHC procedure was as described previously (Robins et al., 

2020). Brain slices were sectioned at 30 μm across the entire midbrain section corresponding 

to approximate Bregma levels from − 2.7 mm to − 4 mm. Nine representative sections 

were analyzed for each animal: 3 for anterior EWcp (~Bregma level −2.9 mm), 3 for 

middle EWcp (~Bregma level −3.3 mm) and 3 for posterior EWcp (~Bregma level 

−3.7 mm). Rabbit polyclonal anti-FOS antibody (F7799, Millipore-Sigma, St Louis, MO, 

1:12000 in PBS/Triton-100/Bovine Serum Albumin) was used as the primary antibody. 

Immunological reactions were visualized with the 3,3’-diaminobenzidine tetrahydrochloride 

substrate solution (Pierce DAB Substrate kit, ThermoFisher Scientific, Waltham, MA). 

Control reactions performed without the anti-FOS antibody did not result in presence of 

positive staining. FOS-positive cells were identified by intense dark nuclear staining. The 

number of FOS-positive cells were counted for each Bregma level (anterior, middle and 

posterior). The numbers for each level across of EWcp were averaged for each animal to 

obtain a single data point per Bregma level, which was used for statistical analysis. Two-

way repeated ANOVA (between-subjects factors: treatment and sex, repeated within-subject 

factor: Bregma level) was used to assess the effects statistically. Fisher PLSD was used 

as a post-hoc test. For this and subsequent quantitative analyses effects sizes are indicated 

by η2. In parallel to the FOS IHC experiment, a separate set of 2 male and 2 female 

mice underwent an identical experiment, but brains were collected for RNAscope ISH (as 

described in the section above) to qualitatively assess for colocalization of c-Fos mRNA 

with either Ucn mRNA or Oxtr mRNA.

Hypothermia experiment—To test whether activation of EWcp by OXT, manifested in 

FOS induction, was associated with changes in body temperature, a separate set of male 

and female mice (3 per sex per treatment) were tested for hypothermic effects of OXT 

after injection of 2.3 mg/kg, or 7.7 mg/kg of OXT, or 3 g/kg EtOH (positive control) or 

saline (8 weeks old, 3 mice per sex per treatment). Animals were habituated to saline 
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injections and two rectal body temperature measurements during the two days prior to the 

experiment. On the day of experiment, animals received corresponding injections and rectal 

body temperatures were assessed at 30 min and 90 minutes after injections. 2-way repeated 

ANOVA (between-subject factors: treatment and sex, within-subject factor: time) was used 

to analyze body temperature. Significant effects were followed by Fisher’s PLSD post-hoc 

tests. Animals were euthanized after the second body temperature measurement and IHC 

was performed to test whether the observed effects on body temperature were accompanied 

by changes in the number of FOS-positive neurons in EWcp. In these experiments, slides 

were coded such that the person performing the counts was unaware of groups assignment of 

analyzed images. FOS IHC was performed and analyzed as described above.

Results

Characterization of midbrain Oxtr expression and neuronal populations of EWcp.

Qualitative analysis of Oxtr mRNA localization by RNAscope ISH in the mouse midbrain 

revealed several prominent locations of its expression, such as the ventral hippocampus, 

amygdalohippocampal areas, several cortical areas, and the periaqueductal gray, especially 

its ventral portion, including the EWcp (Fig 1A–C). Since the cortical, amygdalar and 

hippocampal areas of Oxtr mRNA expression have been described in previous studies, we 

focused on the ventral central gray. Because EWcp is the major site of expression of UCN, 

we confirmed by RNAscope ISH that all Ucn-positive neurons of EWcp contained Oxtr 
(Fig 1D–F). The Oxtr mRNA was also expressed at what appeared a slightly lower levels in 

neurons surrounding the UCN EWcp neurons (Fig 1F, I).

