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Exposure of neurons in the brainstem mesopontine tegmental anesthesia area (MPTA) to minute quantities of GABAergic general anesthetics at clinically relevant concentrations is sufficient to induce loss-of-consciousness (LOC), while lesioning this nucleus renders rodents relatively insensitive to these anesthetics delivered systemically. The MPTA thus appears to be a key GABA-receptive target in brain mechanisms of clinical anesthesia. As lesioning the MPTA also affects natural instances of LOC including sleep and fainting, it is of interest to know the source(s) of endogenous GABA present in the MPTA. Here, we used retrograde tracing combined with immunolabeling to locate GABAergic neurons that provide the MPTA with synaptic input. Sources of glycinergic and glutamatergic input were also explored. Abundant GABAergic neurons with axonal projections to the MPTA were found in: (1) deep laminae of the neocortex rostrally, (2) a mesolimbic field ranging from the basal forebrain to the limbic midbrain, and (3) deep cerebellar nuclei and the rostroventromedial medulla (RVM). All three showed ipsilateral predominance. Only modest numbers of glycinergic input neurons were found, mostly in the hindbrain. Glutamatergic sources of MPTA input were mainly in the cortex, the ventral tegmental area and the RVM. The endogenous modulatory input to the MPTA identified here, particularly the GABAergic input, likely plays a significant role in the various natural circumstances that involve LOC. GABAergic anesthetics, in turn, agents that permit pain-free surgery, appear to act by substituting for endogenous GABA in the MPTA and hence co-opting endogenous GABA-receptive brain circuitry related to consciousness and its loss.
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Highlights:


•Sources of GABA release in the MPTA were located using retrograde axonal tracing and immunolabeling.

•GABAergic projection neurons reside in frontal cortex, subcortical mesolimbic field, cerebellum and RVM.

•GABAergic drugs delivered to the MPTA yield general anesthesia permitting pain-free surgery.

•Endogenous GABA released in the MPTA may likewise mediate loss-of-consciousness.

•The GABAergic brain circuitry uncovered may contribute to natural sleep, fainting and hibernation.





1 Introduction

Transitioning between wakefulness and unconsciousness is natural in processes such as sleep, syncope (fainting) and hibernation, and is also typical of pathologies such as concussion, epilepsy and coma. It is notable that in each instance loss-of-consciousness (LOC) occurs as a “syndrome,” accompanied by atonia/akinesia, analgesia, amnesia and synchronization of burst discharge across large cortical regions resulting in a slow-wave electroencephalographic (EEG) signature (Bharioke et al., 2022; Brown et al., 2012; Volgushev et al., 2006). The similarity of this syndrome across species and behavioral contexts suggests common drive by dedicated, evolutionarily adaptive brain processes. Sleep for example, is thought to benefit memory consolidation and perhaps waste clearance, while fainting restores cerebral blood-flow by lowering the head. General anesthetic agents, which induce a similar syndrome, appear to act by substituting for an endogenous neurotransmitter(s), GABA in the case of GABAergic anesthetics such as barbiturates and propofol, thereby “hijacking” the sleep-wake mechanism (Baron and Devor, 2023; Hemmings et al., 2019; Scharf and Kelz, 2013). In all instances life-sustaining “housekeeping” functions continue to operate, and sometimes also complex sensory and motor processing. To wit, much of the classical research on signal processing in primary sensory cortices was carried out on anesthetized animals. And during parasomnias (e.g., sleep-walking) individuals sometimes carry of complex tasks such as preparing a sandwich, all the while in an unconscious state (Cataldi et al., 2024; Hubel and Wiesel, 1959; Mountcastle et al., 1957).

The question of where the substitution takes place is not resolved. The classical view, still widely held in clinical circles, is that anesthetics distribute in the vasculature and act on GABAA-receptors (GABAA-Rs) in widespread locations in the central nervous system (CNS), suppressing consciousness and memory formation by actions in the cerebral cortex, and inducing “immobility” (atonia and analgesia) by actions in the spinal cord (SC). This patch-wise version of the generalized “wet-blanket hypothesis” provides a rational account of anesthetic induction and is consistent with many experimental observations including non-invasive brain imaging (Alkire et al., 1995; Antognini and Carstens, 1998; Franks and Lieb, 1978; Mashour and and Hudetz, 2018; Jerome et al., 2019). A very different hypothesis, proposed originally in the context of research on sleep (French et al., 1953; Grady et al., 2022; Kinomura et al., 1996; Magni et al., 1959; Moruzzi and Magoun, 1949), holds that anesthetics act at one or more CNS nodes in the brainstem reticular activating system (RAS). This, in turn, accesses the cortex to generate EEG changes, amnesia etc., and the spinal cord to generate atonia and analgesia, by means of dedicated ascending and descending axonal pathways. Both hypotheses, “wet-blanket” and “dedicated pathways,” posit that LOC and the other anesthetic endpoints are effected in numerous distant structures, cortex to cord. The difference is that the “dedicated pathways hypothesis” holds that these distributed targets are accessed by axonal pathways rather than directly, by agonist molecules in the circulatory system. The limited temporal and spatial resolution of current functional imaging methods precludes choosing among these hypotheses (Alkire et al., 1995).

A significant step forward was the identification of a small region within the classical RAS which, when exposed to minute quantities of GABAA-R agonists, rapidly induces and maintains surgical anesthesia and loss of the righting reflex (LORR) coupled with immobility to strong noxious stimuli. See video: https://www.frontiersin.org/articles/10.3389/fnmol.2023.1197304/full#supplementary-material. This is the mesopontine tegmental anesthesia area (MPTA) (Avigdor et al., 2021; Baron and Devor, 2023; Devor and Zalkind, 2001; Mao et al., 2024; Namjoshi et al., 2009; Voss et al., 2005; Yatziv et al., 2020). A brain-wide survey failed to identify any other locus with these characteristics and, to the best of our knowledge, no such locus has been reported by others. Curiously, in a ventrally adjacent region, the oral segment of the pontine tegmentum (PnO), delivery of GABAergic agents promotes wakefulness. And probably not by chance, the dorsal mesopontine tegmentum is also the consensus location for injury-induced coma in humans (Devor and Zalkind, 2001; Grady et al., 2022; Leung et al., 2014; Flint et al., 2010).

The sharp borders of the effective MPTA microinjection target, the rapid onset of LORR and LOC following microinjection (seconds) and the minute quantities of drug that are sufficient, effectively rule out explanations based on diffusion or vascular transport of the active molecules from the MPTA to the cortex and spinal cord. Further support for the dedicated pathways hypothesis is the observation that cell-selective lesions of the MPTA render animals relatively insensitive to GABAergic anesthetics delivered systemically. Not incidentally, cell-selective MPTA lesions also alter natural sleep-wake cycling and sensitivity to fainting caused by hypercapnia (Lanir-Azaria et al., 2018; Meiri et al., 2016; Minert et al., 2020; Minert and Devor, 2016; Minert et al., 2017).

The cellular and molecular underpinnings of MPTA-induced anesthesia are also being revealed. We recently identified a subpopulation of MPTA “effector-neurons” whose activation (not inhibition) using pharmacogenetic tools proved to be pro-anesthetic. These neurons, however, do not express the appropriate GABAA-R isoform, receptors that include the δ-subunit (hereinafter GABAAδ-Rs). Effector-neurons are therefore not candidates as the primary cellular target of GABAergic agonists in the MPTA. Rather, a second subpopulation, MPTA “δ-cells,” does express GABAAδ-Rs. These observations indicate that δ-cells are the primary cellular target of GABAergic agonists in the MPTA. We speculate that these might activate effector-neurons secondarily, perhaps by disinhibition, leading to sedation and anesthesia (Baron et al., 2022; Baron et al., 2025; Devor et al., 2016).

On this background we propose that, as for GABAergic anesthesia, brain-state transitioning under natural circumstances is largely mediated by GABA released from GABAergic neurons that have synaptic terminals within the MPTA. Glycine, a second inhibitory neurotransmitter present in the brainstem, though more prominent spinal cord, is also a candidate as is glutamate, a ubiquitous excitatory neurotransmitter that might act directly on effector neurons. In the present study we systematically examined the whereabouts of distant neurons capable of delivering GABA, glycine and glutamate into the MPTA. Our strategy was to combine retrograde tracing to mark distant neurons that project into the MPTA with immuno-labeling to identify which of these are GABAergic, glycinergic and glutamatergic. Additional experiments were carried out to identify trajectories of the major input and output pathways of the MPTA.



2 Materials and methods


2.1 Animals and surgeries

Adult female Wistar-derived Sabra strain rats (250–300 g) were used (Lutsky et al., 1984). Animals were maintained in a specific pathogen free (SPF) facility, housed 1-3 per cage in individually ventilated of cages 34 × 39 × 22 cm. The day: night cycle was 12 h:12 h, with lights on at 7:00 a.m. Room temperature was maintained at 21–23°C, and drinking water and food pellets (Harlan Teklad product 2918, Envigo, Indiana, USA) were available ad libitum. Experimental protocols were approved by the Institutional Animal Care and Use Committee of the Life Sciences Institute of the Hebrew University of Jerusalem and followed the guidelines of the United States Public Health Service’s Policy on Humane Care and Use of Laboratory Animals.


2.1.1 Tracer microinjection

Animals were anesthetized using Propofol-Lipuro (1%; B. Braun Medical; Melsungen, Germany) administered in repeated bolus doses of 1.0 ml/kg as needed through a tail vein catheter that was inserted under brief sedation with isoflurane. Alternatively, surgery was carried out under chloral hydrate anesthesia (400 mg/kg, i.p., Merck, Darmstadt, Germany). Rats were then mounted prone in the head-holder of a stereotaxic instrument with head level between bregma and lambda and 2% lidocaine was infused into the scalp. The scalp was then opened on the midline, and unilateral or bilateral burr-holes were made in the skull exposing the dura over the MPTA (coordinates: B –8.5 mm caudal to bregma; L ± 1.3 mm lateral to the midline; Minert et al., 2017). A microinjection pipette was then lowered to the depth coordinate of the MPTA (D –6.3 mm below the dura) and 50 nL of one of two alternative retrograde tracers was delivered. In 4 rats the tracer was fluorogold [(FG) 5% in 0.9% NaCl (saline), Fluorochrome, Denver, CO] and in 5 it was the adeno-associated virus (AAV) pAAVrg-hSyn-hM3D(Gq)-mCherry (Addgene, Watertown, MS; viral preps. RRID:Addgene_50474, in phosphate buffered saline (PBS) + 0.001% Pluronic F-68 buffer + 200 mM NaCl; titer ≥ 7 × 1012 vg/mL). This AAV, hereinafter abbreviated as AAVrg-mCherry, is transported retrogradely from axon endings that it infects back to their projection neurons of origin.

Micropipettes were heat-drawn from glass tubing with an inner bore volume of 200 nL per mm (inner diameter 0.5 mm; Sutter Instruments, Novato, CA; cat.# BF100-50-15). Solutions to be microinjected were loaded into the cylindrical portion of the pipette by suction from the tip which had been broken to a diameter of 20-30 μm. The butt of the micropipette was then connected to a length of polyethylene tubing to enable extrusion of solutions from the tip using repetitive 10–20 ms positive air pressure pulses (usually 1 Kg/cm2), 1/sec., over ∼2 min. The standard volume ejected was 50 nL although larger amounts were used occasionally as noted. Volume ejected was monitored by observing the fluid meniscus within the pipette bore under optical magnification. The micropipette was left in place for ∼3 min. and then slowly withdrawn. The surgical incision was then closed using 5-0 silk sutures (Ethicon, Somerville, N.J.) and a topical antiseptic powder was applied (Dermatol, bismuth subgallate; Floris, Tradyon, Israel). Finally, an analgesic (Tramal, 20 mg/kg i.p.; 100 mg/2 mL; Grunenthal, Aachen, Germany), a prophylactic antibiotic (Penibrin\Ampicillin, 60 mg in 0.2 mL, i.m., Sandoz GmbH, Kundl, Austria) and sterile saline (1–2 mL, subcutaneous) were administered. Animals were kept warm until awakening and then returned to the SPF facility.

A second surgery was carried out in these animals, 3 days after the first in the FG-injected rats and ∼3 weeks after the first for AAVrg-mCherry-injected rats. Here colchicine (15 μL, 5 mM in saline, Sigma, lot #84F-0193) was injected bilaterally into the lateral ventricles (icv, intracerebroventricularly; coordinates B-0.8 mm, L ± 1.5 mm, D-4.2 mm). Colchicine blocks axonal transport causing the accumulation of GABA in the cell soma, thus enhancing the visibility of GABAergic neurons (Ribak et al., 1978). As relatively few GABAergic neurons were observed in the mesopontine tegmentum in these animals, visibility was further enhanced by additionally microinjecting 300 nL colchicine directly into the MPTA. All rats that received colchicine were perfused 1 day after its delivery. Brains were then prepared for histological analysis.



2.1.2 Pathway trajectories and key neuronal types resident in the MPTA

Four rats were microinjected unilaterally in the MPTA with 50 nL of two pathway tracers mixed in the same pipette: retrograde AAVrg-mCherry and anterograde pAAV8-hSyn-hM3D(Gq)-eGFP (hereinafter termed AAV8-eGFP; both Addgene). After ∼3 weeks for tracer migration and expression these rats were perfused. But unlike those noted above, brains were cut in the sagittal or horizontal planes rather than coronally (frontally), facilitating the visualization of trajectories of ascending and descending axonal pathways. Horizontal sections also aid in appreciating decussating axons, axons that pass from one side of the brain to the other. With similar aims, 4 additional rats were microinjected with 20 or 50 nL AAV8-eGFP and processed to visualize pathway trajectories using light-sheet microscopy in whole-mount preparations after tissue clearance using CLARITY, as described by Chung and Deisseroth (2013) and Refaeli and Goshen (2022). The fluorescent (green) signal was derived exclusively from the viral transcript expressed by infected MPTA neurons. No immuno-processing was used to enhance the signal.

