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Abstract

:

Lateral hypothalamic area (LHA) neurons expressing the neuropeptide orexin (OX) are implicated in obesity and anxio-depression. However, these neurons release OX as well as a host of other proteins that might contribute to normal physiology and disease states. We hypothesized that delta-like homolog 1 (DLK1), a protein reported to be co-expressed by all OX neurons, contributes to the regulation of energy balance and/or anxio-depression. Consistent with previous reports, we found that all rat OX neurons co-express DLK1. Yet, in mice and humans only a subset of OX neurons co-expressed DLK1. Since human OX-DLK1 distribution is more similar to mice than rats, mice are a comparable model to assess the human physiologic role of DLK1. We therefore used a viral lesion strategy to selectively delete DLK1 within the LHA of adult mice (DLK1Null) to reveal its role in body weight and behavior. Adult-onset DLK1 deletion had no impact on body weight or ingestive behavior. However, DLK1Null mice engaged in more locomotor activity than control mice and had decreased anxiety and depression measured via the elevated plus maze and forced swim tests. These data suggest that DLK1 expression via DLK1-expressing OX neurons primarily contributes to anxio-depression behaviors without impacting body weight.
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1. Introduction


Obesity is highly coincident with depression and anxiety, suggesting a common biological link between these physiologic and psychiatric diseases. Obese adults have double the risk of developing depression [1,2,3] and depression is associated with increased risk of developing obesity-linked type 2 diabetes [4]. Depression also impedes obesity treatment, as individuals with depression are more likely to engage in excessive consumption of palatable and energy-dense foods but less in physical activity behaviors that prevent weight loss [5,6]. Obesity is linked with anxiety disorders as well [3,7], and diet-induced obesity promotes anxiety-like behavior and stress-induced hypothalamic-pituitary-adrenal (HPA)-axis activation [5]. Treating co-morbid obesity and psychiatric disorders is challenging, however, because antidepressants are less effective in alleviating symptoms for obese individuals [8,9,10]. Rodent obesity models replicate the link of obesity and mood disorders, making them useful to study the cause and connection of the diseases. For example, diet-induced obesity increases depression-like behavior, including reduced exploratory behavior in elevated plus maze (EPM) and open field tests along with increased immobility in the forced swim test (FST) [11]. A high saturated fat diet, similar to that of Western cultures, invokes obesity and also enhances anxiety and depression behaviors in rodents [12]. Thus, while rodents are clinically-relevant models to study coincident obesity and anxio-depression disorders, the molecular underpinnings of these diseases have yet to be defined.



The neuropeptide orexin (OX), also known as hypocretin, may be a common link to obesity and anxio-depression. OX is produced by a small population of neurons found exclusively within the lateral hypothalamic area (LHA) but which project widely throughout the brain [13]. As a result this modest “OX neuron” population exerts an outsized impact on physiology and behavior. The OX peptide is a critical factor for arousal [13], and hence for other wake-dependent behaviors that impact body weight, including feeding and locomotor activity. Due to this linkage, genetic loss of OX peptide causes narcolepsy, but also leads to diminished physical activity and energy expenditure that prompts weight gain and increased risk for type 2 diabetes [14,15,16,17,18,19,20,21,22]. OX may also impact energy balance via modulating sympathetic outflow and brown adipose tissue (BAT) thermogenesis that can beneficially promote oxidative metabolism and weight loss [23,24]. Together, these data support a role for OX neurons in the development of obesity. OX signaling has been separately studied in the context of psychiatric disease, where it promotes anxiety-like behaviors in rodents, such as decreased time spent in the light portion of light-dark box or open arms of the EPM [25,26,27]. By contrast, inhibition of OX signaling or chemogenetic inhibition of OX neurons reduces anxiety and panic-like behaviors [28,29,30,31,32], suggesting contributions of OX and other signals co-expressed by OX neurons. While there is conflicting data on how OX neurons contribute to depression in humans [33,34,35], it is widely accepted that hyperactive OX neuronal signaling contributes to panic disorder [29,31,36]. Thus, strategies to diminish signaling via OX neurons may be useful to treat anxio-depressive disorders, and perhaps obesity. Blunting OX function might seem counterintuitive for promoting weight loss based on reports that genetic deletion of OX reduces arousal, BAT differentiation and thermogenesis that lends to weight gain [37,38,39,40,41,42,43,44]. However, such developmental deletion may derange normal formation of the nervous system and may not reflect the roles of OX neurons in the adult brain. Moreover, loss of OX peptide from intact OX neurons does not alter body weight [38], suggesting that the composite signaling from OX neurons (e.g., other signals released from OX neurons) regulates energy balance. Given the vital role of OX for arousal, however, general blockade of OX signaling may not be ideal for treating obesity and linked psychiatric disorders. Alternatively, blocking specific OX pathways and/or other signals originating from OX neurons might improve anxio-depression while supporting sufficient OX-tone to achieve weight loss without adverse side effects.



In addition to OX peptide, OX neurons co-express glutamate, dynorphin and proteins such as IGFBP3, neuronal pentraxin (NARP/Nptx2), Lhx9 and the atypical Notch ligand Delta-like homolog 1 (DLK1) [45,46,47,48,49]. Roles of glutamate and dynorphin peptide signaling via OX neurons have been explored [50,51,52] but the roles of the other co-released proteins remain enigmatic. Here we examined the role of DLK1 (also known as pre-adipocyte factor 1 or Pref-1), which is commonly cited as being co-expressed within OX neurons although its function via OX neurons is unknown. DLK1 is an imprinted gene, meaning that only the paternally inherited copy is expressed [53]. While DLK1 is widely expressed in embryonic development and is critical for it [54], there is a much more restricted pattern of DLK1 expression in adults [55]. The function of DLK1 is best understood in adipose development, where it is important for maintaining white adipocytes in an undifferentiated state, and also inhibits thermogenic action in brown adipose tissue [54,56,57,58]. Yet, a role is also emerging for DLK1 in central regulation of energy balance and mood. First, upregulation of genes within the DLK1-DIO3 locus on chromosome 14 are implicated in Prader-Willi syndrome, a developmental disorder in which severe hyperphagia causes children to become obese [59]. Developmental deletion or constitutive over-expression of DLK1 alters anxiety behavior and energy balance in adults [57,60,61] and DLK1 has been implicated in suicide behavior [62]. While most studies have focused on developmental roles of Notch ligands including DLK1, recent work demonstrates a role for Notch signaling in the adult olfactory system and amygdala [63,64]. To our knowledge, these were the first demonstrations that Notch ligands regulate physiology and behavior via the established nervous system. Given that DLK1 remains abundantly expressed in OX neurons of adult rodents [65,66], we hypothesized that DLK1 may contribute to the physiology and behavior regulated by these neurons. Here, we investigated the expression of DLK1 in the LHA during adulthood, and whether it contributes to energy balance and anxio-depressive behaviors attributed to OX neurons.




2. Materials and Methods


2.1. Animals


Male C57BL/6J mice (The Jackson Laboratory, Stock #000664) and Sprague Dawley rats (Charles River, Strain #400) were used for assessment of Orexin and DLK1 expression (Figure 1 and Figure 2). For all other experiments, we generated study mice by breeding male heterozygous Dlk1flox/+ mice (The Jackson Laboratory, Stock #019074) with female C57BL/6J mice to generate Dlk1+/+ and Dlk1flox/+ mice. Dlk1 is imprinted and is only expressed from the paternal allele, hence we only bred male Dlk1flox/+ mice to generate flox mice, but studied all male and female Dlk1flox/+ progeny similar to previous reports with this line [65]. Our studies were not powered to detect sex differences so data from both sexes was pooled. While we did not observe sex-dependent effects we cannot rule out that they exist, and may account for some of the variability in our behavioral data. Mice were bred and maintained on a 12-h light/12-h dark cycle. Unless specifically noted, mice had ad libitum access to chow (Harlan Tekland #7913), water, nestlets and enrichment habitats. All protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at Michigan State University in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care and National Institutes of Health guidelines.



Tail biopsies were collected between 2–3 weeks of age to genotype all potential study animals. Extracted tail DNA was analyzed via polymerase chain reaction (PCR) with the following primers to identify Dlk1flox/+ mice for studies. 15412: 5′ AGA TTC CCC CAC CTC CAA C 3′; 15413: 5′ TTC CCA AAC TGG ACA TGA GC 3′.