The neurotransmitter nature of neuronal populations in the EWcp and its vicinity is 

still incompletely characterized and is a matter of controversy. Therefore, we performed 

RNAscope ISH to characterize independent populations of neurons in this area. Expression 

of paired markers was analyzed as separate images and as merged images to evaluate 

co-labelling. (Fig 2). We performed the characterization on a qualitative level in both male 

and female C57BL/6J mice across three major Bregma levels corresponding to anterior 

EWcp (sometimes also designated as pre-EW in atlases, Bregma level −2.9 mm), middle 

EWcp (also designated in atlases as pre-EW, Bregma level −3.3) and posterior EWcp 

(designated in atlases as EW, Bregma level −3.7) (Fig 3). No double labeled cells containing 

Ucn mRNA and Vglut2 mRNA were detected. Therefore, the population of UCN neurons 

of EWcp was independent of the population of VGLUT2 neurons. We noted, however, that 

Vglut2 mRNA-positive cells were at times intermingled with UCN neurons (Fig 2A–C, Fig 

3A–C). The Oxtr mRNA was also double-labeled with some of the Vglut2 mRNA-positive 

neurons (Fig 1H–J). The neurons expressing the mRNAs for peptides CART and CCK 

both completely overlapped with the UCN population (Fig 2D–F, Fig 3D–E). The Cck 
mRNA-containing neurons did not overlap with the Vglut2 mRNA-positive population (Fig. 

3F). Thus, the UCN/CART/CCK cells are independent from the local VGLUT2 neurons. 

The GABAergic neurons expressing Gad1 mRNA were located dorsolateral to Ucn mRNA-

containing neurons and were considered outside of EWcp (Fig 2G–I, Fig 3G). A few 

GABAergic neurons expressing Gad2 mRNA were detected within the EWcp, but they did 

not co-express Ucn mRNA. Lower intensity Gad2 mRNA-positive signal was also detected 
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dorsolateral to UCN neurons (Fig 3H). The tyrosine hydroxylase (Th) mRNA-positive 

neurons were rare and a few intermingled with Ucn mRNA-containing neurons (Fig 3I). The 

Choline acetyl transferase (Chat) mRNA -positive neurons in the oculomotor nucleus were 

completely independent from the UCN/CART/CCK neurons and were located lateral to the 

EWcp neurons (Fig 2J–L, Fig 3J–L).

The Oxtr mRNA-containing neurons respond to high doses of exogenous OXT
—To evaluate whether the OXTR in EWcp is functionally significant, we tested whether 

neurons of EWcp would be activated following an exogenous administration of this peptide. 

To test this possibility, we investigated FOS immunoreactivity in the midbrain of male 

and female mice (4 mice per treatment) following an IP injection of 7.7 mg/kg OXT (Fig 

4). Qualitative observations indicated that there was no noticeable FOS signal in areas 

that did not express Oxtr mRNA, such as substantia nigra (SNR, Fig 1A and Fig 4F). 

There was also very sparse induction of FOS in the hippocampal areas (Fig 4E), despite 

very high levels of Oxtr mRNA in them (Fig 1A). The EWcp (Fig 4A–C), as well as the 

periaqueductal gray (Fig 4D) were robustly responsive to OXT administration. A 2-way 

ANOVA performed on the number of FOS-positive cells in EWcp (Fig 5A,B) confirmed 

a significant effect of treatment on this number (F1,12=18.09, p=0.001, η2=0.60), with no 

effect of sex or sex by treatment interaction. There was also a significant effect of Bregma 

level on the number of FOS cells (F2,24=28.27, p<0.001, η2=0.72) as well as a significant 

Bregma level by treatment interaction on this measure (F2,24=4.64, p=0.02, η2=0.28), but 

no other interactions with the repeated factor. Fisher’s PLSD post-hoc analysis revealed that 

the effects and interactions of Bregma level were due to higher FOS numbers in posterior 

regions versus anterior regions and, as a consequence, significant differences between the 

saline and OXT groups in mid-EWcp and posterior EWcp (Fig 5A,B).