To visualize the relation of axon terminals to key neuronal types resident within the MPTA we marked the later as follows. MPTA δ-cells, the putative GABA-receptive inhibitory interneurons, were marked by immuno-labeling with a selective anti-GABAAδ-R antibody. MPTA effector-neurons, the neurons which when activated drive anesthetic induction, were marked with the aid of the same DREADD-AAV used in our previous chemogenetic studies in which this cell type was discovered (Baron et al., 2022). Specifically, 6 rats were microinjected with pAAV8-hSyn-hM3D(Gq)-mCherry (Addgene), hereinafter abbreviated as AAV8-mCherry, with perfusion ∼3 weeks later. Expression of mCherry (red) ensured their identification as effectors.




2.2 Perfusion and histology


2.2.1 Tissue preparation

At the designated survival time rats were overdosed with anesthetic and perfused transcardially with 0.9% saline followed by 10% neutral 0.1 M PO4 buffered formalin (Sigma-Aldrich; MO, United States; cat.# HT501320; pH 7.3), both at 37°C. Heads were kept overnight in the formalin solution (4°C) and the next day brains and the cervical SC were dissected out and, excepting the CLARITY animals, transferred to 30% sucrose in PBS as cryoprotectant until they sank (1–2 day). Within the next 1–3 days tissue was cut serially on a freezing microtome at 50 μm into 10 bins (500 μm separation), most in the coronal/frontal plane, but 4 as noted, in the horizontal and sagittal planes. Plane alignment was adjusted manually on the microtome to best match that of the rat brain atlas of Paxinos and Watson (1998). Sections were stored in PBS with 0.02% sodium azide (4°C).



2.2.2 Visualizing GABAergic, glycinergic and glutamatergic neurons that project to the MPTA and their presynaptic terminals

We began by immuno-labeling a few sections from bins #2 or 4 that included the MPTA to check the accuracy of the retrograde marker microinjection. In animals in which the microinjection was “on-target” (section 2.3.1) we proceeded to immuno-label bins #1 and #6 in their entirety (spacing 250 μm) using anti-GAD67, an immuno-marker of GABAergic neurons (also known as GAD1). An adjacent series of sections from these rats (bin #5) was immuno-labeled with the glycinergic marker GlyT2, and sections of bin #3 were immuno-labeled with the glutamate marker VGlut3 (spacing 500 μm). VGlut3 is less selective than VGlut2 in the sense of marking glutamatergic neurons that also express other transmitters (Fremeau et al., 2002). However, as our aim was to cast a broad net and capture all neurons that might deliver glutamate to the MPTA irrespective of other transmitters, we chose VGlut3.

The same markers visualized corresponding pre-terminal axons and synaptic endings of such neurons within the MPTA. In addition, an antibody to neuroligand 2 (NL2) was used to mark (mostly inhibitory) GABAergic or glycinergic axon terminals within the MPTA, supplemented with anti-vesicular GABA transporter (VGAT) which is selective for GABAergic input. Anti-NL1 and anti-VGlut3 antibodies were used to mark (excitatory) glutamatergic terminals within the MPTA.



2.2.3 Visualizing axonal pathways of the MPTA

Axonal pathways emanating from the MPTA were marked with GFP expressed in neurons that took up and anterogradely transported AAV8-eGFP (green). Additionally, pathways entering the MPTA were marked with AAVrg-mCherry (red) transported retrogradely. Axons of both types were visible in the brains of animals microinjected with the mixture of AAVrg-mCherry and AAV8-eGFP. Visibility of one or both of these virally expressed markers was frequently enhanced using anti-GFP and anti-mCherry immuno-labeling.



2.2.4 Immuno-labeling

A uniform protocol was used for immuno-labeling with all antibodies (Tables 1, 2). Free-floating sections were washed in PBS (3 × 3 min) followed by antigen retrieval in which sections were incubated in warm PBS (85°C) for 8 min. After allowing 20 min for return toward room temperature (RT) sections were placed for 1 h (RT) in blocking solution consisting of 3% fish gelatin (Sigma; Darmstadt, Germany; G-7765; Lot# 37H1205) in PBS including 0.02% azide with 0.25% triton X-100 (TBS, BDH Laboratory Suppliers, United Kingdom). They were then incubated overnight at RT with continuous rotary agitation in a mix of two primary antibodies, one targeting the retrograde tracer used, FG or mCherry (rabbit host in both cases), and the second targeting one of the neurotransmitters. The incubation solutions were PBS containing alternatively, 1.5% fish gelatin, or bovine serum albumin (BSA, MP Biomedicals, Solon, OH, lot.S6866) with 0.02% azide. The following day sections were again washed (PBS, 4 × 4 min) and then transferred to secondary antibodies, one to visualize the retrograde tracer used, anti-FG or anti-mCherry, and the second targeting one of the 3 neurotransmitters, always using contrasting hosts: mouse, guinea pig, donkey or goat. The primary antibodies used and their dilutions, and the secondary antibodies and associated fluorophores used, are laid out in Tables 1, 2. In general a red or infrared fluorophore was used for retrograde labeling (Cy3 or Cy5) and a green fluorophore (Alexa448) for neurotransmitters. For GlyT2-IR and VGlut3-IR the avidin-biotin reaction was used to visualize the primary antibody. Here sections were incubated in a biotinylated donkey anti-guinea pig IgG followed by additional incubation in streptavidin-Cy2 (green). In all cases incubation lasted 1.5–2.0 h (RT) with continuous rotary agitation. After immuno-labeling was completed, sections were washed once again (4 × 4 min, PBS, RT), mounted on glass slides, air-dried and cover-slipped using immu-mount (Thermo-Fisher Scientific, Franklin, MA).


TABLE 1 Primary antibodies used for immuno-histochemical labeling.

[image: Table 1]

 
TABLE 2 Secondary antibodies and fluorophores used for visualization of primary antibodies listed in Table 1.
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As noted above, two key subpopulations of MPTA-resident cells have been identified: 1) “effector-neurons,” neurons which when activated drive anesthetic induction and 2) “δ-cells,” putative GABA-receptive inhibitory interneurons. MPTA effector-neurons were recognized by mCherry (red) expressed following infection by AAV8-mCherry microinjected into the MPTA. This is the same DREADD-AAV used in the initial discovery of effector-neurons. δ-cells were recognized using a primary antibody directed against the δ-subunit of GABAA-R and an appropriate secondary antibody.



2.2.5 Specificity and selectivity of immuno-labeling

Primary antibodies used were raised against peptides specified on the vendors’ websites including verification for specificity using a variety of methods, including Western blot, peptide quenching, and/or knock-out mice. Beyond that, in our hands, we verified the specificity of the antibodies used by observation of immuno-reactivity in neuronal populations known from the literature to express the corresponding epitopes, and its absence in locations in which the marker is not expressed. For example, we confirmed GAD67-IR in neurons of the DCN and Purkinje cells. The GABAA-R δ-subunit antibody used selectively labeled cerebellar granule cells and was additionally verified in our hands by quenching with the immunizing peptide and by fluorescence in situ hybridization (FISH). It was also verified in knock-out mice by Rudolph et al. (2020). Specificity of secondary antibodies used, and of minimal auto-fluorescence, was assured by the absence of labeling in test sections in which the primary or the secondary antibody was omitted. Finally, the retrograde and anterograde tags, FG, mCherry, and GFP, are exogenous molecules and were visible only at locations at which they were microinjected and transported. For all antibodies and antibody combinations used in this study immuno-labeling appeared to penetrate the entire thickness of the section as evaluated by scanning in the Z-axis.




2.3 Image capture and regions of interest (ROIs)


2.3.1 Microinjection sites

The nominal boundaries of the MPTA are defined by a bilaterally symmetrical 1.0 × 1.5 mm rectangle positioned as shown in Figure 1. These are based on the region within which small (10 or 20 nL) microinjections the GABAA-R agonist muscimol proved to be pro-anesthetic (Minert et al., 2017). Investigators blinded to the experimental results (AI, AM) drew the maximal spread of the injectate in the coronal plane and measured its spread with a digital planimeter (Figure 1). Injection sites were considered to be “on-target” if they covered at least 30% of the 1.5 mm2 area of the MPTA (0.45 mm2). Using this criterion, 3 of the 8 rats were excluded from the analysis because of off-target microinjections. That left 2 rats in which FG was the retrograde tracer [rats #AR33 (73.1% covered) and AR34 (53.9%)] and 3 in which AAVrg-mCherry was the tracer [rats # AR13 (63.1%), AR14 (30.6%) and AR15 (44.1%), mean 53.0%].


[image: image]

FIGURE 1
Location of the MPTA and microinjection boundaries. Fluorescence photomicrograph, on the right, showing an MPTA microinjection site expressing mCherry (mirror imaged, rat #AR13), superimposed on a frontal section taken from the rat brain atlas (Paxinos and Watson, 1998), 8.70 mm caudal to bregma (B: –8.70 mm). Yellow rectangles show the location of the MPTA. Colored patches on the left show boundaries of microinjection sites of the 5 animals that contributed to Table 3. From top to bottom (z-axis): 3 rats in which the retrograde tracer was AAVrg-mCherry (red) followed by 2 rats in which the tracer was FG (blue).





2.3.2 Regions of interest (ROIs)

Whole histological sections extending from the frontal cortex to the cervical SC were scanned as individual images at 40× magnification (4× objective) on a Olympus IX83P2ZF inverted fluorescence microscope fitted with a 2,048 × 2,048 camera (∼ 4.2 megapixel, 16 bit depth) and then stitched using tools in the CellSens Dimentions 3.2 software package. Excitation and emission (barrier) filters were optimized for the fluorophore used (Table 2). Locations that contained numerous retrogradely labeled neurons and ones that were relatively isolated, or of special interest for other reasons were additionally photographed at higher magnification (100×, 10× objective).

We began by systematically scanning the 40x TIF images of whole sections using Fiji-ImageJ (Schindelin et al., 2012) and manually sketching on corresponding rat atlas sections (Paxinos and Watson, 1998) zones containing substantial numbers of retrogradely labeled neurons and noting their estimated density. These zones were quite consistent in the 5 rats studied (light orange patches in Figure 2). Zones of retrograde labeling were then examined in 100× TIFF images to determine which of them contained even a small fraction of neurons that also expressed GAD67-IR, i.e., neurons that were “double-labeled.” Regions within each zone that had the highest density of double-labeling were then identified, and compared across rats. Finally, we settled on 19 regions at which the density of double-labeled neurons was highest overall, and representative across rats. These 19 served as standard “regions-of-interest” (ROIs; red outlines in Figure 2). One zone was sampled in two sub-regions, medial preoptic area (MPOA) and lateral, ventral pallidum (VP). As values measured were the same across this continuum (p > 0.8) an average was made and assigned to a single ROI, the basal forebrain (BF).


[image: image]

FIGURE 2
Location of the ROIs used for quantification of GABAergic neurons with axonal projections to the MPTA. Whole coronal brain section outlines, arranged from rostral to caudal (A–L), are shown in the lower left of each panel (Paxinos and Watson, 1998), with enlargement of zones containing ROIs shown in the upper right (light orange fill). The 19 ROIs themselves are indicated by solid red outlines. The scale-bars in (A) refer to all panels (A–L). (A) Cg1—cingulate cortex, area 1; M2—secondary motor cortex; M1r—primary motor cortex, rostral; AI—agranular insular cortex. (B) M1c—primary motor cortex, caudal, S1hl—primary somatosensory cortex, hindlimb region. (C) BF—basal forebrain [mean of counts in the medial preoptic area (MPOA) and the ventral pallidum (VP)]. (D) Ce—central amygdaloid n.; (E) ZIv—zona incerta, ventral; (F) PRh—perirhinal cortex; (G) LH—lateral hypothalamus; (H) VTA—ventral tegmental area; (I) DpMe—deep mesencephalic n. (J) SNCd—susbstantia nigra pars compacta, dorsal; SNR—subtstantia nigra pars reticulate. (K) Gi(RVM)—gigantocellular reticular n.; (L) INTa—interpositus anterior part of DCN, LAT (dentate)—lateral (dentate) n., LATpc—parvocellular part of lateral n. All 3 together: DCN (deep cerebellar nuclei).


The density of double-labeled neurons was consistently higher ipsilateral to the microinjection site than contralateral. For this reason the ROIs were defined on that side and copied to the mirror-symmetrical location contralaterally, even if no double-labeled neurons were actually found contralaterally. We used the 19 standard ROIs selected in this way to quantify the density of retrogradely labeled neurons ipsi- and contralateral to the injection site (neurons per mm2), and the proportion that were also GAD67-IR, i.e., double-labeled. Although retrograde labeling was observed in the spinal gray matter (Sukhotinsky et al., 2007) none of these neurons proved to be GAD67-IR. Some, however, expressed GlyT2 or VGlut3.