2.2. Human LHA Tissue


Brain tissue dissections were supported by generous donations to the Michigan State University Willed Body Program. Tissues were held in fixative for up to 16 years. “The Human Brain Atlas” (http://brains.anatomy.msu.edu/brains/human/index.html) was used to guide dissection of tissue from the LHA from three neurologically normal adult brains. A freezing microtome was used to generate four series of 30 µm sections from each sample, one of which was analyzed for DLK1 and OX via immunofluorescence, as described below.




2.3. Immunofluorescence


Rats were anesthetized and perfused with 4% paraformaldehyde (PFA). At Zeitgeber-Time 15 (ZT15, 3 h post lights off) mice were anesthetized via intraperitoneal (i.p.) pentobarbital overdose, then were perfused with 4% PFA ± 0.4% picric acid consistent with prior methods [65,66]. Both fixatives yielded comparable percentages of DLK1-positive neurons (data not shown), but addition of picric acid improved the signal-to-noise ratio and analysis, so this fixation method was used for all mouse images shown herein. Brains were removed and post-fixed overnight in the same fixative, followed by dehydration in 30% sucrose/PBS. Brains were sectioned coronally at 30 µm into four equal series spanning the entire brain, and one series was utilized for immunofluorescence. For detection of DLK1 in mouse and human LHA, we first performed antigen retrieval as described by Meister et al. [65]. Briefly, sections underwent three 8-min PBS washes followed by 30 min incubation in 10 mM sodium citrate solution with 0.05% Tween 20 at 80 °C. After three PBS rinses, all brain sections were blocked in normal donkey serum (Jackson ImmunoResearch, #017-000-121) and exposed to primary antibodies per our published protocol [67]. Primary antibodies included DLK1 (mouse, 1:100, sc-376755) and Orexin (goat, 1:1000, sc-8070) from Santa Cruz Biotechnology, Dallas, TX, USA). For detection, sections were exposed to species-specific secondary antibodies conjugated to Alexa-568 (1:200, cat# AB_2534017, Thermo Fisher, Waltham, MA, USA) or Alexa-488 (1:200, #703-545-155, Jackson ImmunoResearch, West Grove, PA, USA). Sections were mounted onto slides, coverslipped and analyzed using an Olympus BX53 fluorescence microscope outfitted with FITC and Texas Red filters. Images were collected using Cell Sens software and a Qi-Click 12 Bit cooled camera, and analyzed using Photoshop software (Adobe). Any adjustments of brightness and/or contrast were applied uniformly to all samples. Counts of Orexin and DLK1 were performed from all Orexin-containing sections. Briefly, 10× microscopy images were viewed in Photoshop and used to count each co-labeled neuron, as well as neurons labeled for only DLK1 or only OX. Graphed data represents the average percentage of co-localized DLK1 and OX neurons, n = 8 mice.




2.4. Western Blotting


Adult age-matched C57/BL/6J male mice were fed ad libitum or fasted for 24 h (n = 3 per condition). Concurrently, adult age-matched C57/BL/6J male mice were euthanized either during the day (ZT8) (n = 3) or at night (ZT15) (n = 4). The brains were placed in a stainless-steel brain matrix on ice and used to microdissect out the LHA, which was snap-frozen on dry ice and stored at 80 °C. Samples were lysed in RIPA Lysis Buffer and protein concentrations were determined using a BCA protein assay kit. Equivalent volume samples were separated on BOLT 10% Bis-Tris Plus gels and transferred onto PVDF membrane. The membranes were rinsed with TBST, incubated in blocking solution and then incubated overnight at 4 °C in blocking solution and antibodies against DLK1 (mouse, 1:100, sc-376755Santa Cruz Biotechnology, Dallas, TX, USA).) and Beta-Tubulin (rabbit, 04-1049, MilliporeSigma, Burlington, MA, USA). The predominant form of DLK1 in the LHA is a cleaved, soluble protein presenting at 30 kDa, consistent with prior reports of DLK1 in brain tissue [68]. Beta-Tubulin (55 kDa) was used as a loading control to check that all lanes in the gel contain the same amount of sample and to verify the amount of protein present in the sample. Membranes were incubated in HRP-conjugated secondary antibodies diluted in 5% non-fat milk/1× TBST for 1 h at room temperature, followed by washes and chemiluminescent detection (Advansta, Thermo Fisher, Waltham, MA, USA). Image J software was used to analyze densitometry.




2.5. Preparation of Control and DLK1Null Mice for Studies


Male and female Dlk1flox/+ mice (8–10 weeks) received meloxicam (5 mg/kg, s.c.) prior to stereotaxic injection of either AAV1-hSyn-H1-eGFP-Cre (subsequently referred to as AAVcreGFP, University of Pennsylvania Vector Core) or AAVeGFP virus into each side of the LHA (400 nL per side, A/P: −1.34, M/L: ±1.05, D/V: −5.2). For gene expression analysis, mice received either AAVeGFP (Control n = 5) or AAVcreGFP (DLK1Null n = 6); then, 8 weeks later, the LHA was collected from each side of the brain as previously described [69]. Each LHA hemisphere was analyzed as a separate sample. RNA was extracted using TRIzol (Thermo Fisher, Waltham, MA, USA) and 200 ng from each sample was converted to cDNA using the SuperScript first-strand synthesis system for RT-PCR (Invitrogen). Sample cDNAs were analyzed in triplicate via quantitative RT-PCR for gene expression of Dlk1, Ox and Gapdh (internal control) using TaqMan reagents (Invitrogen). Fold expression was calculated relative to AAVeGFP injected LHA samples (control) using the 2−∆∆Ct method. Three samples did not yield sufficient RNA for analysis and were excluded, resulting in Control n = 8, DLK1Null n = 11.



Separate cohorts of mice received LHA injections, then were individually housed and assessed weekly for food intake and body weight over 8 weeks. At 12 weeks post-surgery, the mice were analyzed via metabolic phenotyping, followed by a battery of behavioral tests (sucrose preference, open field, elevated plus maze, forced swim test) as equipment and scheduling permitted. As a result, mice underwent behavioral testing at different ages, but we did not observe any behavioral differences suggestive of age-dependent effects. All studies were completed by 42 weeks post-surgery (52 weeks of age), at which point, the mice were perfused with fixative and brains were assessed via immunofluorescence for DLK1, as described above. DLK1Null mice were only included in the final study data if post hoc immunofluorescence microscopy confirmed loss of DLK1 confined to the LHA. Controls were only included if DLK1 was intact in the LHA. This resulted in Control n = 7, DLK1Null n = 15 mice for all metabolic and behavioral datasets.




2.6. Metabolic Phenotyping


Body composition was measured 12 weeks post-surgery using a nuclear magnetic resonance-based instrument (Minispec mq7.5, Bruker Optics, Billerica, MA, USA). Mice were then acclimated in TSE Cages (PhenoMaster, TSE Systems, Chesterfield, MT, USA) for 24 h, followed by 3 days of continuous measurement of food and water intake, locomotor activity, energy expenditure and respiratory exchange ratio (RER). The final 24-h cycle was used for data analysis. Ambient temperature was maintained at 20–23 °C and the airflow rate through the chambers was adjusted to maintain an oxygen differential around 0.3% at resting conditions.




2.7. Sucrose Preference


Mice were single-housed for at least 1 week prior to 2-bottle choice testing for water vs. 1% sucrose solution as described previously [67]. Graphed data represent the average amount of consumed sucrose, water consumed, and sucrose preference over 2 days.




2.8. Open Field and Amphetamine-Induced Locomotor Activity


Locomotor activity was assessed during the light cycle in open field chambers, with an overhead digital CCD camera and video tracking software (CleverSys). First, to test novelty-induced locomotor activity, each mouse received an i.p. injection of PBS, was placed into the middle of the chamber and activity was tracked for 30 min. Mice were then treated with D-amphetamine hydrochloride (4 mg/kg, i.p., Cayman Chemical, #14204), placed back in the chambers and monitored for an additional 60 min.




2.9. Elevated Plus Maze (EPM)


Mice were acclimated for 1 h in the testing room under red light. For testing, a mouse was placed in the middle of the maze with its head pointed toward a closed arm. Ambulatory movement was tracked for 5 min using an overhead CCD camera and video tracking software (CleverSys, Reston, VA, USA). The maze was sanitized between each test. Graphed data represent the average percentage of their time spent in the open or closed arms of the maze.




2.10. Forced Swim Test


Each mouse was placed in a cylinder of room temperature water and filmed via an overhead CCD camera. Mice were removed after 240 s and returned to their home cage. Videos were viewed and manually scored to measure the amount of time spent mobile, which was defined as any movements other than those necessary to balance the body and keep the head above the water. While it is possible to measure the immobility time directly, we found it easier to detect and measure active movements rather than the lack of such movements. Immobility time was then calculated by subtracting the total amount of mobility time from the total test time.