Qualitative RNAscope ISH analysis on an additional set of mice (2 mice per sex) confirmed 

that OXT induced c-Fos mRNA in Oxtr mRNA-containing and Ucn mRNA-containing 

neurons (Fig 4G–L).

Sensitivity of EWcp neurons to exogenous OXT is associated with hypothermic responses 
and FOS induction.

To test whether FOS induction in EWcp after OXT injections is associated with differences 

in OXT’s hypothermic effects, we assessed changes in body temperature after injections of 

2.3 or 7.7 mg/kg of OXT at 30 and 90 minutes after injection. As a positive control, we 

also studied effects of 3 g/kg of EtOH (3 g/kg, IP) at the same time points (Fig 5C,D). As 

expected, EtOH administration produced a robust hypothermic effect across both analyzed 

times. The higher dose of OXT produced a robust, but short-term hypothermic effect 

resulting in lower body temperature at 30 minutes, but not at 90 minutes post-injection. 

The lower dose of OXT, resulted in lower, but more varied, body temperature at 30 

minutes and did not produce hypothermia at 90 minutes post-injection. Two-way repeated 

ANOVA showed no overall significant effects of treatment or sex, or interactions between 

them. However, there was a significant effect of time (F1,16=24.40, p<0.001, η2=0.60) 

and a significant time by treatment interaction (F3,16=7.40, p=0.003, η2=0.58). Fisher’s 

PLSD post-hoc tests indicated highly significant decreases in body temperature at both 
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30 minutes (p=0.0022) and 90 minutes (p=0.011) after EtOH injection versus saline for 

both sexes. The 7.7 mg/kg OXT resulted in significantly lower temperature levels versus 

saline at 30 minutes in male (p=0.008) and female animals (p=0.003). The 2.3 mg/kg 

OXT resulted in statistically significantly lower body temperature in female animals versus 

saline at 30 minutes post-injection (p=0.015), but not in any other comparisons (Fig 5C). 

Following assessment of changes in body temperature, we also analyzed levels of FOS 

immunoreactivity in these animals. Both 2.3 and 7.7 mg/kg doses of the OXT resulted in 

significant FOS induction (Table 2). Injection of EtOH resulted in an even more robust FOS 

induction compared to OXT injections.

Discussion

These results demonstrate that UCN-containing neurons, and to a lesser extent VGLUT2 

neurons of the EWcp, express OXTRs. Based on our observation that exogenous 

administration of high doses of OXT results in FOS induction in these neurons, we suggest 

that these OXTR are functionally significant. This induction is accompanied by a reduction 

in body temperature, which suggest that OXT actions on these receptors could result in 

hypothermia.

In addition, our studies have clarified the composition of neuronal populations within and 

in the vicinity of EWcp. UCN and CART have been previously shown to colocalize in the 

EWcp and form its main group of neurons (Kozicz, 2003). On the other hand, while early 

research suggested that peptides UCN and CART are co-expressed with CCK in the EWcp 

(Giardino et al., 2012), other studies concluded that CCK neurons express Vglut2 mRNA 

(Zhang et al., 2019). This observation, in turn suggested that at least some of UCN neurons 

could express VGLUT2, and, therefore, could be glutamatergic. We find no evidence of 

Cck mRNA outside of Ucn mRNA-positive neurons of EWcp and no colocalization between 

the Cck and Vglut2. This finding is in agreement with more recent studies showing that 

UCN/CCK/CART neurons form a population of neurons distinct from Vglut2-positive 

cells, and, therefore, are unlikely to be glutamatergic (Giardino et al., 2012; Priest et al., 

2021; Topilko et al., 2022). Other neurons in the vicinity of EWcp are thought to produce 

acetylcholine, dopamine or GABA. The lack of colocalization between UCN and CHAT 

immunoreactivity was one the crucial reasons leading to identification of EWcp as a separate 

entity from the cholinergic EWpg (Horn et al., 2008; May et al., 2008; Ryabinin et al., 

2005; Weitemier and Ryabinin, 2005). The lack of colocalization between TH and UCN 

based on immunohistochemical evidence has also been discussed previously (Bachtell et 

al., 2002a; Spangler et al., 2009; Zuniga and Ryabinin, 2020). The lack of Gad1 and Gad2 
colocalization with UCN also suggests that UCN neurons are not GABAergic, a finding 

in agreement with recent conclusive evidence showing that UCN neurons of EWcp are 

one of a few neuronal populations that express peptides, but do not produce any major 

neurotransmitters (Priest et al., 2021; Topilko et al., 2022).