2.3.3 Cell counting and reconstruction

In each of the 19 ROIs, counts were made of neurons that projected to the MPTA and the proportion that were GABAergic (i.e., also GAD67-IR). ROI nomenclature (see glossary section/abbreviations and Figure 2) followed the rat brain atlas of Paxinos and Watson (1998) with a few deviations. For counting, an optimal 100x image containing the ROI was loaded in Fiji using the color channel appropriate to the retrograde label (red). It was then scanned in a zig-zag manner, upper left to lower right, tallying all red neurons within the ROI with a cursor click, using Fiji’s cell-counter add-in. This marked retrogradely labeled cells on-screen, preventing missed cells or counting the same neuron twice. We then brought up the green channel, representing GAD67-IR neurons, and for each red neuron switched back and forth between red and green channels searching for the presence of both markers at the same location with congruent shape. This was the criterion used to establish neurons as double-labeled. Such neurons sometimes appeared yellow when colors were merged. However, depending on yellow in “merged mode” to determine double-labeling can result in miscounting when the intensity of labeling in one color dominates that of the other. The back-and-forth procedure, used routinely, provided a more reliable estimate of the proportion of projection neurons (red) that were also GABAergic (green). Although we did not use replicate counting by independent investigators in the present study, we did so in previous studies using the same alignment and counting method and obtained concordance values between 1.1% and 3.4% (Goldenberg et al., 2018).

Density of GABAergic projection neurons in each ROI was obtained by dividing the count of double-labeled neurons within the ROI by the area of the ROI in question (neurons per mm2, Table 3). Densities given are “nominal” as we did not use stereological or other corrections for cell splitting. Our analysis focused on comparisons across ROIs rather than precision determination of absolute numbers.


TABLE 3 Neurons that project to the MPTA (retrogradely labeled): GABAergic and non-GABAergic.

[image: Table 3]

In addition, semi-quantitative evaluation was made of glycinergic (GlyT2-IR) and glutamatergic (VGlu3-IR) projection neurons (Tables 4, 5). Here, the density and proportion double-labeled was estimated subjectively on a scale ranging from dense (+++, comparable to the value in regions with the highest density for the marker in question), to medium (++), sparse (+) and no visible double-labeling (–). Rather than basing these estimates on the (rather small) ROIs, the area evaluated was the entire zone surrounding each ROI (light orange areas in Figure 2). In one case the zone was sampled in 4 ROIs (Figure 2A). Here, parcelation followed the Paxinos and Watson atlas. To aid comparison, this same evaluation routine was applied also to GABAergic neurons (Table 6). Finally, we generated transparent dorsal-view reconstructions of the location of projection neurons, GABAergic (double-labeled, yellow) and non-GABAergic (red), by aligning coronal sections in rostral-to-caudal order and plotting the medio-lateral location of these neurons for the cerebral cortex and separately, for the subcortex (Figures 3B,C).


TABLE 4 Neurons that project to the MPTA (retrogradely labeled): glycinergic and non-glycinergic.
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TABLE 5 Neurons that project to the MPTA (retrogradely labeled): glutamatergic and non-glutamatergic.
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TABLE 6 Neurons that project to the MPTA (retrogradely labeled): GABAergic and non-GABAergic.
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FIGURE 3
Location of GABAergic neurons with an axonal projection to the MPTA. (A) Serial coronal sections taken from the rat brain atlas of Paxinos and Watson (1998) showing the relative density of neurons that project to the MPTA based on retrograde labeling (red, dark dots) and those projection neurons that were GABAergic based on double retrograde and anti-GAD67 immuno-labeling (yellow, light dots). (B) Location of the cortical neurons shown in (A), re-plotted on a transparent dorsal view of the cerebral hemispheres. Arrows indicate location of coronal sections with respect to bregma. (C) Like (B), but plotting subcortical GABAergic (yellow, light dots) and non-GABAergic projection neurons (red, dark dots). The location of the MPTA microinjection site is indicated by the red circle in the rostral pons (B: –8.5 mm). Commissural neurons that project into the microinjection site are indicated by red and yellow dots. (D–G) Fluorescence photomicrograph of the far left coronal section in (A) (blue arrow, B: 3.7 mm). Green fluorescence (GAD67) indicates GABAergic neurons. Red fluorescence (mCherry) indicates retrograde labeling from the MPTA. Many of the GABAergic projection neurons (double-labeled) appear orange or yellow. Rectangular areas (dashed yellow) in (D) show the laminar distribution of projection and GABAergic neurons, enlarged in (E–G). Plots and images in (A–G) are nearly all from a single animal (#AR15). Documentation of double immuno-labeling is given in Figure 6.




2.3.4 Additional microscopic imaging

To attack experimental questions that required higher spatial resolution, notably the relation of afferent axon terminals to postsynaptic neurons, we made confocal image stacks using a Fluoview FV3000 confocal scan head mounted on the Olympus IX83P2ZF microscope (20x air objective, NA = 0.75) using the FV31S-SW software package. A step size of 1 μm was used. Rat brains rendered transparent using CLARITY were imaged using a La-vision Light-Sheet ultra-microscope II (Miltenyi Biotec B.V. & Co., Bielefeld and Göttingen, Germany) running ImspectorPro software.




2.4 Statistical evaluation

Nominal density of GABAergic neurons that project to the MPTA in each rat was averaged across rats. No outlier values were excluded, although values for several ROIs were based on counts from fewer than 5 rats due to damaged or missing sections (Table 3). Means and quotients were generally calculated to 4 decimal place accuracy, the values used for statistical analysis. They were then rounded to an accuracy appropriate to the original measurements. Statistical analyses of percentages and densities of neuronal populations were carried out using 2-tailed Student’s t-tests with homogeneous or heterogeneous variance, as appropriate. The statistical significance of correlations was tested using the Pearson R-statistic. The software used was Socscistatistics.com and Microsoft Excel. Mean values are given ± the standard deviation (SD). The significance criterion used throughout was p ≤ 0.05.




3 Results


3.1 General findings

GABAergic and glutamatergic neurons are located throughout the CNS, albeit with regions of particularly high and low density. Glycinergic neurons, in contrast, are rare in the cortex and relatively infrequent also in the brainstem (Tohyama and Takatsuji, 1998). All of the zones examined except for the spinal cord contained at least some GABAergic and glutamatergic neurons that project to the MPTA, and most had at least a few such glycinergic neurons (Tables 3–6). Densities varied greatly across neurotransmitters, however, and from ROI to ROI. A general finding was lateral asymmetry of projections with labeling density higher ipsilaterally than contralaterally in all 19 ROIs. Overall, ipsi/contra ratio was 6.5 for neurons projecting to the MPTA and 7.3 for GABAergic projection neurons, with the proportion of the latter similar across ROIs (data from all 5 rats; R2 = 0.533, p = 0.0004; Figure 4A). The SC was excluded from this tally. In the 2 rats in which FG was used as retrograde tracer the microinjection was on the right in one and on the left in the other (rats #AR33 and#AR34). Based on the 19 data points in each of these 2 animals, there appears to be bilateral symmetry (R2 = 0.665, p < 0.001). Microinjections in which AAVrg-mCherry was used as tracer were all on the left.
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FIGURE 4
Concordance of three parameters related to neurons with an axonal projection to the MPTA. (A) The proportion of neurons across ROIs that have an axonal projection to the MPTA and are GABAergic (double-labeled) is similar for neurons located ipsilateral and contralateral to the microinjection site. (B) The density of neurons (not necessarily GABAergic) that had an axonal projection to the MPTA as visualized using FG versus AAVrg-mCherry as retrograde tracers was correlated across ROIs. However, AAVrg-mCherry proved to be more sensitive retrograde tracer. (C) The proportion of GABAergic neurons that had an axonal projection to the MPTA as visualized using FG versus AAVrg-mCherry as retrograde tracers was highly correlated, but AAVrg-mCherry proved to be somewhat more robust as a retrograde tracer. Expansion of ROI names is provided in the legend to Figure 2 and in the glossary section. (D) The density of neurons projecting into the MPTA in the rat with least spread of tracer beyond its boundaries (#AR13) was similar across ROIs to that of the rat with the greatest tracer spread (#AR33). The one exceptional ROI, PRh, was excluded from the plot (see Discussion section 4).


The different mechanisms of cellular uptake and transport of FG and AAVrg-mCherry (Discussion section 4.1) led us to anticipate that cell populations marked with these two tracers might show substantial differences from location to location and in overall transport efficiency. This proved to be only partly so. Re location, regression analysis showed good agreement using the 2 tracers. Densities of retrogradely labeled projection neurons correlated significantly (ipsi R2 = 0.425, p = 0.003; contra R2 = 0.387, p = 0.004, Figure 4B) although 2 of the ROIs, perirhinal cortex (PRh) and Ce, appear to be outliers. Concordance across ROIs in the sub-population of GABAergic MPTA-projection neurons was even more pronounced (ipsi R2 = 0.723, p < 0.0001; contra R2 = 0.358, p = 0.007, Figure 4C). In both cases, however, the slopes of the regression lines were less than one (0.51 and 0.62 respectively, Figures 4B,C) indicating that AAVrg-mCherry is the more efficient tracer. This difference was largely due to several cortical ROIs that innervate the MPTA densely, particularly PRh, primary motor cortex (M1), cingulate cortex area 1 (Cg1) and primary somatosensory cortex, hindlimb region (S1hl).



3.2 Location of neurons that project to the MPTA that are GABAergic, glycinergic and glutamatergic: overview

The density of neurons in each of the 19 ROIs that project to the MPTA and the percent that were GABAergic (double-labeled) are shown in Table 3. The ROIs are ordered in the table (roughly) from rostral to caudal. Locations of the ROIs themselves are shown in Figure 2. Overall, density of projection neurons was variable across ROIs, especially ipsilateral to the tracer microinjection site (ipsi range 12.0–388.6 neurons/mm2; mean 117.9 ± 42.9; contra range 1.9–67.3 neurons/mm2; mean 20.9 ± 15.2).


3.2.1 GABAergic projection neurons

Three broad zones contained the bulk of the GABAergic projection neurons. ROIs in the rostral 2/3 of the neocortex constituted the richest source both in terms of density of neurons projecting to the MPTA, the proportion that were GABAergic (double-labeled) and the overall tissue volume containing such neurons (Figures 3, 5). Specifically, the density of GABAergic projection neurons was high (ipsi 193.8 ± 83.4/mm2, contralateral 26.2 ± 24.4/mm2), with a remarkable half of all MPTA-projection neurons being GABAergic (ipsi mean 51.8 ± 66.0% based of 306 neurons counted in the 7 neocortical ROIs; contra mean 51.1 ± 26.7%). The second broad zone of GABAergic input to the MPTA was a sub-cortical mesolimbic continuum extending from BF rostrally and extending caudally into the lateral hypothalamus (LH), VTA and the substantia nigra (SN). Many fewer GABAergic projection neurons were present in these 8 ROIs than in the rostral cortex (ipsi 61.1 ± 41.4/mm2, contra 18.2 ± 12.4/mm2), the percent GABAergic was lower (Table 3) and the composite tissue volume was smaller. The third zone was medullary, but selectively so. It included only 4 ROIs: RVM, represented by an ROI in the midline gigantocellular nucleus (Gi), and 3 deep cerebellar nuclei. The density of GABAergic projection neurons was intermediate between the 1st and 2nd zones (ipsi 117.9 ± 42.9/mm2, contra 17.1 ± 4.9/mm2) as was the percent of projection neurons that were GABAergic (Table 3). The composite tissue volume of this 3rd zone was considerably smaller than that of the other two. Trajectories of these pathways are illustrated in Figure 5O.


[image: image]

FIGURE 5
GABAergic neurons in the rat brain and neurons that send an axonal projection to the MPTA. (A–N) Serial coronal sections ranging from the PFC (B: 3.70 mm) to the C2 spinal cord, highlighting the location of GABAergic neurons (green fluorescence) and projection neurons retrogradely labeled following AAVrg-mCherry microinjection into MPTA (red fluorescence). The microinjection site in the MPTA is visible in (J) (B: –8.70 mm, left side). The scale-bar in (A) refers to panels (A,B): The scale-bar in (C) refers to panels (C–L). Outline drawings indicating structural parcellation, taken from the Paxinos and Watson atlas, have been superimposed. Red arrows in (O) indicate trajectories of the main projections of GABAergic axons that terminate in the MPTA.


Beyond these 3 zones, GABAergic MPTA projection neurons were few or absent, including in the occipital, pyriform and hippocampal cortex, the corpus striatum, thalamus and colliculi. Such neurons were also infrequent in the pons, most of the medulla and the spinal cord. Despite variable density of GABAergic projection neurons across zones and ROIs, the fraction of inputs to the MPTA that were GABAergic was remarkably uniform ipsilaterally and contralaterally in all 3 zones, and surprisingly high: cortex 51.8 and 51.1%, mesolimbic 18.2 and 16.3%, and medulla 41.8 and 30.4%. The overall average was one third (35.5 and 32.1%; Table 3).



3.2.2 Glycinergic and glutamatergic projection neurons

Glycinergic neurons were infrequent in neocortical ROIs and relatively few also subcortically. The far rostral cortex was virtually devoid of glycinergic MPTA-projection neurons on either side, although some were encountered further caudally, in the ipsilateral M1 cortex. Subcortically glycinergic neurons were more abundant, but ones with projections to the MPTA remained rare. An exception was the substantia nigra pars reticulata (SNR) and Gi (RVM) in which they were present in modest numbers (Figures 6G–I). Finally, few of the GlyT2-IR neurons in the pons, cerebellum or medulla sent projections to the MPTA (Table 4). Glutamatergic neurons, usually excitatory, were abundant in the cortex with a fair fraction of MPTA-projection neurons showing VGlut3-IR, particularly in the motor cortex ROIs and agranular insular cortex (AI; +++). A notable exception was Cg1 where few double-labeled neurons were seen. There were also many glutamatergic neurons subcortically, in the mesolimbic zone and in the hindbrain, but far fewer of these were MPTA-projection neurons. A modest number of double-labeled neurons was observed in the VTA, the Gi(RVM) and the INTa (Table 5; Figure 6). To facilitate comparison with GABAergic projection neurons, a presentation of GABA input using the qualitative criteria applied to Tables 4, 5 is provided in Table 6.
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FIGURE 6
Identification of double immuno-labeled neurons. (A–F) Among the neurons that were retrogradely labeled following microinjection of AAVrg-mCherry into the MPTA [red immuno-fluorescence in (B,E)] some were GABAergic (GAD67-IR, yellow arrowheads and some were not, white arrows). (G–I) Likewise for glycinergic neurons (GlyT2-IR) and (J–L) for glutamatergic neurons (VGlut3-IR). The scale-bar in (A) refers to all panels (A–L).