2.11. Data Analysis


Unpaired Student’s t-tests, one-way analysis of variance (ANOVA), and area under the curve (AUC) analyses were calculated using GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA). Error bars depict ± SEM. The alpha value for statistical analysis was 0.05 and differences were considered to be significant for p < 0.05.





3. Results


3.1. DLK1 Protein Is Expressed in a Subset of Orexin Neurons in Mice


First, immunofluorescence microscopy was used to assess the distribution of DLK1 protein within OX neurons of the LHA. Previous reports from rats indicated that DLK1 is present in all OX neurons [65], and we confirmed complete overlap of DLK1 and OX protein expression in Sprague Dawley rats (Figure 1A, yellow arrows identify representative DLK1 + OX neurons). In mice, however, this method only identified DLK1 within a subset of OX neurons (Figure 1B, yellow arrows). Mice also had OX neurons that did not contain bright DLK1 immunoreactivity (Figure 1B, red arrows). These species differences in the distribution/abundance of DLK1 in OX neurons prompted us to analyze human post-mortem LHA tissue to determine if the human distribution of DLK1 protein within OX neurons is similar to mice or rats. Immunofluorescent analysis of human LHA demonstrated that DLK1 is present in some, but not all, OX-expressing neurons (Figure 1C, yellow arrows). As in mice, human LHA tissue also contained some OX-labeled neurons that did contain DLK1 (Figure 1C, red arrows). Taken together, these data suggest that mice are a closer model of the DLK1 distribution found in human OX neurons, and thus are more clinically relevant for probing the role of DLK1 in LHA OX neurons. We therefore assessed the extent of DLK1 and OX co-immunoreactivity within the mouse LHA. DLK1 was equally distributed throughout the mouse LHA and was not associated with any particular subregion of OX-expressing neurons (Figure 1D). Nearly all DLK1-expressing neurons also contain OX, whereas approximately half of all OX-expressing neurons contained visible, high levels of DLK1 protein (Figure 1E). We subsequently refer to mouse OX neurons that co-express DLK1 as “OXDLK1 neurons” to differentiate them from the neurons that only contain OX and not DLK1 (“OXOnly neurons”).




3.2. DLK1 Protein Expression Is Regulated in the LHA


OX neurons have been implicated in energy balance and arousal, and OX expression is increased by fasting and during times of enhanced arousal/alertness [70]. We reasoned that if DLK1 expressed within OXDLK1 neurons contributed to these facets of physiology, then DLK1 expression might also be regulated by energy status or during time periods typical of sleeping vs. wakefulness. DLK1 exists in a cleaved and soluble 30 kDa form in the brain [65], which we similarly observed within the LHA (Figure 2A,B). Fed and fasted mice exhibited similar DLK1 protein expression within the LHA, suggesting that energy status does not alter DLK1 expression (Figure 2A). However, DLK1 protein expression was upregulated in the LHA during the night compared to the day (Figure 2B, Day = 1.00 ± 0.04, Night = 1.14 ± 0.02, p < 0.05). Hence, the regulation of LHA DLK1 protein expression across the light/dark cycle in the LHA suggests that DLK1 may play a role in arousal/alertness behaviors that are known to be modulated via OX neurons.




3.3. Genetic Deletion of DLK1 from the LHA of Adult Mice Does Not Compromise OX Expression


Given that DLK1 protein is strongly expressed within a subset of OX neurons, and is regulated by physiological stimuli, we hypothesized that DLK1 contributes to the physiology mediated via OX neurons. To explore the necessity for DLK1 in the adult mouse brain, we used a viral-genetic method to site-specifically deplete DLK1 in the LHA of adult mice (Figure 3A). Adult DLK1flox/+ mice received AAVeGFP in the LHA so as to leave DLK1 intact (Control mice). DLK1flox/+ littermates were injected with AAVcreGFP, whereby cre-mediated recombination deleted DLK1 expression within the LHA (referred to as DLK1Null mice). As DLK1 is paternally expressed, we only used DLK1flox/+ mice that inherited the DLK1 gene from the sire, but were able to study all heterozygous progeny consistent with prior studies using this line [71]. Within 2 weeks of AAV injection, this method depleted DLK1 within the LHA of DLK1Null mice compared to controls (Figure 3B). We therefore generated cohorts of Control and DLK1Null mice, assessed them via a battery of metabolic and behavioral phenotyping and then examined their brains for DLK1 expression. Post hoc analysis confirmed that these Control mice retained LHA DLK1 protein expression throughout the duration of our studies, but DLK1Null mice had visibly reduced DLK1 expression (Figure 3C). However, Control and DLK1Null mice exhibited similar expression of OX throughout the study, indicating that the genetic depletion method did not reduce DLK1 secondary to damage/ablation of OX neurons (Figure 3D). In a separate cohort of mice analyzed for LHA gene expression, the DLK1Null mice had significantly less Dlk1 expression compared to Controls (Figure 4A) but retained normal Ox expression (Figure 4B). Taken together, these data confirm that our viral deletion strategy specifically depleted DLK1 within the LHA of adult mice without compromising OX expression or the viability of the neurons. Thus, comparing Control and DLK1Null mice can reveal the contribution of LHA DLK1 to physiology and behavior.




3.4. Genetic Deletion of DLK1 from the LHA Does Not Alter Energy Balance


Given the important contribution of OX neurons to maintaining energy balance, and that DLK1 is expressed in approximately half of all OX neurons, we reasoned that loss of LHA DLK1 might impact energy homeostasis. However, we found no differences in the percentage of body fat, body weight or food consumption between Control and DLK1Null mice (Figure 5A–C). Control and DLK1Null mice had similar metabolic profiles in terms of RER (Figure 5D). Thus, despite the vital role of OX neurons for energy balance, and that DLK1 is expressed in the OXDLK1 subset, DLK1 expression is not necessary for regulation of energy homeostasis. Interestingly, DLK1Null mice engaged in significantly more locomotor activity than Control mice while in metabolic cages (Figure 5E, p < 0.05), but this did not lead to elevated energy expenditure. This finding suggests that DLK1 may contribute to behaviors that require locomotor activity, although the movement is not sufficient to modify metabolism and body weight.




3.5. Genetic Deletion of DLK1 from the LHA Does Not Alter Reward Behavior


OX neurons modulate goal-directed behaviors to obtain natural and drug rewards [70,72], hence we reasoned that loss of DLK1 expression from OXDLK1 neurons might impact reward behaviors. However, loss of LHA DLK1 did not alter the amount of palatable sucrose solution (a natural reward) or water consumed, nor did it alter sucrose preference in DLK1Null mice compared to Controls (Figure 6A–C). Since OX neurons are well established to project to and modulate the activity of dopamine neurons that govern reward behaviors [72,73], we next examined whether loss of LHA DLK1 (including from OXDLK1 neurons) impacted the mesolimbic dopamine system. To test this, Control and DLK1Null mice were treated with amphetamine, which causes release of all mesolimbic dopamine into the synaptic cleft and produces locomotor activity commensurate with the function of the dopamine system. Amphetamine-induced locomotor activity assessed in open field chambers was not significantly different between Control and DLK1Null mice (Figure 6D,E). These data suggest that DLK1 expression in the LHA is not required for natural reward behavior or dopamine-mediated locomotor activity.




3.6. Genetic Deletion of DLK1 from LHA Neurons Diminishes Anxiety Behavior


OX neurons are implicated in anxiety and depression, hence we explored whether loss of DLK1 expression from OXDLK1 neurons might contribute to these states. As expected, Control mice spent more time in the closed arms of the EPM vs. the open arms, as the open areas are considered to be an anxiety-producing environment. In contrast, DLK1Null mice spent more time in the open arms of the EPM compared to Controls, suggesting that loss of LHA DLK1 might reduce anxiety behavior (Figure 7A, Control Closed Arm = 9.8 ± 2.5% vs. DLK1Null Closed Arm= 52.6 ± 5.5%; Control Open Arm = 67.2 ± 5.1% vs. DLK1Null Open Arm = 30.3 ± 6.8%, p < 0.05). However, given the increased locomotor activity of DLK1Null mice in home cage-like metabolic cages, we reasoned that DLK1Null mice might have spent more time in the open arms simply because they move more. To explore this possibility, we assessed locomotor activity in open field boxes, which have been used to characterize hyper-locomotor phenotypes. We did not observe any significant differences in the time Control and DLK1Null mice spent in the center vs. the periphery of the boxes (not shown) nor in their overall distance traveled (Figure 7B). These data suggest that lacking LHA DLK1 does not promote excess locomotor activity in a novel environment, and hence, the increased open arm activity in the EPM is not a side effect of general hyperactivity. Lastly, we tested Control and DLK1Null mice via the forced swim test, in which time spent immobile is indicative of anxious or depressed behavior. DLK1Null mice spent significantly less time immobile than Control mice (Figure 6C, Control = 97.1 ± 10.41, DLK1Null = 23.6 ± 8.9, p < 0.0001). In sum, these data suggest that LHA DLK1 plays an anxio-depressive role, and that decreasing DLK1 expression in the LHA can reduce anxiety and depression behavior.