We show here for the first time, that OXTRs are present on UCN neurons of EWcp 

and, perhaps to a lesser extent on the VGLUT2 neurons in the region. OXTRs are seven 

transmembrane receptors signaling through the Galpha cascade. It is expected, therefore, 

that activation of OXTRs should result in activation of cells that express them (Grinevich 
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and Ludwig, 2021). Indeed, we observe here that IP administration of a OXT (2.3 or 

7.7 mg/kg) results in FOS induction in this area. This dose is higher than doses required 

to produce many behavioral effects (Carter et al., 2020; Grinevich and Neumann, 2021). 

However, OXT doses up to 10 mg/kg (IP) are anxiolytic in mice (Ring et al., 2006), 

which makes it unlikely that OXT produces c-Fos induction due to an unspecific stress-

like response to this administration. The other argument against non-specific effects of 

OXT is the selectivity of FOS induction in specific brain regions. Thus, hippocampus is 

known to respond to stressful stimuli. However, OXT-induced FOS in this brain region is 

minimal. There is controversy about how well and through what mechanisms peripherally-

administered OXT reaches specific brain regions (Bowen et al., 2011; Richard et al., 

1991). However, studies in mice definitively show that IP administration of OXT results 

in penetration of the labelled peptide into the brain (Smith et al., 2019). While we 

can’t completely exclude that activation of EWcp is an indirect consequence of OXT’s 

actions outside of this brain region, the presence of OXTR in EWcp and their activation 

by exogenously-administered OXT suggest that these cells respond to endogenous OXT. 

The main sites of OXT production in mammalian brain are the paraventricular nucleus, 

supraoptic nucleus and, to a lesser extent, accessory nucleus of hypothalamus. However, 

our knowledge of the neurocircuitry of OXT is currently undergoing substantial revisions, 

such that OXT is thought to mediate its actions not only through synaptic, but also non-

synaptic innervation and dendritic release (Grinevich and Ludwig, 2021).The source of OXT 

innervating EWcp needs to be determined.

Oxtr mRNA was robustly expressed in the Ucn-positive cells of EWcp, but was also 

present in nearby cells, some of which are Vglut2-positive. Both of these populations 

have been shown to contribute to thermoregulation. Thus, UCN immunoreactivity in EWcp 

correlates with hypothermic response to EtOH in “COLD” and “HOT” mice selectively-

bred for this response and in the heterogeneous F2 generation of B6 × D2 genetic cross. 

These findings suggest that UCN levels in EWcp are associated with EWcp activation-

induced hypothermia (Bachtell et al., 2002b). On the other hand, chemogenetic stimulation 

of Vglut2-producing cells of EWcp also results in hypothermia (Zuniga et al., 2021). 

Electrolytic lesions of EWcp, which do not distinguish between UCN and VGLUT2 

neurons of EWcp, inhibit EtOH-induced hypothermia (Bachtell et al., 2004). In the opposite 

direction, pharmacological inhibition on EWcp by local administration of muscimol and 

baclofen, which also does not distinguish between UCN and VGLUT2 neurons of EWcp, 

increased body temperature (Zuniga et al., 2020). Microinfusion studies suggest that the 

UCN neurons of EWcp contribute to hypothermia via release of UCN in the dorsal raphe 

(Turek and Ryabinin, 2005), but it is also possible that UCN- and Vglut2-positive neurons 

act in tandem to decrease body temperature. Our experiments are correlative in nature 

and do not establish that OXT acting on OXTR in EWcp regulates body temperature in a 

causative manner. However, they suggest this possibility.