3.3 MPTA projections of GABAergic neurons by zone


3.3.1 Cerebral cortex

The cerebral cortex makes by far the largest contribution of GABAergic input to the MPTA. Ipsilateral and contralateral to the microinjection site double-labeled neurons were located primarily in cortical laminae 5 and 6. Most (∼80%) were large pyramidal neurons (Figures 3C–F). Given the powerful influence that activation of MPTA effector-neurons has on cortical function, EEG, c-FOS expression etc. (Abulafia et al., 2009; Avigdor et al., 2021) this reciprocal relation is noteworthy. Figures 3A,B shows the cortical zone containing GABAergic neurons, including a dorsal view reconstruction of those that project to the MPTA. The cortical ROIs with the highest density of GABAergic projection neurons were in the ipsilateral prefrontal cortex (PFC, ROIs at B + 3.7 mm, blue arrows). These were located especially in Cg1 (ipsi 293.9 ± 121.4/mm2), the M1r (ipsi 216.5 ± 111.0/mm2) and the AI (ipsi 388.6 ± 106.2/mm2). Moving caudally GABAergic projection neurons persisted, becoming gradually less common on the dorsal convexity and the insular region until near the parietal-occipital border. On the contralateral side GABAergic projection neurons were present mostly in the PFC. Moving caudally such neurons became infrequent and only appeared on the dorsal convexity.



3.3.2 Mesolimbic zone

This complex, variegated region controls neuroendocrine functioning via the hypophysis, and high-level regulation of the key homeostatic functions that are associated with motivated behaviors (e.g., feeding and drinking), emotions (e.g., fear, affiliation) and arousal (wake and sleep). It also contributes ascending signals to the cerebral cortex largely via the zona incerta (ZI) and BF as well as descending signals to the pons, medulla and spinal cord (Figures 3A,C, 5C–I; Janig, 2022; Pert, 1997; Stuber and Wise, 2016). The rostral extent of this zone, the fundus striati [ventral striatum, ventral pallidum (VP)] and the adjacent POA and amygdala, are not uniformly endowed with GABAergic MPTA-projections neurons, but rather contain patches of such neurons. In the amygdala, for example, only the Ce contained numerous GABAergic MPTA-projection neurons, comparable in density to the frontal cortex. Many fewer appear elsewhere in the amygdaloid complex. No GABAergic MPTA-projection neurons appeared rostral to the anterior commissure including the olfactory tubercle which is heavily populated with GABAergic neurons. Likewise, neither the corpus striatum, the septum, nor the thalamus contained GABAergic MPTA-projection neurons although some non-GABAergic MPTA-projection neurons were present here. Medial to Ce lies the ventrolateral preoptic nucleus (VLPO), a master regulator of sleep-wake transitions (Lu et al., 2006; Sherin et al., 1996). Although the lateral POA, including VLPO, has direct projections to the MPTA and receives reciprocal projections from the MPTA (Sukhotinsky et al., 2007), we did not encounter any that were GABAergic. Nucleus accumbens, another major limbic affect/arousal node, also appears to have no GABAergic association with the MPTA.

Proceeding caudally, the ZI and adjacent LH, including the perifornical seat of the sleep-related orexinergic neurons, contained relatively few GABAergic MPTA-projection neurons. The same held for the medial hypothalamus and mammillary region, despite the presence there of the histaminergic tuberomammilary nucleus (TMN), also strongly implicated in arousal and sedation (Zecharia et al., 2012). The limbic midbrain likewise contained few GABAergic MPTA-projecting neurons including the VTA and the deep mesencephalic nucleus (DpMe). Considering this trend it was surprising to find both substrantia nigra components, SNR and SNCd, extrapyramidal motor structures with important dopaminergic projections to the striatum, also providing generous GABAergic input to the MPTA. Very few neurons laterally adjacent to the mesolimbic field had axonal projections to the MPTA, GABAergic or otherwise. This includes the thalamic lateral posterior (LP) nuclei, the pretectal area and the superior and inferior colliculi. Overall, the contribution of GABA to the MPTA from the mesolimbic zone is modest.



3.3.3 Medulla, cerebellum and spinal cord

Quite dense retrograde labeling was observed in GABAergic neurons in the DCN, represented by ROIs INTa (interpositus), LAT (lateral, dentate) and LATpc (parvocellular part of lateral nucleus). Percentages of double-labeling here rivaled those of the cerebral cortex although due to size, overall numbers were far smaller (Table 3, Figures 5K,L, 7E). Most such cells occurred ipsilaterally, but this varied from animal to animal, probably reflecting the location of the microinjections with respect to the level of decussation of the superior cerebellar peduncle. Previous research with more rostral targeting found most DCN projection neurons contralaterally (Sukhotinsky et al., 2007). A felt-work of traversing axons was observed in the reticular core of the medulla, but there were no compact bundles or obvious clusters of double-labeled neuronal somata (Figure 5M). As noted, no GABAergic projection neurons were observed in the cervical SC (Figure 5N).
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FIGURE 7
Axonal trajectories of MPTA projection neurons and distant neurons that project into the MPTA. (A–P) A mixture of 2 tracers, the anterograde tracer AAV8-eGFP (green) and the retrograde tracer AAVrg-mCherry (red) was microinjected into the MPTA unilaterally (A–N), or bilaterally (O,P). Details of the results are shown at higher magnification in locations marked with yellow rectangles. (A) Axons of MPTA projection neurons in this parasagittal section (anterograde, green) can be seen ascending as far rostrally as the PFC (arrow in B) while pyramidal projection other neurons retrogradely labeled following AAVrg-mCherry microinjection into MPTA (red fluorescence) send axons caudally toward the MPTA (B–D). Other axons of MPTA projection neurons descend into the pons and medulla (E,F), many destined for the spinal cord. Retrogradely labeled neurons in the DCN and the ventral medulla send axons rostrally toward the MPTA (E,F). An outline drawing from the Paxinos and Watson rat brain atlas is superimposed. (G,J,M) show horizontal brain sections in sequence, dorsal to ventral, again with outline drawings superimposed. Depth coordinates of each are indicated. The section in (M) is cut through the MPTA microinjection site, still visible in (J) (orange arrows). In all 3 panels ascending and descending axons can be seen, mostly in the mesolimbic (ventral) stream, extending rostrally all the way into the striatum and frontal cortex (H,K,L), but also caudally in the brainstem. Most axons run in pathways ipsilateral to the microinjection site. However, axons of some MPTA projection neurons (green) are clearly visible crossing to the contralateral side, anteriorly in the anterior commissure (I, arrow), and further caudally in the ventral tegmental decussation and at the level of the MPTA itself (L,N). (O) a coronal section through the MPTA in a rat microinjected bilaterally with anterograde (green) and retrograde (red) tracers. The midline area [yellow rectangle in (O)], enlarged in (P), highlights decussating axons passing in both directions.





3.4 Reciprocal connectivity of GABAergic neurons within the MPTA

In 4 rats we searched for GABAergic neurons within the boundaries of the MPTA that sent an axonal projection to the MPTA on the opposite side. All 4 received unilateral AAVrg-mCherry and icv colchicine to enhance the visibility of GAD67, and 2 additionally received a colchicine microinjection into the MPTA. In a 500 × 500 μm counting frame centered on the MPTA we counted a total of 75 commissural neurons in these 4 rats (red, 75/mm2), 51 of which were also GABAergic (green, 68%). The 2 rats with microinjected colchicine contributed 52 of the 75 commissural neurons and 39 of the 51 of the GABAergic ones, suggesting that colchicine indeed enhances GABA visibility. The commissural neurons that were visualized were relatively large (8–29 μm, mean 16.4 ± 5.3 μm; averaging long and short diameters), with most bearing prominent dendrites. By these criteria few if any would have been δ-cells that are round or elliptical and mostly measure 5–7 μm across (Figure 8C).
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FIGURE 8
Axon terminals of GABAergic and glutamatergic projection neurons associate with resident cells of the MPTA. (A–D) Single-plane confocal images of MPTA effector-neurons, visualized by mCherry expression following AAV8-mCherry microinjection into the MPTA with enhancement using anti-mCherry immuno-labeling (large red neurons). Afferent axons and terminals in (A) show NL1-IR (green fluorescence) marking glutamatergic endings in association with effector-neurons in the MPTA. (B) NL2-IR (green) marks GABAergic and/or glycinergic endings, adjacent to MPTA effector-neurons. (D) VGlut3-IR (green) marking glutamatergic endings in association with MPTA effector-neurons. (C) A confocal image of VGAT-IR (green) marking GABAergic fiber endings in the vicinity of MPTA δ-cells, immuno-labeled with an anti-GABAAδ-R antibody (red). The inset is similar, but using anti-NL2-IR. Note the small size of δ-cells compared to effector-neurons. Rings of GABAergic terminals can be seen surrounding medium-to-large neurons that are not immune-labeled (white arrows). The scale-bar in (A) refers to panels (A–D).




3.5 GABAergic, glycinergic and glutamatergic axon terminals within the MPTA

Documentation of pre-terminal axons and synaptic terminals in the MPTA confirmed our conclusions about GABAergic input from afar, identified based on retrograde labeling. Additionally, these images provided information on the populations of MPTA-resident neurons that receive the input. Specifically, essentially all cell bodies and proximal dendrites of MPTA effector-neurons, identified by AAV8-mCherry expression (Figure 8, red), had GABAergic, glycinergic and glutamatergic axon terminals nearby (Figures 8A,B,D; green). In addition, Figure 8C (arrows) shows distinct rings of GABAergic, VGAT-IR and NL2-IR terminals encircling medium-to-large MPTA neurons. Because these were not exposed to AAV8-mCherry we cannot be sure that any give neuron is an effector. However, from previous work in which this AAV was used, we know based size, shape and NeuN immunoreactivity that about half of these would likely have been effector-neurons and the other half neuronal types other than effector-neurons (Baron et al., 2022; Baron et al., 2025).

Also shown, in Figure 8C are numerous much smaller δ-cells, identified by GABAAδ-R-IR (red). The δ-cells, like the much larger effector- and unidentified MPTA neurons, are embedded among incoming GABAergic axon terminals (green) as well as among glycinergic and glutamatergic terminals (not shown). These terminals, however, do not encircle δ-cells in the same embrace with which they encircle the larger neurons in the field (Figure 8C). This suggests close apposition, but not necessarily synaptic contact. The δ-cells might well be exposed to GABA and other neurotransmitters in the interstitial medium rather than within the synaptic cleft (see Discussion). It is important to note that NL1 and NL2 are antigens expressed by the postsynaptic neuron. Hence they are unlikely to represent free axon endings, or axons en passage. On the other hand, without corresponding ultrastructural images we cannot be sure that they indeed represent synaptic terminals of projection neurons.



3.6 Trajectory of axonal pathways of MPTA projection neurons

This, and our prior studies of MPTA connectivity, rested mostly on serial/coronal sections. This plane-of-section is well suited for identifying nuclear targets of MPTA projection neurons and the location of neuronal groups that send axons into the MPTA. But it is less suited for visualizing the trajectory of ascending and descending axonal pathways, mostly cut transversely in coronal sections (Baron et al., 2022; Sukhotinsky et al., 2016). To better visualize the trajectories of these pathways brains of AAV8-eGFP microinjected rats were examined in transparent brain whole-mounts (Figure 9). In addition, we combined an anterograde and a retrograde tracer in single MPTA microinjections, and cut brains in the sagittal and horizontal planes (Figure 7). Note, however, that the tracers used, AAV8-eGFP (anterograde) and AAVrg-mCherry (retrograde), are not selective for GABAergic neurons.
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FIGURE 9
Some MPTA projection neurons maintain axons that ascend to synaptic targets in the forebrain, while for others axons descend toward terminations in the brainstem and spinal cord. The main image is a parasagittal light-sheet image of a rat brain rendered transparent using CLARITY. The anterograde tracer AAV8-eGFP was microinjected into the MPTA (green fluorescent cell cluster), indicated as a green circle in the summary sketch (upper right). The few extraordinarily thick axons on the dorsum of the pons and medulla likely reflect an optical artifact. The inset (lower left) shows a horizontal image of the same brain, oriented as in the adjacent outline drawing which also shows the location of the MPTA. Note the bundle of ascending axons that cross the midline with ventral tegmental decussation (white arrow) and proceed caudally on the contralateral side.


Figure 9 shows a whole-mount preparation in which the MPTA was microinjected with AAV8-eGFP. Large numbers of axons can be seen ascending from the injection site and then turning either ventrally to enter the mesolimbic pathway, or dorsally on their way to the iTh (main image, upper left, green). Other axons descend toward the medulla and the spinal cord (main image, lower right, green). As the MPTA does not provide any input to the DCN, no fibers can be seen exiting the MPTA to enter the superior cerebellar peduncle and the cerebellum. The DCN, on the other hand, sends heavy GABAergic input into the MPTA. These projection neurons, and some fibers, are marked with the red retrograde tracer in Figures 7A,E. Prior research using double retrograde tracing established that projection neurons resident in the MPTA show very little collateralization (Goldenberg et al., 2018; Lellouche et al., 2020). Thus, most of the ascending and descending axons illustrated in Figures 7, 9 must originate in different neurons within the MPTA, as do those that terminate in different nuclear targets within the forebrain. A summary of the major ascending and descending pathways of the MPTA are shown in the sketch in Figure 9 (upper right).