4. Discussion


OX neurons are specific to the LHA and are defined by their expression of OX peptide, which contributes to energy balance and anxio-depression. Yet, OX neurons also contain myriad releasable proteins that might contribute to these processes. Here, we explored how one such protein, DLK1, is co-expressed with OX in the adult brain, and then performed LHA-specific depletion to assess its necessity for physiology and behavior. Our data suggest that DLK1 in the established LHA contributes to anxio-depression but not energy balance. These data are, to our knowledge, the first to describe a functional role for DLK1 in the LHA, and suggest that modulating DLK1 may mediate specific aspects of the diverse physiology attributed to OX neurons.



Our findings challenge the prevailing view that all OX neurons co-express DLK1 and reveal species differences in OX-DLK1 distribution. Prior reports demonstrated that DLK1 is expressed in the LHA of rats [65], where it is co-expressed in all OX neurons but not in other LHA neurons [65]. Using the same immunofluorescence technique, we also found that all rat OX neurons contained DLK1, and did not observe any LHA DLK1 neurons that lacked OX immunoreactivity. We therefore intended to use DLK1 as a proxy to detect all “OX neurons” in another study [70], so that we could detect neurons even after deleting OX expression. To our surprise, using the same DLK1 detection method in mice only revealed DLK1 expression in half of the OX neuronal population. We consistently observed this distribution of DLK1 in ~50% of OX neurons with various methods of fixation, with or without antigen retrieval treatment, and using multiple different antibodies against DLK1 (data not shown). Moreover, an independent report concurs that in mice the DLK1 protein is expressed in some, but not all, OX neurons [49]. The only methodological difference between our study and prior DLK1 immunolabeling studies is that we did not treat any of the rodents with colchicine prior to fixation. Colchicine blocks axonal transport to enhance the concentration of releasable proteins within soma so that they can be detected, and we concur that colchicine treatment is absolutely required to detect some LHA peptides that are not typically abundant within soma (for example, neurotensin) [70,74]. However, since prior authors reported that colchicine had no effect on the cellular distribution of DLK1 [65] and was not needed to concentrate DLK1 in the soma, there was no physiological rationale to use it. Since colchicine can also invoke cellular stress that artificially upregulates peptide expression, we did not want to potentially introduce this experimental artifact. Moreover, our data confirm that colchicine is not necessary for detection of DLK1 because we found identical, complete co-localization of DLK1 and OX in the brains of untreated rats, just as was reported in colchicine-treated rats. These findings support that rats and mice have different physiologic distributions of LHA DLK1 protein expression. This species difference is interesting but is not specific to DLK1: gene expression differs considerably between rats and mice as documented in previously published studies [74,75,76,77]. Given these species differences, we examined whether human LHA reflected the DLK1 distribution of rats, mice or neither. We found that the distribution of DLK1-OX in human LHA is more similar to mice than rats, suggesting that mice are the preferable rodent model to mimic the OX neuronal system within humans and to explore its function.



It has long been hypothesized that there are distinct populations of OX neurons within the LHA, and subsets of OX neurons have recently been distinguished via their electrophysiological signatures or connectivity [78,79]. Despite these functional differences, there was no known biological marker for distinguishing OX populations [80]. The enrichment of DLK1 protein in approximately half of all mouse OX neurons suggests that DLK1 may be used as a marker to distinguish between OX neuron populations in mice. Likewise, DLK1 has been used to distinguish other neuronal subgroups, including a subset of motor neurons with fast-acting biophysical properties [81]. However, DLK1 transcripts have been detected in all mouse OX neurons, and in many non-OX neurons [78]; this would seem to contradict our protein expression results and argues against DLK1 as a molecular marker of OX neuronal subsets. One possible explanation for this discrepancy is that all OX neurons may transcribe DLK1, but a translational or post-translational mechanism may only allow the protein to be expressed in certain OX neurons. Alternatively, we cannot rule out that there are differing levels of DLK1 expression in mouse OX neurons, such that neurons with high expression were readily detectable via immunofluorescence while those with low DLK1 expression could not be detected. Should this be true, such sizable differences in protein expression would still suggest functional differences between OX neurons (e.g., DLK1 high-expressing and low-expressing OX neurons), and hence, vouch that there are OX-DLK1 specified subsets.



DLK1 is commonly cited as a co-expressed protein within LHA OX neurons, but to our knowledge, ours is the first study to examine its functional role in the adult LHA. Here, we combined the use of the cre-lox system and site-specific AAV injection to selectively deplete DLK1 within the LHA of adult mice so as to reveal its physiologic necessity. Given that DLK1 is expressed within OX neurons, we reasoned that it might impact two important branches of physiology attributed to OX neurons: energy balance and behavior. Likewise, global, developmental deletion of DLK1 has been linked with obesity and anxio-depression [57,59,60,61]. Indeed, DLK1 is extremely important in predipocytes, and contributes to peripheral regulation of adipose tissue [54,56,57,58]. However, our findings indicate that LHA DLK1 is not essential for centrally-regulated energy balance in adult mice, as Control and adult DLK1Null mice demonstrated similar feeding, metabolic profiles, body composition (not shown) and body weight. Similarly, DLK1Null mice did not exhibit any alterations in reward behaviors, such as sucrose preference or amphetamine-induced locomotor activity, which might have implicated a disrupted LHA → mesolimbic circuit that could alter feeding and body weight. While OX neurons have been linked to reward behavior [31,72,80], these data suggest that DLK1 expressed by OX neurons is not key for reward signaling. We note that our studies were only performed in chow-fed mice, and in some cases, altered control of energy balance is not apparent until animals are challenged with a palatable, high-fat diet. However, the absence of any disruption of chow feeding, metabolism or body weight, all of which are perturbed by alterations in OX expression, suggest that the DLK1 co-expressed by OX neurons is not a primary modulator of body weight.



We also examined the role of LHA DLK1 within psychiatric behavior, given that DLK1 has been examined previously in the context of anxio-depression using mouse models [56,65,68,71]. However, global, developmental deletion of DLK1 has yielded equivocal phenotypes, either increasing [60,61,82] or having no effect on anxiety behavior. DLK1 is broadly expressed in the brain, so it is possible that early deletion may impede development and function of many neuronal circuits that modulate behavior (in the LHA and elsewhere.) By contrast, we examined the role of DLK1 within the LHA of adult mice, a site that retains robust DLK1 expression. Adult-onset deletion of DLK1 reduced anxiety and depression behavior in mice, supporting a role for LHA DLK1 in behavior. Intriguingly, DLK1 expressed within a subset of mouse central amygdala neurons has been shown to contribute to fear behavior [63,79]. Taken together, these data and our current findings suggest that DLK1 might exert a pro-anxiety/depression/fear role, and that decreasing DLK1 expression could dampen these responses. OX neurons, and OX peptide specifically, have been implicated in anxiety, panic behavior [28,29,30,31,32] and depression [33] via increasing signaling to various areas of the limbic system [82,83]. Given that DLK1 is co-expressed in a subset of mouse OX neurons, our data suggest that DLK1 protein may also contribute to anxio-depressive behaviors. Notably, the phenotypes we observed after adult-onset deletion of LHA DLK1 are not secondary to alterations in OX, as confirmed by the similar OX expression in Control and DLK1Null mice even a year after DLK1-depletion. Hence, OX and DLK1 may both contribute to anxiety behavior. Given that DLK1 is only co-expressed by a subset of OX neurons, it will be important to determine if these neurons exert distinct, DLK1-amplified behavioral responses to anxiety compared to OX neurons that lack DLK1. For example, it is possible that OXDLK1 neurons and OXOnly neurons differ in DLK1 expression and projection targets, and thus might modulate anxio-depressive behavior via different anatomical and signaling mechanisms. Our findings of a mouse DLK1-defined subset of OX neurons may enable future studies to parse the roles of OX neurons in anxio-depressive behavior.