Taken together, our studies show that UCN and VGLUT2 neurons in and around EWcp are 

two independent, but intermingled, subpopulations of neurons. Both of these populations 

express OXTR. Our studies suggest that this OXTR in EWcp is functional, such that its 

binding results in activation of these cells and is accompanied by physiological effects. 

Temporary hypothermia resulting from exogenous OXT could be due to effects on OXTR 
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in EWcp. The functional contribution of OXTR in EWcp to the roles of OXT and EWcp in 

behavior and physiological responses needs to be further understood.
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Highlights:

• The centrally-projecting Edinger-Westphal nucleus expresses oxytocin 

receptors.

• We confirm that urocortin neurons of EWcp are not glutamatergic.

• Exogenous oxytocin administration induces FOS in EWcp neurons.

• Oxytocin doses inducing FOS in EWcp lead to hypothermia.
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Figure 1. Oxytocin receptors in midbrain.
A. Oxytocin receptor (Oxtr) RNAscope in situ hybridization (ISH) in mouse brain at 

approximate Bregma position −3 mm at 2.5x objective magnification. The central rectangle 

outlines the EWcp. The hippocampus (HIPP) is outlined by a red line and substantia nigra 

(SNR) is outlined by a yellow line. B. A 5x objective magnification image of a subsection of 

Oxtr RNAscope ISH in mouse brain at Bregma position − 3 mm focusing on the EWcp area. 

C. A 20x objective magnification image of a subsection of Oxtr RNAscope ISH in mouse 

EWcp area. D. Double-labeling for Oxtr and urocortin 1 (Ucn) RNAscope ISH in the mouse 

EWcp area. Arrows point to complete colocalization of Ucn mRNA and Oxtr mRNA. E. 

Single channel of Double-labeling for Oxtr and Ucn RNAscope ISH in the mouse EWcp. 

Arrows point to complete colocalization of the two markers. F. Single channel image of Ucn 
RNAscope ISH in the mouse EWcp. G. Single channel image of Vglut2 RNAscope ISH in 

the mouse EWcp. H. Double-labeling for Oxtr mRNA and vesicular glutamate transporter 

2 (Vglut2) RNAscope ISH in the mouse EWcp. Arrows point to examples of occasional 

colocalization of Vglut2 mRNA and Oxtr mRNA. H. Double-labeling for Oxtr and Vesicular 

glutamate transporter 2 (Vglut2) RNAscope ISH in the mouse EWcp area. Arrows point to 
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occasional examples of colocalization of Oxtr mRNA and Vglut2 mRNA. I. Single channel 

image of Vglut2 RNAscope ISH in the mouse EWcp. J. Single channel image of Oxtr 
RNAscope ISH in the mouse EWcp. III identifies the location of the oculumotor nucleus.
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Figure 2. Examples of double labeling analysis by RNAscope ISH.
A, Merged image of Vglut2 and Ucn signals in the anterior EWcp. No colocalization was 

observed. B, Single channel image of Ucn signal. C, Single channel image of Vglut2 
signal. D, Merged image of Cart and Ucn signals in the anterior EWcp. Note complete 

colocalization. E, Single channel image of Ucn signal. F, Single channel image of Cart 
signal. G, Merged image of Gad1 and Ucn signals in the anterior EWcp. No colocalization 

was observed. H, Single channel image of Ucn signal. I, Single channel image of Gad1 
signal. J, Merged image of Ucn and Chat signals in the middle EWcp. No colocalization was 

observed. K, Single channel image of Chat signal. L, Single channel image of Ucn signal. 