3.6.1 Trajectory of fiber pathways rostral to the MPTA

Anterograde tracing in sagittal sections nicely visualizes the 3 primary ascending pathways inferred from this and our prior studies (Figures 7A–D). The first, a ventral stream, tracks past the VTA and ZI, and follows the medial forebrain bundle to the BF with some fibers turning laterally to enter the amygdaloid complex (Figures 7A,C,D). A small contingent of these fibers ascends in the cerebral peduncle to end in the PFC (Figure 7A; Sukhotinsky et al., 2007). We confirmed this here with the observation of a small number of retrogradely labeled neurons in the ipsilateral MPTA following injection of FG into the PFC in two rats. The second pathway, a dorsal stream, passes through the mesopontine tegmentum and pretectal area to end in the intralaminar thalamus (iTh) (Figure 7A). Finally, some fibers belonging to both streams arc dorsally to enter the genu of the corpus striatum (Figures 7B,H,K; Baron and Devor, 2023). Labeled ventral stream axons traversing the mesolimbic zone were about half green (anterograde) meaning that their cell soma was in the MPTA. The other half were red (retrograde) indicating distant cell somata with axons projecting into the MPTA (Figures 7A,C,D).



3.6.2 Trajectory of fiber pathways caudal to the MPTA

As in the forebrain, axons traversing the pons and the medulla contained roughly equal numbers of axons descending from the MPTA (anterograde, green) as axons ascending from the spinal cord and caudal hindbrain (retrograde, red). But in contrast to the compact axon bundles of the forebrain, these were disordered, particularly the ascending ones (red), appearing to criss-cross the reticular formation (Figures 7A,E,F,G). The DCN sends numerous ascending axons, probably all GABAergic, as input to the MPTA, but receives no input back from the MPTA (red in Figures 7A,E).



3.6.3 Commissural pathways of MPTA projection neurons

Axons passing from the MPTA on one side to the other side take 3 alternative routes. A minority take a direct route, crossing the midline at the level of the MPTA itself. This can be seen in both horizontal (Figures 7M,N) and coronal sections (Figures 7O,P). A larger contingent of crossing fibers travel ∼5 mm rostrally through the mesolimbic zone in the ventral stream of ascending fibers, and turns 90° medially to cross the midline in the ventral tegmental decussation. On the contralateral side some of these turn again by 90°, forming a U-shaped trajectory and return caudally within the contralateral ventral mesolimbic pathway (Figure 10 inset). Others continue rostrally on the contralateral side (Figures 7J,L). Finally, some fibers continue rostrally on the side of the microinjection and cross as a part of the anterior commissure (arrow in Figure 7I).
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FIGURE 10
Concept of how GABAergic projection neurons might deliver GABA to extrasynaptic GABAA receptors on MPTA δ-cells. (A) GABA is released from a synaptic terminal, accessing GABAAγ2-Rs on the postsynaptic membrane of a GABA-receptive neuron that is neither a δ-cell, nor an effector-neuron. Some of the GABA leaks out of the synaptic cleft and accesses extrasynaptic GABAAδ-Rs on a nearby MPTA δ-cell, by spillover. (B,C) The initial (phasic) inhibitory effect of GABA release on GABAAγ2-Rs (arrows) is very large. But due to receptor adaptation and desensitization it declines rapidly with repeated impulses invading the presynaptic terminal, even though GABA continues to be released into the cleft (dashed line). (D,E) Extrasynaptic GABAAδ-Rs behave differently. Their initial phasic response is smaller than that of GABAAγ2-Rs, but they retain a (tonic) inhibitory effect for as long as GABA is present. This tonic inhibitory effect likely increases with repeated impulse activity in proportion to the concentration of GABA in the adjacent interstitial space (dashed line). Note that sketches (B–E) illustrate a concept. They are not traces from actual electrophysiological experiments.






4 Discussion

Transitioning between wakefulness and unconsciousness occurs in concussion, epilepsy and other brain pathologies, but it is also a part of normal life. Examples include natural sleep and syncope (fainting), and in some species tonic immobility, torpor and hibernation. In each case immobility is accompanied by high δ-band power EEG, suggesting loss-of-consciousness (Carli, 1969; Carli and Farabollini, 2022). The discovery that a similar brain-state transition can be induced by exposure of a small population of mesopontine neurons to low concentrations of GABAA-R agonists suggests the operation of a mechanism common to them all, and motivates consideration of how endogenous GABA might access the MPTA to initiate transitioning in non-experimental situations. Although neurons capable of releasing GABA in the brainstem have been well studied, we are not aware of prior reports focusing on the MPTA (Chen et al., 2019; Ford et al., 1995; Jones, 1995; Jones et al., 1991; Sapin et al., 2009; Vertes and Kocsis, 1997). We found three main contributors of GABA to the MPTA: rostral neocortex, the mesolimbic continuum and two hindbrain sites, all with a strong ipsilateral predominance. Deep laminae of the frontal cortex are the predominant contributors. Interestingly, nearly all of the regions identified here have been implicated previously in wakefulness and arousal.

It is inevitable, even using small microinjections, that some retrograde tracer will fall outside of the intended target. Thus, theoretically, many or all of the neurons registered as terminating within the MPTA might in fact have terminated outside. In a post hoc analysis we ruled this out in two ways. First, for each ROI we asked whether there is a correlation between the density of retrogradely labeled neurons counted and the area of tracer inside vs. outside the target rectangle. Combining these data yielded a statistically significant correlation between cell count and tracer area within the MPTA frame (p < 0.001), but not for tracer areas outside the MPTA frame (p = 0.90). Second, we compared the rat with largest overall microinjection area (#AR33, overall 3.18 mm2, only 34.6% of which was inside the MPTA) with the rat with the smallest (#AR13, 1.24 mm2, 76.4% of which was inside the MPTA; Figure 1). The density of retrograde labeling (neurons/mm2) for injection areas inside the MPTA was very similar in 14 of the 15 ROIs available in both animals (R2 = 0.811, p = 0.01 (Figure 4D). This indicates that retrograde labeling could not have been due to trace located exclusively outside of the MPTA. In only one ROI, PRh, was there a substantial difference in neuronal density, 56.1/mm2 in #AR13 vs. 573.1/mm2 in #AR33. This suggests that the PRh cortex sends most of its projections to the cuneate, a nucleus residing dorsal and lateral to the MPTA, that was exposed to tracer in rat #AR33, but not in rat #AR13. Both calculations rule out the possibility that the GABA projections described are all, or mostly, directed to areas outside of the MPTA. To be sure, there is every reason to believe that regions outside the MPTA also receive GABAergic input, including from ROIs that provide such input to the MPTA. Our experimental question, however, concerned sources that deliver GABA to the MPTA, irrespective of whether they also deliver GABA to adjacent areas outside.


4.1 Marking projection neurons as GABAergic

A potential concern with tracer studies is differential uptake, transport and visibility of the tracer, factors that in principle could yield labeling of idiosyncratic subsets of projection neurons. This in mind, we employed two retrograde tracers with quite different characteristics, FG and AAVrg-mCherry. FG, like cholera toxin-b chain (CTB) used as a retrograde tracer in some of our previous studies, is presumed to enter axon terminals non-selectively, by pinocytosis from the bulk extracellular medium. There it loads onto microtubules and trafficks to the cell soma where it is visualized within transport vesicles. Entry of AAV-based tracers is more complicated. This additionally involves preferential binding to serotype-specific membrane epitopes and, after retrograde transport, accessing transcription and translation machinery where mCherry is expressed in a promoter-dependent manner (Murlidharan et al., 2014; Nassi et al., 2015). Despite these differences the location of projecting neurons revealed using FG and AAVrg-mCherry as tracers was very similar (Figures 4B,C), and largely the same as those we found previously using CTB (Sukhotinsky et al., 2007). AAVrg-mCherry proved to be the more efficient tracer. This is probably because of the continued accumulation of mCherry over weeks in situ. Visualization of GAD67, a reliable marker of GABAergic neurons, was enhanced using colchicine (Ribak et al., 1978). Additionally, we used VGAT and NL2 as supplemental markers of GABAergic somata and terminals. We conclude that GABA input to the MPTA is abundant and derives mostly from distant GABAergic neurons, mostly in deep layers of the frontal cortex, with the caveat that immuno-labeling in the tegmentum may have been suboptimal.



4.2 Dual action of GABA release in the MPTA


4.2.1 Cellular and molecular targets of GABA within the MPTA

Upon synaptic release GABA rapidly reaches high concentrations within the synaptic cleft, in the low millimolar range. Such concentrations open synaptic GABAAγ2-Rs. Once activated, however, the resulting synaptic current adapts to zero within a second or two, despite the continued presence of the agonist. Moreover, following GABA washout, an additional period of time goes by before the desensitized receptor recovers responsiveness. Because of the highly phasic nature of the resulting neurotransmission, the synaptic GABAAγ2-R is unlikely to be the driver of anesthesia, a state that persists for hours and days with continued drug delivery (Baron et al., 2025). Rather, a tonic, non-adapting inhibitory process likely mediates anesthesia, and by extension also endogenous instances of LOC such as natural sleep, hibernation etc. These are likely mediated by a second class of GABAA-R, receptors that reside extrasynaptically, are highly sensitive to GABA and its endogenous congeners (below), are tonic, and mostly incorporate the δ subunit in place of γ2, with other subunits also playing a role (Ahring et al., 2016; Barberis et al., 2007; Baron and Devor, 2024; Bright et al., 2011; Stórustovu and Ebert, 2006). Evidence that this general conclusion applies also to the MPTA is summarized by Baron et al. (2025).

GABAAδ-Rs, in contrast to synaptic GABAAγ2-Rs, respond to mid-nanomolar concentrations of GABA and the resulting Cl– current appears to persist for as long as the agonist is present. This makes the GABAAδ-R the prime candidate mediator of sustained brain-state transitions driven by GABAergic anesthetics, and by endogenous circulating and interstitial molecules such as neurosteroids and other somnogens (e.g., adenosine and taurine (Baron and Devor, 2024; Baron et al., 2025; Hemmings et al., 2019). We propose that this is also the case for GABA itself. GABA is known to be present in the narrow spaces interstitial between neurons and glia in the CNS, entering these spaces from the ventricular cerebrospinal fluid (CSF), the intracerebral vasculature and released within brain parenchyma from free axon endings and from astroglia. Concentrations of GABA in the CSF due to these sources are low, are expected to be quite stable over time, and not likely to be regionally specific. But in addition to these there is an important additional source of extracellular GABA, one that may well vary rapidly and be regionally specific. This is leak from the synaptic cleft with spillover into the interstitial space (Bazargani and Attwell, 2017; Lee et al., 2010; Wei et al., 2003; Figure 10).

The spillover mechanism, in principle, can allow the concentration of interstitial GABA to which extrasynaptic GABAAδ-Rs are exposed to be subject to regulation on a moment-to-moment basis by control of the discharge pattern of afferent GABAergic input neurons. For example, intense and prolonged synaptic input to the MPTA from distant sources would raise the concentration of interstitial GABA to levels still low, but high enough to strongly activate extrasynaptic GABAAδ-Rs on MPTA δ-cells. A result would be to drive the individual into a deep sleep. By the same token, moderate discharge of GABAergic axon terminals in the MPTA would yield moderate GABA spillover from the synaptic cleft generating a lighter, more labile sleep state permitting arousal, for example, by stimuli such as a baby’s cry. In both scenarios the synaptic action on GABA-receptive neurons would necessarily be mediated by GABAAδ-Rs on δ-cells (Figure 10). An action on neurons that express GABAAγ2-Rs is largely excluded both because of their rapid adaptation and desensitization, and because these receptors do not respond to the low concentrations of GABA present outside of the synaptic cleft due to spillover. GABA-receptive neurons in the MPTA that express GABAAγ2-Rs probably act in the awake state, making essential contributions to the complex, phasic, local-circuit computations executed by a conscious brain. These would presumably be executed using intermittent spikes, spike bursts, or other patterns of activity that minimize receptor desensitization and GABA spillover.

Overall, by close regulation of discharge patterning, the brain should be able to recruit GABAergic inputs to the MPTA in a dual manner. Housekeeping functions and functions of wakefulness would mostly operate synaptically using (phasic) GABAAγ2-Rs. Transitioning to unconsciousness would occur with a regulated shift to the more tonic discharge patterns that would foster accumulation of GABA locally at the relatively low concentrations that are the sole domain of extrasynaptic GABAAδ-Rs, yielding light (arousable) forms of sleep, through deep sleep, torpor and hibernation. Specific evidence of the spillover mechanism in the MPTA is the observation that pharmacological block of synaptic reuptake of GABA within the MPTA with tiagabine, a process expected to increase spillover, is pro-anesthetic (Baron et al., 2025; Figure 10).



4.2.2 Interaction of MPTA δ-cells and effector-neurons

Immunolabeling previously identified δ-cells as the sole carriers of extrasynaptic GABAAδ-Rs in the MPTA (Baron et al., 2022). This establishes their likely role as the cellular target of GABAergic general anesthetics, interstitial GABA, neurosteroids etc. Here, using NL2 and VGAT as markers, we documented abundant GABAergic terminations amongst these cells, effector-neurons and also unidentified medium to large diameter MPTA neurons. Ultrastructural analysis will be required to determine which of the three actually receive GABAergic input via synapses. However, as relatively few δ-cells or effector-neurons express GABAAγ2-Rs, and in any event effector-neurons need to be excited to induce LOC, direct modulation via GABAergic synapses is unlikely. Rather, we suspect that synaptic GABAergic input to the MPTA is probably targeted to GABAAγ2-Rs expressed by the unidentified neuronal population, making these a key source of spillover. Indeed, these are the cells most intimately embraced by labeled axon terminals (Figure 8C). One therefore needs to know how δ-cells, responding to synaptic spillover, might interact with effector-neurons to induce LOC.