5. Conclusions


OX neurons are implicated in the pathogenesis of adult-onset obesity and anxio-depression, and have deservedly received attention for their roles in these diseases. Yet, the function of other proteins co-expressed within OX neurons have been comparatively ignored. Our data suggest that DLK1 is not just an inert co-expressed protein in all OX neurons, but may in fact contribute to some of the physiology attributed to OX neurons. Our finding that deleting DLK1 from adult OX neurons decreases anxiety behavior without altering energy balance suggests that DLK1 contributes to specific aspects of physiology and behavior. Going forward, understanding the DLK1 system might suggest mechanisms to modulate DLK1-mediated anxio-depression that avoid altering body weight. Indeed, since DLK1 is a useful protein marker to parse OX neurons in mice and humans, it will be of value to examine if the DLK1-defined subset aligns with one of the previously identified projection and/or electrophysiology-defined groups of OX neurons. If true, this finding could pave the way for genetic approaches to selectively modulate specific OX subsets to discern their functions. Further studies to examine the role of DLK1 in the adult LHA will be useful to understand the function of OX neurons, as well as the development of anxio-depressive disorders and to elucidate potential treatments for them.







Author Contributions


Conceptualization G.L. and T.H.; methodology, T.H., J.K., R.B., A.M. and M.S.; formal analysis, T.H., J.K. and R.B.; resources, C.S., R.P., G.A. and E.C.; writing—original draft preparation, T.H.; writing—review and editing, T.H., E.C. and G.L.; funding acquisition, E.C. and G.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by a Pilot and Feasibility Grant to G.L. from the Michigan Diabetes Research Center (National Institutes of Health (NIH) grant number P30-DK020572) and NIH R25-HL108864 to E.C. Tatiyana Harris is an NIH-NHLBI scholar whose research training was supported through an NIH 6-R25-HL108864 award to Elahé Crockett, Director of the Research Education Program to Increase Diversity in Health Researchers (REPID).




Acknowledgments


Human brain dissections were supported by generous donations to the Michigan State University Willed Body Program.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Anderson, R.J.; Freedland, K.E.; Clouse, R.E.; Lustman, P.J. The Prevalence of Comorbid Depression in Adults with Diabetes: A meta-analysis. Diabetes Care 2001, 24, 1069–1078. [Google Scholar] [CrossRef] [PubMed]

	



Luppino, F.S.; Wit, L.M.; Bouvy, P.F.; Stijnen, T.; Cuijpers, P.; Penninx, B.W.; Zitman, F.G. Overweight, obesity, and depression: A systematic review and meta-analysis of longitudinal studies. Arch. Gen. Psychiatry 2010, 67, 220–229. [Google Scholar] [CrossRef] [PubMed]

	



Rajan, T.M.; Menon, V. Psychiatric disorders and obesity: A review of association studies. J. Postgrad. Med. 2017, 63, 182–190. [Google Scholar] [PubMed]

	



Mezuk, B.; Eaton, W.W.; Albrecht, S.; Golden, S.H. Depression and type 2 diabetes over the lifespan: A meta-analysis. Diabetes Care 2008, 31, 2383–2390. [Google Scholar] [CrossRef] [PubMed]

	



Ehryhorczuk, C.; Sharma, S.; Fulton, S. Metabolic disturbances connecting obesity and depression. Front. Neurosci. 2013, 7, 177. [Google Scholar]

	



Singh, M. Mood, food, and obesity. Front. Psychol. 2014, 5, 925. [Google Scholar] [CrossRef] [PubMed]

	



Gariepy, G.; Nitka, D.; Schmitz, N. The association between obesity and anxiety disorders in the population: A systematic review and meta-analysis. Int. J. Obes. 2010, 34, 407–419. [Google Scholar] [CrossRef]

	



Oskooilar, N.; Wilcox, C.S.; Tong, M.-L.; Grosz, D.E. Body mass index and response to antidepressants in depressed research subjects. J. Clin. Psychiatry 2009, 70, 1609–1610. [Google Scholar] [CrossRef]

	



Kloiber, S.; Ising, M.; Reppermund, S.; Horstmann, S.; Dose, T.; Majer, M.; Zihl, J.; Pfister, H.; Unschuld, P.G.; Holsboer, F.; et al. Overweight and obesity affect treatment response in major depression. Biol. Psychiatry 2007, 62, 321–326. [Google Scholar] [CrossRef]

	



Jantaratnotai, N.; Mosikanon, K.; Lee, Y.; McIntyre, R.S. The interface of depression and obesity. Obes. Res. Clin. Pr. 2017, 11, 1–10. [Google Scholar] [CrossRef]

	



Sharma, S.; Fulton, S.M. Diet-induced obesity promotes depressive-like behaviour that is associated with neural adaptations in brain reward circuitry. Int. J. Obes. 2013, 37, 382–389. [Google Scholar] [CrossRef] [PubMed]

	



Décarie-Spain, L.; Sharma, S.; Hryhorczuk, C.; Issa-Garcia, V.; Barker, P.A.; Arbour, N.; Alquier, T.; Fulton, S. Nucleus accumbens inflammation mediates anxiodepressive behavior and compulsive sucrose seeking elicited by saturated dietary fat. Mol. Metab. 2018, 10, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Peyron, C.; Tighe, D.K.; Pol, A.N.V.D.; De Lecea, L.; Heller, H.C.; Sutcliffe, J.G.; Kilduff, T.S. Neurons Containing Hypocretin (Orexin) Project to Multiple Neuronal Systems. J. Neurosci. 1998, 18, 9996–10015. [Google Scholar] [CrossRef] [PubMed]

	



Hara, J.; Beuckmann, C.T.; Nambu, T.; Willie, J.T.; Chemelli, R.M.; Sinton, C.M.; Sugiyama, F.; Yagami, K.-I.; Goto, K.; Yanagisawa, M.; et al. Genetic ablation of orexin neurons in mice results in narcolepsy, hypophagia, and obesity. Neuron 2001, 30, 345–354. [Google Scholar] [CrossRef]

	



Tabuchi, S.; Tsunematsu, T.; Black, S.W.; Tominaga, M.; Maruyama, M.; Takagi, K.; Minokoshi, Y.; Sakurai, T.; Kilduff, T.S.; Yamanaka, A. Conditional ablation of orexin/hypocretin neurons: A new mouse model for the study of narcolepsy and orexin system function. J. Neurosci. 2014, 34, 6495–6509. [Google Scholar] [CrossRef]

	



Thannickal, T.C.; Moore, R.Y.; Nienhuis, R.; Ramanathan, L.; Gulyani, S.; Aldrich, M.; Cornford, M.; Siegel, J.M. Reduced number of hypocretin neurons in human narcolepsy. Neuron 2000, 27, 469–474. [Google Scholar] [CrossRef]

	



Honda, Y.; Doi, Y.; Ninomiya, R.; Ninomiya, C. Increased Frequency of Non-Insulin-Dependent Diabetes Mellitus Among Narcoleptic Patients. Sleep 1986, 9, 254–259. [Google Scholar] [CrossRef]

	



Chemelli, R.M.; Willie, J.T.; Sinton, C.M.; Elmquist, J.K.; Scammell, T.; Lee, C.; Richardson, J.A.; Williams, S.C.; Xiong, Y.; Kisanuki, Y.; et al. Narcolepsy in orexin knockout mice: Molecular genetics of sleep regulation. Cell 1999, 98, 437–451. [Google Scholar] [CrossRef]

	



Mieda, M.; Willie, J.T.; Hara, J.; Sinton, C.M.; Sakurai, T.; Yanagisawa, M. Orexin peptides prevent cataplexy and improve wakefulness in an orexin neuron-ablated model of narcolepsy in mice. Proc. Natl. Acad. Sci. USA 2004, 101, 4649–4654. [Google Scholar] [CrossRef]

	



Nishino, S.; Ripley, B.; Overeem, S.; Lammers, G.J.; Mignot, E. Hypocretin (orexin) deficiency in human narcolepsy. Lancet 2000, 355, 39–40. [Google Scholar] [CrossRef]

	



Peyron, C.; Faraco, J.; Rogers, W.; Ripley, B.; Overeem, S.; Charnay, Y.; Nevsimalova, S.; Aldrich, M.; Reynolds, D.; Albin, R.; et al. A mutation in a case of early onset narcolepsy and a generalized absence of hypocretin peptides in human narcoleptic brains. Nat. Med. 2000, 6, 991–997. [Google Scholar] [CrossRef] [PubMed]