III identifies the location of the oculumotor nucleus.
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Figure 3. Characterization of neuronal subpopulations in the EWcp and its vicinity.
Double-labeling studies performed by RNAscope ISH. A-C. Vglut2 and Ucn in EWcp at 

three different Bregma levels: Anterior EWcp, middle EWcp and posterior EWcp. D. Cart 
and Ucn in the anterior EWcp. E. Cck and Ucn in the middle EWcp. F. Vglut2 and Cck in 

the anterior EWcp. G. Gad1 and Ucn in the anterior EWcp. H. Gad2 and Ucn in the anterior 

EWcp. I. Th and Ucn in the middle EWcp. J. Ucn and Chat in the middle EWcp. K. Chat 
and Cart in the posterior EWcp. L. Chat and Cck in the posterior EWcp. III identifies the 

location oßf the oculumotor nucleus.

Li and Ryabinin Page 18

Neuroscience. Author manuscript; available in PMC 2023 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. FOS response to exogenous OXT administration.
A-F. FOS immunohistochemistry following administration of 7.7 mg/kg OXT (IP) in 

EWcp (A-C), periaqueductal gray (D), hippocampus (E), substantia nigra (F). Black arrows 

indicate examples of FOS-positive cells. G-I. RNAscope ISH for c-Fos and Oxtr mRNA. 

J-L. RNAscope ISH for c-Fos and Ucn mRNA. White arrows indicate examples of 

colocalization. III identifies the location of the oculumotor nucleus.
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Figure 5. FOS induction and hypothermia after exogenous OXT administration.
A,B. Quantitative analysis of FOS immunoreactivity in EWcp following administration of 

7.7 mg/kg OXT or saline in female (A) and male (B) mice across three Bregma levels. 

Post-hoc analyses: *p<0.05, **p<0.01 compared to corresponding saline group. C,D. Body 

temperature at 30 and 90 minutes after the injection of Saline, 2.3 mg/kg OXT, 7.7 mg/kg 

OXT or 3 g/kg of ethanol in female (C) or male (D) mice. Post-hoc analyses: *p<0.05, 

**p<0.01 compared to corresponding saline group.
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Table 1.

Probes used in the study.

Probe name Catalogue number

RNAscope® Probe- Mm-Ucn 466261

RNAscope Probe - Mm-Fos-C2 316921

RNAscope® Probe - Mm-Oxtr-C2 412171

RNAscope Probe - Mm-Slc17a6-C2 (Vglut2) 319171

RNAscope Probe - Mm-Chat-C2 408731

RNAscope Probe - Mm-Th-C3 317621

RNAscope Probe - Mm-Cck-C3 402271

RNAscope Probe - Mm-Cartpt-C3 432001

RNAscope Probe - Mm-Gad2-C3 439371

RNAscope Probe - Mm-Gad1-C3 400951

RNAscope Probe - Mm-Cck-C1 402271
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Table 2.

Number of FOS-positive cells following injection of oxytocin or ethanol and body temperature measurements.

Sex Saline 2.3 mg/kg 
Oxt

p= 7.7 mg/kg 
Oxt

p=
3 g/kg EtOH

p= 2-way ANOVA

Ant-
EWcp

F 2.22±0.29 5.89±2.08 .053 8.89±1.44 .034 27.22±2.80 <.001 Bregma level: F2,32=17.21, 
p<0.001, η2=0.58
Bregma level × treatment: 
F6,32=3.81, p=0.006, η2=0.42

M 2.00±0.58 9.67±3.15 7.89±1.16 15.89±3.75

Mid-
EWcp

F 1.89±0.40 13.33±6.36 .031 9.11±3.58 .057 31.89±6.15 <.001

M 1.56±0.48 10.89±4.39 12.44±3.62 21.56±6.78

Post-
EWcp

F 2.22±0.29 5.89±2.08 .006 14.67±2.87 .018 37.89±3.50 <.001

M 1.00±0.38 16.78±5.76 14.00±5.36 37.00±10.22

p values indicate LSD differences from the Saline group. Since there were no significant effects of sex and no significant sex by treatment 
interactions, post-hoc PLSD analyses were performed with data collapsed across sex. η2 indicates effect size.
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