A hint at answering this question is the observation that nearly all effector-neurons are closely apposed to one or more δ-cells (Baron et al., 2025). This suggests that the activity of effector-neurons is modulated by activity in δ-cells by a mechanism not yet defined, perhaps paracrine or electrical (Figure 10). We have predicted that this putative mechanism is inhibitory. Specifically, we suppose that during wakefulness δ-cells fire spontaneously, maintaining effector-neurons in silence by a mechanism not yet defined. Suppression of this activity with GABAergic anesthetics, interstitial GABA, neurosteroids etc. would lead to excitation of effector-neurons (by disinhibition) and hence the induction of sedation and LOC (Baron and Devor, 2024; Baron et al., 2025; Devor et al., 2016). Alternative, or additional mechanisms are also available to drive effector-neurons. For example, the ample glutamatergic input to the MPTA could provide direct excitation of MPTA effector-neurons and hence also contribute to sedation, sleep, torpor etc. We do not know if inputs to the MPTA from individual neurons might release both GABA and glutamate, although such co-transmission has been reported elsewhere in the brainstem (O’Brien and Berger, 1999; Vaaga et al., 2014).




4.3 Laterality and reciprocity

GABAergic input to the MPTA is strongly ipsilateral with a preference of roughly 6:1 across the 19 ROIs. Likewise, overall ascending and descending projections of MPTA neurons to their main nuclear targets are also preferentially ipsilateral, albeit with a ratio of about 2:1 rather than 6:1 (Goldenberg et al., 2018; Lellouche et al., 2020). Nonetheless, functional switching of the cortical EEG signature upon unilateral MPTA microinjection of GABAergics is bilateral and symmetrical (Avigdor et al., 2021). The decussation of MPTA projection neurons may account for this, or perhaps corico-cortical connectivity.

As for reciprocity, although the 19 ROIs were selected based on axonal projections to the MPTA irrespective of axonal inputs, many of them also receive input from the MPTA, particularly ROIs in the mesolimbic zone. Other regions showed little or no reciprocal connectivity. The DCN, for example, send substantial GABAergic input into the MPTA, but receive no input from the MPTA. Conversely, the iTh receives input from the MPTA, but does not reciprocate with GABA output (Baron et al., 2022; Lellouche et al., 2020; Sukhotinsky et al., 2007). The cerebral cortex is a special case. On the one hand, it is the most prominent contributor of GABAergic input to the MPTA while receiving only minimal direct input from the MPTA, focused in the PFC. On the other hand, the cortex does receive abundant indirect MPTA input, relayed through the iTh, ZI and BF. Indeed, the MPTA stands out for its ability to rapidly and reversibly switch the cortical EEG signature from the wake state to oblivion (Avigdor et al., 2021).



4.4 Functional roles of the major sources of GABAergic input


4.4.1 GABAergic inputs from the neocortex

The frontal neocortex is widely cited as the seat of conscious arousal, with many high-order functions attributed to it including sensory perception, planning, decision-making, attention and emotions, especially in primates (Friedman and Robbins, 2022; Libedinsky and Livingstone, 2011; Mashour et al., 2022, but see Baron and Devor, 2022). One should recall, however, that homology between the primate PFC and the rodent rostral pole is uncertain (Laubach et al., 2018). None of the ROIs fell within caudal parietal or occipital regions, an observation that may speak to a current controversy concerning the relative roles of rostral vs. more caudal regions of the cortex in higher cognitive function (Boly et al., 2017). The more primitive paleo- and archi-cortex (piriform lobe and hippocampal formation) appear to contribute minimally if at all. It is notable that much of the MPTA’s GABAergic input originates in association neocortex. Perhaps this explains why sustained cognitive effort, or the dull repetitive input of a boring lecture, may lead to (spillover) drowsiness.



4.4.2 GABAergic inputs from the mesolimbic zone

Like the medulla this region is deeply involved with homeostasis. But unlike the medulla, it operates via neuroendocrine regulation rather than the autonomic nervous system. It also mediates higher brain functions including emotions (e.g., attachment, fear, pleasure) and motivated behaviors (e.g., feeding, drinking and reproduction). For example, dopaminergic neurons of the VTA (and to a lesser degree the SN), and more rostral zones including LH, POA and nucleus accumbens, are important regulators of reward and reinforcing properties of food, water and sexual experience. All of these functions are associated with arousal, as is a major ascending extra-thalamic pain pathway that originates in the spinal substantia gelatinosa, relays through the parabrachial area and mesolimbic Ce, ending in the cerebral cortex. Noxious stimuli (e.g., tail-pinch) and electrical stimulation anywhere along ascending pain pathways lighten anesthesia transiently (Fields and Basbaum, 1999; Gauriau and Bernard, 2002; Leknes and Tracey, 2008; Pert, 1997; Stuber and Wise, 2016). Interestingly, the mesolimbic zone is also intimately related to sleep, containing the VLPO and associated sleep nuclei such as the supraoptic nucleus, the perifornical orexinergic neurons of the LH and the histaminergic TMN. Perhaps serving both arousal and somnogenic functions the MPTA relays to the cortex through the thalamus (iTh), but also through the BF and the ZI, alternative extra-thalamic pathways.



4.4.3 GABAergic inputs from the cerebellum and medulla

An intriguing aspect of our observations is the link between sensory and motor aspects of GABAergic involvement in MPTA function. The fact that dopamine originating in the SN is a key component of extrapyramidal motor function and also of pleasure and arousal is not immediately intuitive. But it makes sense with respect to the axis of wakefulness and sedation. The link between intense physical effort and the dual feelings of elation and exhaustion may be another case in point. A counterintuitive example is the location of the MPTA along the ascending course of the superior cerebellar peduncle from which it receives plentiful GABAergic input from the DCN (Shammah-Lagnado et al., 1983; Sukhotinsky et al., 2005). Classically the cerebellum has been considered a structure controlling movement, although the disproportionally large cerebellum of elephants, animals not know for feline agility, has long brought this idea into question. But what link might there be to wakefulness and sedation? An answer might lie in the various higher-level cognitive roles added in recent years to the repertoire of the cerebellum (Callu et al., 2013; Sathyamurthy et al., 2020).

Finally, the RVM has multiple roles associated with MPTA function. Among these are sleep atonia and descending pain inhibition directed to the trigeminal and spinal dorsal horn. Indeed, descending projections to the RVM from the MPTA are roughly as prominent as those from the more well-studied ventrolateral periaqueductal gray (vlPAG) (Fields and Basbaum, 1999; Lefler et al., 2008; Mason, 2001; Sukhotinsky et al., 2005). Minimal GABAergic input to the MPTA was found at mid-levels of the medulla, and its caudal extent. This is surprizing in light of the importance of this part of the brainstem for homeostasis, with syncope a frequent consequence of dysregulation (Janig, 2022). MPTA lesions do affect syncope in the presence of hypercapnia, but they do not have major impact on systemic blood pressure or thermoregulation, and they do not cause LOC (Avigdor et al., 2021; Meiri et al., 2016; Minert et al., 2020).




5 Summary and conclusion

The MPTA is a singular locus, the only one reported to date at which surgical anesthesia can be induced by direct delivery of GABAergic anesthetic agents by microinjection. A pro-anesthetic effect is obtained using concentrations actually present in the brain upon systemic delivery. Correspondingly, lesioning the MPTA reduces the efficacy of GABAergic agents administered systemically. These observations suggest that MPTA effector-neurons play a key role in dedicated circuitry underlying anesthetic loss-of-consciousness. Hallmark indicators, including EEG synchronization and loss of spinal reflexes, point to cortical and spinal actions which, as noted, could not be due to translocation of effector molecules from the site of microinjection to the cortex or cord (Baron and Devor, 2023; Baron et al., 2025; Minert et al., 2020).

The fact that the idiosyncratic symptoms of anesthesia: atonia, analgesia, amnesia and LOC, also characterize physiological instances of LOC including syncope, concussion, epilepsy, tonic-inhibition, natural sleep, hibernation and others, suggests that all may share a common regulatory mechanism. Our observations suggest that the MPTA is an important node in the evolutionarily adaptive circuitry dedicated to effecting the brain-state transitions associated with LOC. They also support the notion that exogenous GABAergic anesthetics act by substituting for an endogenous neurotransmitter to co-opt this circuitry, the locus of this substitution being, at least in part, extrasynaptic GABAAδ-Rs expressed by MPTA δ-cells. The main endogenous neurotransmitter is presumably GABA, sourced largely by spillover from GABAergic synapses of projection neurons located in the various ROIs identified in this study. Given its small size, the large number of such neurons that send axons into the MPTA is impressive. Equally broad swaths of brain contain no such neurons (Results sections 3.3.1, 3.3.2, 3.3.3 for cortex, subcortical forebrain and hindbrain, respectively). Other candidate agonists that might play subtly different functional roles such as mood modulation, include neurosteroids, somnogens and related diffusible agents (Baron and Devor, 2024). Further elucidation of the circuitry underlying LOC holds the potential of intuiting why the individual components of anesthesia are so tightly bound together, and why motor control, sensory experience and awareness all collapse in unison, while complex housekeeping functions of the brain and at least the early phases of sensory computation, persist.




Data availability statement

Data from this study will be provided to qualified investigators upon reasonable request. Requests to access the datasets should be directed to MD, marshlu@mail.huji.ac.il.



Ethics statement

This animal study was approved by Institutional Animal Care and Use Committee of the Life Sciences Institute of the Hebrew University of Jerusalem and followed the guidelines of the United States Public Health Service’s Policy on Humane Care and Use of Laboratory Animals. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

AI: Visualization, Data curation, Formal Analysis, Methodology, Writing – review & editing, Investigation, Writing – original draft. KV: Writing – review & editing, Investigation, Methodology, Supervision, Data curation, Visualization. AM: Investigation, Visualization, Data curation, Project administration, Writing – review & editing, Supervision, Formal Analysis. S-LY: Methodology, Investigation, Visualization, Writing – review & editing. MB: Writing – review & editing, Supervision, Conceptualization, Methodology. MD: Conceptualization, Writing – original draft, Resources, Funding acquisition. Methodology, Writing – review & editing, Data curation, Supervision, Project administration.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by the Fund for Research on Anesthesia at the Hebrew University of Jerusalem (account #3175000539).



Acknowledgments

We thank Nadav Yayon, Ron Refaeli and Frank Schenk for technical assistance and the Charles Smith and Joel Elkes Laboratory for Collaborative Research in Psychobiology for use of their imaging equipment.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Abbreviations

AAV, adeno-associated virus; AI, agranular insular cortex; BF, basal forebrain; Ce, central amygdaloid nucleus; Cg1, cingulate cortex; area 1; CNS, central nervous system; CSF, cerebrospinal fluid; CTB, cholera toxin-b chain; DCN, deep cerebellar nuclei; DpMe, deep mesencephalic nuclei; EEG, electroencephalogram; eGFP, enhanced green fluorescent protein; FG, fluorogold; GABA, gamma-aminobutyric acid; Gi, gigantocellular reticular nucleus; INTa, interpositus anterior part of deep cerebellar nulcei; iTh, intralaminar thalamus; LH, lateral hypothalamus; LAT (dentate), lateral (dentate) part of deep cerebellar nuclei; LATpc, parvocellular part of lateral nucleus; LOC, loss-of-consciousness; LORR, loss of the righting reflex; M1c, primary motor cortex; caudal; M1r, primary motor cortex; rostral; M2, secondary motor cortex; MPTA, mesopontine tegmental anesthesia area; PBS, phosphate buffered saline; POA, preoptic area; PRh, perirhinal cortex; PFC, prefrontal cortex; PnO, oral segment of the pontine tegmentum; RAS, reticular activating system; ROI, region of interest; RVM, rostroventromedial medulla; SC, spinal cord; S1hl, primary somatosensory cortex; hindlimb region; SNCd, substantia nigra pars compacta; dorsal; SNR, substantia nigra pars reticulata; TMN, tuberomammilary nucleus; VLPO, ventrolateral preoptic nucleus; VTA, ventral tegmental area; ZIv, zona incerta, ventral.