	



Schuld, A.; Hebebrand, J.; Geller, F.; Pollmacher, T. Increased body-mass index in patients with narcolepsy. Lancet 2000, 355, 1274–1275. [Google Scholar] [CrossRef]

	



Tupone, D.; Madden, C.J.; Cano, G.; Morrison, S.F. An Orexinergic Projection from Perifornical Hypothalamus to Raphe Pallidus Increases Rat Brown Adipose Tissue Thermogenesis. J. Neurosci. 2011, 31, 15944–15955. [Google Scholar] [CrossRef] [PubMed]

	



Oldfield, B.J.; Allen, A.M.; Davern, P.; Giles, M.E.; Owens, N.C. Lateral hypothalamic ‘command neurons’ with axonal projections to regions involved in both feeding and thermogenesis. Eur. J. Neurosci. 2007, 25, 2404–2412. [Google Scholar] [CrossRef]

	



Avolio, E.; Alò, R.; Carelli, A.; Canonaco, M. Amygdalar orexinergic–GABAergic interactions regulate anxiety behaviors of the Syrian golden hamster. Behav. Brain Res. 2011, 218, 288–295. [Google Scholar] [CrossRef]

	



Li, Y.; Li, S.; Wei, C.; Wang, H.; Sui, N.; Kirouac, G.J. Orexins in the paraventricular nucleus of the thalamus mediate anxiety-like responses in rats. Psychopharmacology 2010, 212, 251–265. [Google Scholar] [CrossRef]

	



Suzuki, M.; Beuckmann, C.T.; Shikata, K.; Ogura, H.; Sawai, T. Orexin-A (hypocretin-1) is possibly involved in generation of anxiety-like behavior. Brain Res. 2005, 1044, 116–121. [Google Scholar] [CrossRef]

	



Grafe, L.A.; Eacret, D.; Dobkin, J.; Bhatnagar, S. Reduced Orexin System Function Contributes to Resilience to Repeated Social Stress. eNeuro 2018, 5, 0273-17. [Google Scholar] [CrossRef]

	



Johnson, P.L.; Samuels, B.C.; Fitz, S.D.; Federici, L.M.; Hammes, N.; Early, M.C.; Truitt, W.; Lowry, C.A.; Shekhar, A. Orexin 1 receptors are a novel target to modulate panic responses and the panic brain network. Physiol. Behav. 2012, 107, 733–742. [Google Scholar] [CrossRef]

	



Johnson, P.L.; Samuels, B.C.; Fitz, S.D.; Lightman, S.L.; Lowry, C.A.; Shekhar, A. Activation of the Orexin 1 Receptor is a Critical Component of CO2-Mediated Anxiety and Hypertension but not Bradycardia. Neuropsychopharmacology 2012, 37, 1911–1922. [Google Scholar] [CrossRef]

	



Johnson, P.L.; Truitt, W.; Fitz, S.D.; Minick, P.E.; Dietrich, A.; Sanghani, S.; Träskman-Bendz, L.; Goddard, A.W.; Brundin, L.; Shekhar, A. A key role for orexin in panic anxiety. Nat. Med. 2010, 16, 111–115. [Google Scholar] [CrossRef] [PubMed]

	



Vanderhaven, M.; Cornish, J.L.; Staples, L. The orexin-1 receptor antagonist SB-334867 decreases anxiety-like behavior and c-Fos expression in the hypothalamus of rats exposed to cat odor. Behav. Brain Res. 2015, 278, 563–568. [Google Scholar] [CrossRef] [PubMed]

	



Brundin, L.; Björkqvist, M.; Petersén, Å.; Träskman-Bendz, L. Reduced orexin levels in the cerebrospinal fluid of suicidal patients with major depressive disorder. Eur. Neuropsychopharmacol. 2007, 17, 573–579. [Google Scholar] [CrossRef]

	



Salomon, R.M.; Ripley, B.; Kennedy, J.S.; Johnson, B.; Schmidt, D.; Zeitzer, J.M.; Nishino, S.; Mignot, E. Diurnal variation of cerebrospinal fluid hypocretin-1 (Orexin-A) levels in control and depressed subjects. Biol. Psychiatry 2003, 54, 96–104. [Google Scholar] [CrossRef]

	



Lu, J.; Zhao, J.; Balesar, R.; Fronczek, R.; Zhu, Q.-B.; Wu, X.-Y.; Hu, S.-H.; Bao, A.-M.; Swaab, D.F. Sexually Dimorphic Changes of Hypocretin (Orexin) in Depression. EBioMedicine 2017, 18, 311–319. [Google Scholar] [CrossRef] [PubMed]

	



Annerbrink, K.; Westberg, L.; Olsson, M.; Andersch, S.; Sjödin, I.; Holm, G.; Allgulander, C.; Eriksson, E. Panic disorder is associated with the Val308Iso polymorphism in the hypocretin receptor gene. Psychiatr. Genet. 2011, 21, 85–89. [Google Scholar] [CrossRef]

	



Adamantidis, A.R.; de Lecea, L. The hypocretins as sensors for metabolism and arousal. J. Physiol. 2009, 587, 33–40. [Google Scholar] [CrossRef]

	



Hara, J.; Yanagisawa, M.; Sakurai, T. Difference in obesity phenotype between orexin-knockout mice and orexin neuron-deficient mice with same genetic background and environmental conditions. Neurosci. Lett. 2005, 380, 239–242. [Google Scholar] [CrossRef]

	



Sellayah, D.; Bharaj, P.; Sikder, D. Orexin Is Required for Brown Adipose Tissue Development, Differentiation, and Function. Cell Metab. 2011, 14, 478–490. [Google Scholar] [CrossRef]

	



Yamanaka, A.; Beuckmann, C.T.; Willie, J.T.; Hara, J.; Tsujino, N.; Mieda, M.; Tominaga, M.; Yagami, K.-I.; Sugiyama, F.; Goto, K.; et al. Hypothalamic Orexin Neurons Regulate Arousal According to Energy Balance in Mice. Neuron 2003, 38, 701–713. [Google Scholar] [CrossRef]

	



Behn, C.G.D.; Klerman, E.B.; Mochizuki, T.; Shih-Chieh, L.; Scammell, T.E. Abnormal Sleep/Wake Dynamics in Orexin Knockout Mice. Sleep 2010, 33, 297–306. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Sunanaga, J.; Takahashi, Y.; Mori, T.; Sakurai, T.; Kanmura, Y.; Kuwaki, T. Orexin neurons are indispensable for stress-induced thermogenesis in mice. J. Physiol. 2010, 588, 4117–4129. [Google Scholar] [CrossRef] [PubMed]

	



Verty, A.N.A.; Allen, A.M.; Oldfield, B.J. The Endogenous Actions of Hypothalamic Peptides on Brown Adipose Tissue Thermogenesis in the Rat. Endocrinology 2010, 151, 4236–4246. [Google Scholar] [CrossRef] [PubMed]

	



Haynes, A.C.; Chapman, H.; Taylor, C.; Moore, G.B.T.; Cawthorne, M.A.; Tadayyon, M.; Clapham, J.C.; Arch, J.R.S. Anorectic, thermogenic and anti-obesity activity of a selective orexin-1 receptor antagonist in ob/ob mice. Regul. Pept. 2002, 104, 153–159. [Google Scholar] [CrossRef]

	



Reti, I.M.; Reddy, R.; Worley, P.F.; Baraban, J.M. Selective expression of Narp, a secreted neuronal pentraxin, in orexin neurons. J. Neurochem. 2002, 82, 1561–1565. [Google Scholar] [CrossRef]

	



Rosin, D.L.; Weston, M.C.; Sevigny, C.P.; Stornetta, R.L.; Guyenet, P.G. Hypothalamic orexin (hypocretin) neurons express vesicular glutamate transporters VGLUT1 or VGLUT2. J. Comp. Neurol. 2003, 465, 593–603. [Google Scholar] [CrossRef]

	



Chou, T.C.; Lee, C.E.; Lu, J.; Elmquist, J.K.; Hara, J.; Willie, J.T.; Beuckmann, C.T.; Chemelli, R.M.; Sakurai, T.; Yanagisawa, M.; et al. Orexin (Hypocretin) Neurons Contain Dynorphin. J. Neurosci. 2001, 21, RC168. [Google Scholar] [CrossRef]

	