References

Abulafia, R., Zalkind, V., and Devor, M. (2009). Cerebral activity during the anesthesia-like state induced by mesopontine microinjection of pentobarbital. J. Neurosci. 29, 7053–7064. doi: 10.1523/JNEUROSCI.1357-08.2009

Ahring, P., Bang, L., Jensen, M., Strøbæk, D., Hartiadi, L., Chebib, M., et al. (2016). A pharmacological assessment of agonists and modulators at α4β2γ2 and α4β2δ GABAA receptors: The challenge in comparing apples with oranges. Pharmacol. Res. 111, 563–576. doi: 10.1016/j.phrs.2016.05.014

Alkire, M., Haier, R., Barker, S., Shah, N., Wu, J., and Kao, Y. (1995). Cerebral metabolism during propofol anesthesia in humans studied with positron emission tomography. Anesthesiology 82, 393–403; discussion 27A. doi: 10.1097/00000542-199502000-00010

Antognini, J., and Carstens, E. (1998). Macroscopic sites of anesthetic action: Brain versus spinal cord. Toxicol. Lett. 51–58. doi: 10.1016/s0378-4274(98)00164-7

Avigdor, T., Minert, A., Baron, M., and Devor, M. (2021). Paradoxical anesthesia: Sleep-like EEG during anesthesia induced by mesopontine microinjection of GABAergic agents. Exp. Neurol. 343:113760. doi: 10.1016/j.expneurol.2021.113760

Barberis, A., Mozrzymas, J., Ortinski, P., and Vicini, S. (2007). Desensitization and binding properties determine distinct alpha1beta2gamma2 and alpha3beta2gamma2 GABA(A) receptor-channel kinetic behavior. Eur. J. Neurosci. 25, 2726–2740. doi: 10.1111/j.1460-9568.2007.05530.x

Baron, M., and Devor, M. (2022). Might pain be experienced in the brainstem rather than in the cerebral cortex? Behav. Brain Res. 427:113861. doi: 10.1016/j.bbr.2022.113861

Baron, M., and Devor, M. (2023). From molecule to oblivion: Dedicated brain circuitry underlies anesthetic loss of consciousness permitting pain-free surgery. Front. Mol. Neurosci. 16:1197304. doi: 10.3389/fnmol.2023.1197304

Baron, M., and Devor, M. (2024). Neurosteroids foster sedation by engaging tonic GABAA-Rs within the mesopontine tegmental anesthesia area (MPTA). Neurosci. Lett. 843:138030. doi: 10.1016/j.neulet.2024.138030

Baron, M., Vaso, K., Avigdor, T., Charit, Y., Minert, A., and Devor, M. (2022). Anesthetic loss of consciousness induced by chemogenetic excitation of mesopontine effector neurons. Exp. Neurol. 357:114169. doi: 10.1016/j.expneurol.2022.114169

Baron, M., Vaso, K., Ibraheem, A., Minert, A., and Devor, M. (2025). Molecular and cellular targets of GABAergic anesthetics in the mesopontine tegmentum that enable pain-free surgery. Pain. 166, 1549–1564. doi: 10.1097/j.pain.0000000000003504

Bazargani, N., and Attwell, D. (2017). Amines, astrocytes, and arousal. Neuron 94, 228–231. doi: 10.1016/j.neuron.2017.03.035

Bharioke, A., Munz, M., Brignall, A., Kosche, G., Eizinger, M., Ledergerber, N., et al. (2022). General anesthesia globally synchronizes activity selectively in layer 5 cortical pyramidal neurons. Neuron 110:2024–2040.e10. doi: 10.1016/j.neuron.2022.03.032

Boly, M., Massimini, M., Tsuchiya, N., Postle, B., Koch, C., and Tononi, G. (2017). Are the neural correlates of consciousness in the front or in the back of the cerebral cortex? Clinical and neuroimaging evidence. J. Neurosci. 37, 9603–9613. doi: 10.1523/JNEUROSCI.3218-16.2017

Bright, D., Renzi, M., Bartram, J., McGee, T., MacKenzie, G., Hosie, A., et al. (2011). Profound desensitization by ambient GABA limits activation of δ-containing GABAA receptors during spillover. J. Neurosci. 31, 753–763. doi: 10.1523/JNEUROSCI.2996-10.2011

Brown, E., Lydic, R., and Schiff, N. (2012). General anesthesia, sleep, and coma. N. Engl. J. Med. 363, 2638–2650. doi: 10.1056/NEJMra0808281

Callu, D., Lopez, J., and El Massioui, N. (2013). Cerebellar deep nuclei involvement in cognitive adaptation and automaticity. Learn. Mem. 20, 344–347. doi: 10.1101/lm.030536.113

Carli, G. (1969). Dissociation of electrocortical activity and somatic reflexes during rabbit hypnosis. Arch. Ital. Biol. 107, 219–234.

Carli, G., and Farabollini, F. (2022). Neurophysiological mechanisms involved in tonic immobility (TI). Prog. Brain Res. 271, 145–166. doi: 10.1016/bs.pbr.2022.02.006

Cataldi, J., Stephan, A., Haba-Rubio, J., and Siclari, F. (2024). Shared EEG correlates between non-REM parasomnia experiences and dreams. Nat. Commun. 15:3906. doi: 10.1038/s41467-024-48337-7

Chen, Z., Yuan, X., Dong, H., Wu, Y., Chen, G., He, M., et al. (2019). Whole-brain neural connectivity to lateral pontine tegmentum GABAergic neurons in mice. Front. Neurosci. 13:375. doi: 10.3389/fnins.2019.00375

Chung, K., and Deisseroth, K. (2013). CLARITY for mapping the nervous system. Nat. Methods 10, 508–513. doi: 10.1038/nmeth.2481

Devor, M., and Zalkind, V. (2001). Reversible analgesia, atonia, and loss of consciousness on bilateral intracerebral microinjection of pentobarbital. Pain 94, 101–112. doi: 10.1016/S0304-3959(01)00345-1

Devor, M., Zalkind, V., Fishman, Y., and Minert, A. (2016). Model of anaesthetic induction by unilateral intracerebral microinjection of GABAergic agonists. Eur. J. Neurosci. 43, 846–858. doi: 10.1111/ejn.13186

Fields, H., and Basbaum, A. (1999). “Central nervous system mechanisms of pain modulation,” in Textbook of pain, 4th Edn, eds P. Wall and R. Melzack (Edinburgh: Churchill Livingstone).

Flint, R., Chang, T., Lydic, R., and Baghdoyan, H. A. (2010). GABA(A) receptors in the pontine reticular formation of C57BL/6J mouse modulate neurochemical, electrographic, and behavioral phenotypes of wakefulness. J. Neurosci. 30, 12301–12309. doi: 10.1523/JNEUROSCI.1119-10.2010

Ford, B., Holmes, C., Mainville, L., and Jones, B. (1995). GABAergic neurons in the rat pontomesencephalic tegmentum: Codistribution with cholinergic and other tegmental neurons projecting to the posterior lateral hypothalamus. J. Comp. Neurol. 363, 177–196. doi: 10.1002/cne.903630203

Franks, N. P., and Lieb, W. R. (1978). Where do general anaesthetics act? Nature 274, 339–342. doi: 10.1038/274339a0

Fremeau, R., Burman, J., Qureshi, T., Tran, C., Proctor, J., Johnson, J., et al. (2002). The identification of vesicular glutamate transporter 3 suggests novel modes of signaling by glutamate. Proc. Natl. Acad. Sci. U.S.A. 99, 14488–14493. doi: 10.1073/pnas.222546799

French, J., Verzeano, M., and Magoun, H. W. (1953). A neural basis of the anesthetic state. AMA Arch. Neurol. Psychiatry 69, 519–529. doi: 10.1001/archneurpsyc.1953.02320280107010

Friedman, N., and Robbins, T. (2022). The role of prefrontal cortex in cognitive control and executive function. Neuropsychopharmacology 47, 72–89. doi: 10.1038/s41386-021-01132-0

Gauriau, C., and Bernard, J. (2002). Pain pathways and parabrachial circuits in the rat. Exp. Physiol. 87, 251–258. doi: 10.1113/eph8702357

Goldenberg, A. M., Minert, A., Fishman, Y., Wolf, G., and Devor, M. (2018). Mesopontine neurons implicated in anesthetic loss-of-consciousness have either ascending or descending axonal projections, but not both. Neuroscience 369, 152–167. doi: 10.1016/j.neuroscience.2017.11.007

Grady, F., Boes, A., and Geerling, J. C. (2022). A century searching for the neurons necessary for wakefulness. Front. Neurosci. 16:930514. doi: 10.3389/fnins.2022.930514

Hemmings, H., Riegelhaupt, P., Kelz, M., Solt, K., Eckenhoff, R., Orser, B., et al. (2019). Towards a comprehensive understanding of anesthetic mechanisms of action: A decade of discovery. Trends Pharmacol. Sci. 40, 464–481. doi: 10.1016/j.tips.2019.05.001

Hubel, D. H., and Wiesel, T. N. (1959). Receptive fields of single neurones in the cat’s striate cortex. J. Physiol. 148, 574–591. doi: 10.1113/jphysiol.1959.sp006308

Janig, W. (2022). The integrative action of the autonomic nervous system, 2nd Edn. Cambridge: Cambridge University Press.

Jerome, B., Posner, M. D., Clifford, B., Saper, M. D., Nicholas, D., Schiff, M. D., et al. (2019). Plum and Posner’s Diagnosis and Treatment of Stupor and Coma, 5th Edn, Oxford: Oxford Academic. doi: 10.1093/med/9780190208875.001.0001

Jones, B. (1995). “Reticular formation: Cytoarchitecture, transmitters and projections,” in The rat nervous system, 2 Edn, ed. G. Paxinos (Cambridge, MA: Academic Press), 155–171.

Jones, B., Holmes, C., Rodriguez-Veiga, E., and Mainville, L. (1991). GABA-synthesizing neurons in the medulla: Their relationship to serotonin-containing and spinally projecting neurons in the rat. J. Comp. Neurol. 313, 349–367. doi: 10.1002/cne.903130210

Kinomura, S., Larsson, J., Gulyás, B., and Roland, P. (1996). Activation by attention of the human reticular formation and thalamic intralaminar nuclei. Science 271, 512–515. doi: 10.1126/science.271.5248.512

Lanir-Azaria, S., Meiri, G., Avigdor, T., Minert, A., and Devor, M. (2018). Enhanced wakefulness following lesions of a mesopontine locus essential for the induction of general anesthesia. Behav. Brain Res. 341, 198–211. doi: 10.1016/j.bbr.2017.12.035

Laubach, M., Amarante, L., Swanson, K., and White, S. (2018). What, If Anything, Is Rodent Prefrontal Cortex? eNeuro 5. doi: 10.1523/ENEURO.0315-18.2018

Lee, S., Yoon, B., Berglund, K., Oh, S., Park, H., Shin, H., et al. (2010). Channel-mediated tonic GABA release from glia. Science 330, 790–796. doi: 10.1126/science.1184334

Lefler, Y., Arzi, A., Reiner, K., Sukhotinsky, I., and Devor, M. (2008). Bulbospinal neurons of the rat rostromedial medulla are highly collateralized. J. Comp. Neurol. 506, 960–978. doi: 10.1002/cne.21586

Leknes, S., and Tracey, I. (2008). A common neurobiology for pain and pleasure. Nat. Rev. Neurosci. 9, 314–320. doi: 10.1038/nrn2333

Lellouche, Y., Minert, A., Schreiber, C., Aroch, I., Vaso, K., Fishman, Y., et al. (2020). Individual mesopontine neurons implicated in anesthetic loss-of-consciousness employ separate ascending pathways to the cerebral cortex. Neuroscience 432, 188–204. doi: 10.1016/j.neuroscience.2020.02.022

Leung, L., Luo, T., Ma, J., and Herrick, I. (2014). Brain areas that influence general anesthesia. Prog. Neurobiol. 122, 24–44. doi: 10.1016/j.pneurobio.2014.08.001

Libedinsky, C., and Livingstone, M. (2011). Role of prefrontal cortex in conscious visual perception. J. Neurosci. 31, 64–69. doi: 10.1523/JNEUROSCI.3620-10.2011

Lu, J., Sherman, D., Devor, M., and Saper, C. B. (2006). A putative flip-flop switch for control of REM sleep. Nature 441, 589–594. doi: 10.1038/nature04767

Lutsky, I., Aizer, F., and Mor, N. (1984). The Sabra rat: Definition of a laboratory animal. Isr. J. Med. Sci. 20, 603–612.

Magni, F., Moruzzi, G., Rossi, G., and Zanchetti, A. (1959). EEG arousal following inactivation of the lower brain stem by selective injection of barbiturate into the vertebral circulation. Arch. Ital. Biol. 97, 33–41.

Mao, R., Cavelli, M., Findlay, G., Driessen, K., Peterson, M., Marshall, W., et al. (2024). Behavioral and cortical arousal from sleep, muscimol-induced coma, and anesthesia by direct optogenetic stimulation of cortical neurons. iScience 27:109919. doi: 10.1016/j.isci.2024.109919

Mashour, G., Pal, D., and Brown, E. (2022). Prefrontal cortex as a key node in arousal circuitry. Trends Neurosci. 45, 722–732. doi: 10.1016/j.tins.2022.07.002

Mashour, G. A., and Hudetz, A. G. (2018). Neural correlates of unconsciousness in large-scale brain networks. Trends Neurosci. 41, 150–160. doi: 10.1016/j.tins.2018.01.003

Mason, P. (2001). Contributions of the medullary raphe and ventromedial reticular region to pain modulation and other homeostatic functions. Annu. Rev. Neurosci. 24, 737–777. doi: 10.1146/annurev.neuro.24.1.737

Meiri, G., Lanir, S., Minert, A., and Devor, M. (2016). Transient loss of consciousness during hypercapnia and hypoxia: Involvement of pathways associated with general anesthesia. Exp. Neurol. 284, 67–78. doi: 10.1016/j.expneurol.2016.07.014

Minert, A., and Devor, M. (2016). Brainstem node for loss of consciousness due to GABA(A) receptor-active anesthetics. Exp. Neurol. 275, 38–45. doi: 10.1016/j.expneurol.2015.10.001

Minert, A., Baron, M., and Devor, M. (2020). Reduced sensitivity to anesthetic agents upon lesioning the mesopontine tegmental anesthesia area in rats depends on anesthetic type. Anesthesiology 132, 535–550. doi: 10.1097/ALN.0000000000003087

Minert, A., Yatziv, S., and Devor, M. (2017). Location of the mesopontine neurons responsible for maintenance of anesthetic loss of consciousness. J. Neurosci. 37, 9320–9331. doi: 10.1523/JNEUROSCI.0544-17.2017

Moruzzi, G., and Magoun, H. (1949). Brain stem reticular formation and activation of the EEG. Electroencephalogr. Clin. Neurophysiol. 1, 455–473. doi: 10.1016/0013-4694(49)90219-9

Mountcastle, V., Davies, P., and Berman, A. (1957). Response properties of neurons of cat’s somatic sensory cortex to peripheral stimuli. J. Neurophysiol. 20, 374–407. doi: 10.1152/jn.1957.20.4.374

Murlidharan, G., Samulski, R., and Asokan, A. (2014). Biology of adeno-associated viral vectors in the central nervous system. Front. Mol. Neurosci. 7:76. doi: 10.3389/fnmol.2014.00076

Namjoshi, D., McErlane, S., Taepavarapruk, N., and Soja, P. (2009). Network actions of pentobarbital in the rat mesopontine tegmentum on sensory inflow through the spinothalamic tract. J. Neurophysiol. 102, 700–713. doi: 10.1152/jn.90933.2008

Nassi, J., Cepko, C., Born, R., and Beier, K. (2015). Neuroanatomy goes viral! Front. Neuroanat. 9:80. doi: 10.3389/fnana.2015.00080

O’Brien, J., and Berger, A. (1999). Cotransmission of GABA and glycine to brain stem motoneurons. J. Neurophysiol. 82, 1638–1641. doi: 10.1152/jn.1999.82.3.1638

Paxinos, G., and Watson, C. (1998). The rat brain in stereotaxic coordinates, 4 Edn. Cambridge, MA: Academic Press.