Honda, M.; Eriksson, K.S.; Zhang, S.; Tanaka, S.; Lin, L.; Salehi, A.; Hesla, P.E.; Maehlen, J.; Gaus, S.E.; Yanagisawa, M.; et al. IGFBP3 colocalizes with and regulates hypocretin (orexin). PLoS ONE 2009, 4, e4254. [Google Scholar] [CrossRef]

	



Dalal, J.; Roh, J.H.; Maloney, S.E.; Akuffo, A.; Shah, S.; Yuan, H.; Wamsley, B.; Jones, W.B.; Strong, C.D.G.; Gray, P.A.; et al. Translational profiling of hypocretin neurons identifies candidate molecules for sleep regulation. Genes Dev. 2013, 27, 565–578. [Google Scholar] [CrossRef]

	



Chowdhury, S.; Hung, C.J.; Izawa, S.; Inutsuka, A.; Kawamura, M.; Kawashima, T.; Bito, H.; Imayoshi, I.; Abe, M.; Sakimura, K.; et al. Dissociating orexin-dependent and -independent functions of orexin neurons using novel Orexin-Flp knock-in mice. eLife 2019, 8, 1–25. [Google Scholar] [CrossRef]

	



Muschamp, J.W.; Hollander, J.A.; Thompson, J.L.; Voren, G.; Hassinger, L.C.; Onvani, S.; Kamenecka, T.M.; Borgland, S.L.; Kenny, P.J.; Carlezon, W.A. Hypocretin (orexin) facilitates reward by attenuating the antireward effects of its cotransmitter dynorphin in ventral tegmental area. Proc. Natl. Acad. Sci. USA 2014, 111, E1648–E1655. [Google Scholar] [CrossRef] [PubMed]

	



Schöne, C.; Apergis-Schoute, J.; Sakurai, T.; Adamantidis, A.; Burdakov, D. Coreleased orexin and glutamate evoke nonredundant spike outputs and computations in histamine neurons. Cell Rep. 2014, 7, 697–704. [Google Scholar] [CrossRef] [PubMed]

	



Da Rocha, S.T.; Edwards, C.A.; Ito, M.; Ogata, T.; Ferguson-Smith, A.C. Genomic imprinting at the mammalian Dlk1-Dio3 domain. Trends Genet. 2008, 24, 306–316. [Google Scholar] [CrossRef] [PubMed]

	



Moon, Y.S.; Smas, C.M.; Lee, K.; Villena, J.A.; Kim, K.-H.; Yun, E.J.; Sul, H.S. Mice Lacking Paternally Expressed Pref-1/Dlk1 Display Growth Retardation and Accelerated Adiposity. Mol. Cell. Biol. 2002, 22, 5585–5592. [Google Scholar] [CrossRef] [PubMed]

	



Falix, F.A.; Aronson, D.C.; Lamers, W.H.; Gaemers, I.C. Possible roles of DLK1 in the Notch pathway during development and disease. Biochim. Biophys. Acta 2012, 1822, 988–995. [Google Scholar] [CrossRef] [PubMed]

	



O’Connell, J.; Lynch, L.; Hogan, A.; Cawood, T.J.; O’Shea, D. Preadipocyte Factor-1 Is Associated with Metabolic Profile in Severe Obesity. J. Clin. Endocrinol. Metab. 2011, 96, 680–684. [Google Scholar] [CrossRef]

	



Charalambous, M.; Da Rocha, S.T.; Radford, E.J.; Medina-Gomez, G.; Curran, S.; Pinnock, S.B.; Ferron, S.R.V.-P.; Antonio, F.-S.; Anne, A.C. DLK1/PREF1 regulates nutrient metabolism and protects from steatosis. Proc. Natl. Acad. Sci. USA 2014, 111, 16088–16093. [Google Scholar] [CrossRef]

	



Rakhshandehroo, M.; Koppen, A.; Kalkhoven, E. Pref-1 preferentially inhibits heat production in brown adipose tissue. Biochem. J. 2012, 443, e3–e5. [Google Scholar] [CrossRef]

	



Stelzer, Y.; Sagi, I.; Yanuka, O.; Eiges, R.; Benvenisty, N. The noncoding RNA IPW regulates the imprinted DLK1-DIO3 locus in an induced pluripotent stem cell model of Prader-Willi syndrome. Nat. Genet. 2014, 46, 551–557. [Google Scholar] [CrossRef]

	



Marty, V.; Labialle, S.; Bortolin-Cavaillé, M.-L.; De Medeiros, G.F.; Moisan, M.-P.; Florian, C.; Cavaillé, J. Deletion of the miR-379/miR-410 gene cluster at the imprintedDlk1-Dio3locus enhances anxiety-related behaviour. Hum. Mol. Genet. 2016, 25, 728–739. [Google Scholar] [CrossRef]

	



Middeldorp, C.M.; Hottenga, J.-J.; Slagboom, P.E.; Sullivan, P.F.; De Geus, E.J.C.; Posthuma, D.; Willemsen, G.; Boomsma, R.I. Linkage on chromosome 14 in a genome-wide linkage study of a broad anxiety phenotype. Mol. Psychiatry 2008, 13, 84–89. [Google Scholar] [CrossRef] [PubMed]

	



Sokolowski, M.; Wasserman, J. Polygenic associations of neurodevelopmental genes in suicide attempt. Mol. Psychiatry 2016, 21, 1381–1390. [Google Scholar] [CrossRef] [PubMed]

	



Dias, B.G.; Goodman, J.V.; Ahluwalia, R.; Easton, A.E.; Andero, R.; Ressler, K.J. Amygdala-Dependent Fear Memory Consolidation via miR-34a and Notch Signaling. Neuron 2014, 83, 906–918. [Google Scholar] [CrossRef]

	



Kidd, S.; Struhl, G.; Lieber, T. Notch Is Required in Adult Drosophila Sensory Neurons for Morphological and Functional Plasticity of the Olfactory Circuit. PLoS Genet. 2015, 11, e1005244. [Google Scholar] [CrossRef] [PubMed]

	



Meister, B.; Perez-Manso, M.; Daraio, T. Delta-like 1 Homologue is a Hypothalamus-Enriched Protein that is Present in Orexin-Containing Neurones of the Lateral Hypothalamic Area. J. Neuroendocr. 2013, 25, 617–625. [Google Scholar] [CrossRef] [PubMed]

	



Persson-Augner, D.; Lee, Y.-W.; Tovar, S.; Dieguez, C.; Meister, B. Delta-Like 1 Homologue (DLK1) Protein in Neurons of the Arcuate Nucleus That Control Weight Homeostasis and Effect of Fasting on Hypothalamic DLK1 mRNA. Neuroendocrinology 2014, 100, 209–220. [Google Scholar] [CrossRef] [PubMed]

	



Kurt, G.; Woodworth, H.L.; Fowler, S.; Bugescu, R.; Leinninger, G.M. Activation of Lateral Hypothalamic Area Neurotensin-Expressing Neurons Promotes Drinking. Physiol. Behav. 2019, 176, 139–148. [Google Scholar] [CrossRef]

	



Villanueva, C.; Jacquier, S.; De Roux, N. DLK1 Is a Somato-Dendritic Protein Expressed in Hypothalamic Arginine-Vasopressin and Oxytocin Neurons. PLoS ONE 2012, 7, e36134. [Google Scholar] [CrossRef]

	



Brown, J.; Sagante, A.; Mayer, T.; Wright, A.; Bugescu, R.; Fuller, P.M.; Leinninger, G. Lateral hypothalamic area neurotensin neurons are required for control of orexin neurons and energy balance. Endocrinology 2018, 159, 3158–3176. [Google Scholar] [CrossRef]

	



Brown, J.A.; Woodworth, H.L.; Leinninger, G.M. To ingest or rest? Specialized roles of lateral hypothalamic area neurons in coordinating energy balance. Front. Syst. Neurosci. 2015, 9, 1–25. [Google Scholar] [CrossRef]

	



Appelbe, O.K.; Yevtodiyenko, A.; Muniz-Talavera, H.; Schmidt, J.V. Conditional deletions refine the embryonic requirement for Dlk1. Mech. Dev. 2013, 130, 143–159. [Google Scholar] [CrossRef] [PubMed]

	



Sheng, Z.; Santiago, A.M.; Thomas, M.P.; Routh, V.H. Metabolic regulation of lateral hypothalamic glucose-inhibited orexin neurons may influence midbrain reward neurocircuitry. Mol. Cell. Neurosci. 2014, 62, 30–41. [Google Scholar] [CrossRef] [PubMed]

	



Korotkova, T.M.; Sergeeva, O.A.; Eriksson, K.S.; Haas, H.L.; Brown, R.E. Excitation of Ventral Tegmental Area Dopaminergic and Nondopaminergic Neurons by Orexins/Hypocretins. J. Neurosci. 2003, 23, 7–11. [Google Scholar] [CrossRef] [PubMed]

	



Schroeder, L.E.; Leinninger, G.M. Role of Central Neurotensin in Regulating Feeding: Implications for the Development and Treatment of Body Weight Disorders. Biochim. Biophys. Mol. Basis Dis. 2018, 25, 289–313. [Google Scholar] [CrossRef]

	



Brown, J.A.; Bugescu, R.; Mayer, T.A.; Gata-Garcia, A.; Kurt, G.; Woodworth, H.L.; Leinninger, G.M. Loss of action via neurotensin-leptin receptor neurons disrupts leptin and ghrelin-mediated control of energy balance. Endocrinology 2017, 158, 1271–1288. [Google Scholar] [CrossRef]

	



Bittencourt, J.C.; Presse, F.; Arias, C.; Peto, C.; Vaughan, J.; Nahon, J.-L.; Vale, W.; Sawchenko, P.E. The melanin-concentrating hormone system of the rat brain: An immuno- and hybridization histochemical characterization. J. Comp. Neurol. 1992, 319, 218–245. [Google Scholar] [CrossRef]

	



Diniz, G.B.; Battagello, D.S.; Cherubini, P.M.; Reyes-Mendoza, J.D.; Luna-Illades, C.; Klein, M.O.; Motta-Teixeira, L.C.; Sita, L.V.; Miranda-Anaya, M.; Morales, T.; et al. Melanin-concentrating hormone peptidergic system: Comparative morphology between muroid species. J. Comp. Neurol. 2019, 527, 2973–3001. [Google Scholar] [CrossRef]

	



Iyer, M.; Essner, R.A.; Klingenberg, B.; Carter, M.E. Identification of discrete, intermingled hypocretin neuronal populations. Physiol. Behav. 2017, 176, 139–148. [Google Scholar] [CrossRef]

	



Giardino, W.J.; Eban-Rothschild, A.; Christoffel, D.J.; Li, S.-B.; Malenka, R.C.; De Lecea, L. Parallel circuits from the bed nuclei of stria terminalis to the lateral hypothalamus drive opposing emotional states. Nat. Neurosci. 2018, 21, 1084–1095. [Google Scholar] [CrossRef]

	



Schöne, C.; Venner, A.; Knowles, D.; Karnani, M.M.; Burdakov, D. Dichotomous cellular properties of mouse orexin/hypocretin neurons. J. Physiol. 2011, 589, 2767–2779. [Google Scholar] [CrossRef]

	



Müller, D.; Cherukuri, P.; Henningfeld, K.; Poh, C.H.; Wittler, L.; Grote, P.; Schlüter, O.; Schmidt, J.; Laborda, J.; Bauer, S.R.; et al. Dlk1 Promotes a Fast Motor Neuron Biophysical Signature Required for Peak Force Execution. Science 2014, 343, 1264–1266. [Google Scholar]

	



García-Gutiérrez, M.S.; Navarrete, F.; Laborda, J.; Manzanares, J. Deletion of Dlk1 increases the vulnerability to developing anxiety-like behaviors and ethanol consumption in mice. Biochem. Pharmacol. 2018, 158, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



Pich, E.M.; Emelotto, S. Orexin 1 receptor antagonists in compulsive behavior and anxiety: Possible therapeutic use. Front. Neurosci. 2014, 8, 26. [Google Scholar]








[image: Brainsci 10 00975 g001 550] 





Figure 1. OX (orexin) and DLK1 (delta-like homolog 1) distribution in the LHA (lateral hypothalamic area) differs between species. (A) Immunofluorescence for OX (red) and DLK1 (green) in the LHA of rats (n = 3), (B) mice (n = 8), and (C) humans (n = 3). Yellow arrows identify representative neurons with co-localized OX and DLK1. Red arrows identify neurons with OX immunoreactivity, but not DLK1. OX and DLK1 completely co-localize within the rat LHA, whereas DLK1 is found in approximately half of all OX neurons in the LHA of mice and humans. (D) Distribution of OX and DLK1 neurons within the mouse LHA. Neurons with co-expressed OX and DLK1 (yellow arrows) are distributed throughout the region alongside neurons that only contain OX (white arrows). 3V = 3rd ventricle; DMH = dorsomedial hypothalamus; FX = fornix. (E) Percentage of OX and DLK1-co-localized neurons in the LHA of mice. Approximately half of all OX neurons are also DLK1 positive (OXDLK1) but essentially all DLK1 neurons are OX-positive (n = 8). 
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Figure 2. Mouse DLK1 protein expression is regulated in the LHA over the light cycle, but not by energy status. Top: Representative Western Blots of the soluble form of DLK1 (30 kDa) and β-Tubulin (55 kDa, loading control) in mouse LHA. Bottom: Densitometry analysis, which indicates the amount of DLK1 protein in each sample as normalized to ß-Tubulin. (A) DLK1 protein expression in the LHA is similar in fed and overnight-fasted mice. (B) DLK1 expression in the LHA is increased during the night (ZT15) compared to the day (ZT8). * p < 0.05 by Student’s t-test, n = 3–4 per condition. 
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Figure 3. LHA-specific deletion of DLK1 in adult mice. (A) DLK1Flox/+ mice received bilateral LHA injections of either AAVeGFP (yielding Control mice with intact DLK1) or AAVcreGFP (to yield mice with cre-lox mediated deletion of DLK1 from the LHA, DLK1Null mice). (B) Immunofluorescence for DLK1 (red) in the LHA confirms intact DLK1 in Controls compared to significant reductions in DLK1 in DLK1Null mice by 2 weeks after AAV injection (n = 3). (C) Analysis at the end of the metabolic and behavioral phenotyping (30–42 weeks post-surgery) confirms that Control mice retain DLK1 expression, but DLK1Null mice lack DLK1 expression in the LHA. (D) OX immunoreactivity remains intact within the LHA of Control and DLK1Null mice at the end of the study. For (C,D), Control n = 7, DLK1Null = 15. 
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Figure 4. Dlk1, but not Ox, is depleted in the LHA of adult DLK1Null mice. (A) Control mice have significantly higher fold mRNA expression of Dlk1 within the LHA compared to DLK1Null mice. (B) Control and DLK1Null mice have comparable Ox gene expression within the LHA. Black squares identify individual Control samples. Black dots represent the individual DLK1Null samples.* p < 0.05. Control n = 8, DLK1Null = 11. 
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Figure 5. DLK1-deletion in the LHA increases locomotor activity but does not alter energy balance. Control and DLK1Null mice exhibited similar (A) change (∆) in total body fat percentage, (B) body weight and (C) the grams of food consumed over 8 weeks. (D) Control and DLK1Null mice had similar RER over the light/dark cycle. (E) Area under the curve analysis indicates that DLK1Null mice exhibit more ambulatory locomotor activity in metabolic cages than Control mice, * p < 0.05. For (D,E), gray shading identifies the dark cycle. Control n = 7, DLK1Null = 15. 
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Figure 6. DLK1-deletion in the LHA does not alter natural reward behaviors. The amount of (A) 1% sucrose solution and (B) water consumed over 2 days in a two-bottle test. Bottles were weighed to assess consumption so values are expressed in grams (g). (C) DLK1Null mice and control animals exhibit similar sucrose preference. (D) Distance traveled (mm) by mice in open field boxes over 60 min. Data points represent 5 min bins. Mice received a PBS injection at t = 0 min and an amphetamine injection at t = 30 min. (E) Total distance traveled (mm) after PBS and amphetamine injection. For (A–C), Control n = 7, DLK1Null = 15. For (D,E), Control n = 6, DLK1Null = 14. 
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Figure 7. DLK1-deletion in the LHA decreases anxiety and depression-like behavior in mice. (A) Percentage of time spent in open and closed arms of the elevated plus maze. * p < 0.05 by one-way ANOVA. (B) Average distance traveled (mm) in the open field boxes over 24 min (3–27 min). This period was chosen to exclude the initial and final minutes, during which the experimenter was leaving/entering the testing room, as this activity could have disturbed the mice and their activity. (C) Time (s) spent immobile during the forced swim test, * p < 0.05 by Student’s t-test. Control n = 7, DLK1Null = 15. 
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