Pert, C. B. (1997). Molecules of emotion. New York, NY: Scribner.

Refaeli, R., and Goshen, I. (2022). Investigation of spatial interaction between astrocytes and neurons in cleared brains. J. Vis. Exp. 181:79. doi: 10.3791/63679

Ribak, C., Vaughn, J., and Saito, K. (1978). Immunocytochemical localization of glutamic acid decarboxylase in neuronal somata following colchicine inhibition of axonal transport. Brain Res. 140, 315–332. doi: 10.1016/0006-8993(78)90463-8

Rudolph, S., Guo, C., Pashkovski, S., Osorno, T., Gillis, W., Krauss, J., et al. (2020). Cerebellum-specific deletion of the GABAA receptor δ subunit leads to sex-specific disruption of behavior. Cell Rep. 33:108338. doi: 10.1016/j.celrep.2020.108338

Sapin, E., Lapray, D., Bérod, A., Goutagny, R., Léger, L., Ravassard, P., et al. (2009). Localization of the brainstem GABAergic neurons controlling paradoxical (REM) sleep. PLoS One 4:e4272. doi: 10.1371/journal.pone.0004272

Sathyamurthy, A., Barik, A., Dobrott, C., Matson, K., Stoica, S., Pursley, R., et al. (2020). Cerebellospinal neurons regulate motor performance and motor learning. Cell Rep. 31:107595. doi: 10.1016/j.celrep.2020.107595

Scharf, M., and Kelz, M. (2013). Sleep and anesthesia interactions: A pharmacological appraisal. Curr. Anesthesiol. Rep. 3, 1–9. doi: 10.1007/s40140-012-0007-0

Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019

Shammah-Lagnado, S., Ricardo, J., Sakamoto, N., and Negrão, N. (1983). Afferent connections of the mesencephalic reticular formation: A horseradish peroxidase study in the rat. Neuroscience 9, 391–409. doi: 10.1016/0306-4522(83)90302-0

Sherin, J., Shiromani, P., McCarley, R., and Saper, C. (1996). Activation of ventrolateral preoptic neurons during sleep. Science 271, 216–219. doi: 10.1126/science.271.5246.216

Stórustovu, S., and Ebert, B. (2006). Pharmacological characterization of agonists at delta-containing GABAA receptors: Functional selectivity for extrasynaptic receptors is dependent on the absence of gamma2. J. Pharmacol. Exp. Ther. 316, 1351–1359. doi: 10.1124/jpet.105.092403

Stuber, G., and Wise, R. (2016). Lateral hypothalamic circuits for feeding and reward. Nat. Neurosci. 19, 198–205. doi: 10.1038/nn.4220

Sukhotinsky, I., Hopkins, D., Lu, J., Saper, C., and Devor, M. (2005). Movement suppression during anesthesia: Neural projections from the mesopontine tegmentum to areas involved in motor control. J. Comp. Neurol. 489, 425–448. doi: 10.1002/cne.20636

Sukhotinsky, I., Minert, A., Soja, P., and Devor, M. (2016). Mesopontine switch for the induction of general anesthesia by dedicated neural pathways. Anesth. Analg. 123, 1274–1285. doi: 10.1213/ANE.0000000000001489

Sukhotinsky, I., Zalkind, V., Lu, J., Hopkins, D., Saper, C., and Devor, M. (2007). Neural pathways associated with loss of consciousness caused by intracerebral microinjection of GABA A-active anesthetics. Eur. J. Neurosci. 25, 1417–1436. doi: 10.1111/j.1460-9568.2007.05399.x

Tohyama, M., and Takatsuji, K. E. (1998). Atlas of neuroactive substances and their receptors in the rat. Oxford: Oxford University Press.

Vaaga, C., Borisovska, M., and Westbrook, G. (2014). Dual-transmitter neurons: Functional implications of co-release and co-transmission. Curr. Opin. Neurobiol. 29, 25–32. doi: 10.1016/j.conb.2014.04.010

Vertes, R., and Kocsis, B. (1997). Brainstem-diencephalo-septohippocampal systems controlling the theta rhythm of the hippocampus. Neuroscience 81, 893–926. doi: 10.1016/s0306-4522(97)00239-x

Volgushev, M., Chauvette, S., Mukovski, M., and Timofeev, I. (2006). Precise long-range synchronization of activity and silence in neocortical neurons during slow-wave oscillations [corrected]. J. Neurosci. 26, 5665–5672. doi: 10.1523/JNEUROSCI.0279-06.2006

Voss, L., Young, B., Barnards, J., and Sleigh, J. (2005). Differential anaesthetic effects following microinjection of thiopentone and propofol into the pons of adult rats: A pilot study. Anaesth. Intensive Care 33, 373–380. doi: 10.1177/0310057X0503300313

Wei, W., Zhang, N., Peng, Z., Houser, C., and Mody, I. (2003). Perisynaptic localization of delta subunit-containing GABA(A) receptors and their activation by GABA spillover in the mouse dentate gyrus. J. Neurosci. 23, 10650–10661. doi: 10.1523/JNEUROSCI.23-33-10650.2003

Yatziv, S., Yudco, O., Dickmann, S., and Devor, M. (2020). Patterns of neural activity in the mouse brain: Wakefulness vs. General anesthesia. Neurosci. Lett. 735:135212. doi: 10.1016/j.neulet.2020.135212

Zecharia, A., Yu, X., Götz, T., Ye, Z., Carr, D., Wulff, P., et al. (2012). GABAergic inhibition of histaminergic neurons regulates active waking but not the sleep-wake switch or propofol-induced loss of consciousness. J. Neurosci. 32, 13062–13075. doi: 10.1523/JNEUROSCI.2931-12.2012


Copyright
 © 2025 Ibraheem, Vaso, Minert, Yatziv, Baron and Devor. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-19-1594984-g003.jpg
-1.4 mm
—_—

-2.3 mm

-3.8 mm
LU

-4.8 mm
9

bregma i






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Loss-of-consciousness: sources of GABAergic input to the mesopontine tegmental anesthesia area



		Highlights:



		1 Introduction



		2 Materials and methods



		2.1 Animals and surgeries



		2.1.1 Tracer microinjection



		2.1.2 Pathway trajectories and key neuronal types resident in the MPTA







		2.2 Perfusion and histology



		2.2.1 Tissue preparation



		2.2.2 Visualizing GABAergic, glycinergic and glutamatergic neurons that project to the MPTA and their presynaptic terminals



		2.2.3 Visualizing axonal pathways of the MPTA



		2.2.4 Immuno-labeling



		2.2.5 Specificity and selectivity of immuno-labeling







		2.3 Image capture and regions of interest (ROIs)



		2.3.1 Microinjection sites



		2.3.2 Regions of interest (ROIs)



		2.3.3 Cell counting and reconstruction



		2.3.4 Additional microscopic imaging







		2.4 Statistical evaluation







		3 Results



		3.1 General findings



		3.2 Location of neurons that project to the MPTA that are GABAergic, glycinergic and glutamatergic: overview



		3.2.1 GABAergic projection neurons



		3.2.2 Glycinergic and glutamatergic projection neurons







		3.3 MPTA projections of GABAergic neurons by zone



		3.3.1 Cerebral cortex



		3.3.2 Mesolimbic zone



		3.3.3 Medulla, cerebellum and spinal cord







		3.4 Reciprocal connectivity of GABAergic neurons within the MPTA



		3.5 GABAergic, glycinergic and glutamatergic axon terminals within the MPTA



		3.6 Trajectory of axonal pathways of MPTA projection neurons



		3.6.1 Trajectory of fiber pathways rostral to the MPTA



		3.6.2 Trajectory of fiber pathways caudal to the MPTA



		3.6.3 Commissural pathways of MPTA projection neurons











		4 Discussion



		4.1 Marking projection neurons as GABAergic



		4.2 Dual action of GABA release in the MPTA



		4.2.1 Cellular and molecular targets of GABA within the MPTA



		4.2.2 Interaction of MPTA δ-cells and effector-neurons







		4.3 Laterality and reciprocity



		4.4 Functional roles of the major sources of GABAergic input



		4.4.1 GABAergic inputs from the neocortex



		4.4.2 GABAergic inputs from the mesolimbic zone



		4.4.3 GABAergic inputs from the cerebellum and medulla







		5 Summary and conclusion







		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnins-19-1594984-g002.jpg
SZe

UGi RVM)‘\ f( \r‘\\






OPS/images/fnins-19-1594984-g005.jpg
L: +1.40 mm






OPS/images/fnins-19-1594984-g004.jpg
>

% of GABAergic projections to
MPTA on contralateral side

o

FG ipsilateral density (cells/mm?)

100

80 -

60

40

20

800

700

600

500 -

400

300

200 -

100

M1r
y =0.9339x-1.0923
R?=0.533
n=19, p =0.0004
Al O
S1hl O

OLAT (dentate)

Cgl
M2 INTa
- (OM1c
BFO
DpMe
Zlv
Gi (RVM)
0 20 40 60 80

% of GABAergic projections to MPTA on
ipsilateral side

y =0.5102x + 154.94
R2 = 0.425
n=19, p = 0.003

OPRh

Zlv
LAT (dentate)
VTA

100

Mic O “Gi(RVM)
BF

- LATpc

0 100 200 300 400 500 600 700 800

AAVrg-mCherry ipsilateral density (cells/mm?)

O

FG: % of GABAergic projections to

O

Largest tracer spread, density

MPTA on ipsilateral side

(cells/mm?)

80

70

60

50

40

30

20

10

800

700 -

600

500

400

300

200

100

- y=0.6247x+ 9.4388
| R*=0.723

n=19, p < 0.00001
) OAI

) INTa
. LAT (dentate) O
M1
CM? () PRh
i LATPc @ O M1r
SNR - ce © O Cel

1 Gi(RVM) O
doome /%w

PVE@ VTA
| O Zlv

() BF <

0 10 20 30 40 50 60 70

80

AAVrg-mCherry: % of GABAergic projections

to MPTA on ipsilateral side

y =0.899x + 27.974
R2=0.811
n=14,p=0.011

1 1 )

600

800

Smallest tracer spread, density (cells/mm?)





OPS/images/fnins-19-1594984-g007.jpg
Interaural: 1.18 mm

Interaural: 1.58 mm






OPS/images/fnins-19-1594984-g006.jpg





OPS/images/fnins-19-1594984-g009.jpg





OPS/images/fnins-19-1594984-g008.jpg





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Loss-of-consciousness:
sources of GABAergic input
to the mesopontine tegmental
anesthesia area







OPS/images/fnins-19-1594984-g010.jpg
— GABA in the
° « = interstitial space

GABA-receptive MPTA neuron
(unidentified)

B GABA(mM) D GABA(nM-uM)

\ 4 e \ 4 A

Inhibitory
effect

Time (min)









OPS/images/fnins-19-1594984-t006.jpg
Brain structure:

Non-GABAergic

GABAergic (double

Non-GABAergic

GABAergic (double

ROI* (number of (single labeled) ipsi labeled) ipsi (single labeled) contra labeled) contra
rats)

Cgl (3) +++ +++ + qup
M2 (4) +++ +++ + g
Mir (4) +++ +++ + e
AL(3) e e + .
Mic (3) ++ e + i
S1hl (3) ++ +++ + +4
PRh (4) ++ +++ * +
BF (4) + + + +
Ce (4) +++ ++ + +
Z1V (4) +++ + + §®
LH (4) +++ + + +
VTA (4) +++ + ++ +
DpMe (4) o+ + +++ +
SNR (4) +++ ++ ++ +
SNCd (4) +++ + ++ +
Gi (RVM) (4) ++ + + +
INTa (4) +++ +++ + ++
LAT (denate) (4) +++ +++ ++ i
LATpc (4) ++ ++ + ++
SC (3) + - + _

*ROI names are expanded in the glossary/abbreviations section and in Figure 2. Symbols indicate range: dense (+++), medium (++), sparse (+), no visible labeling (-).







OPS/images/fnins-19-1594984-t005.jpg
Brain structure: ROI*

(number of rats)

Non-glutamatergic
(single labeled) ipsi

Glutamatergic
(double labeled) ipsi

Non-glutamatergic
(single labeled) contra

Glutamatergic
(double labeled)
contra

Cgl (3) +++ + + +
M2 (3) et ++ + T+
Mir (3) +++ +++ + ++
AI(3) o+ . + i
Mic (2) + ++ = _
S1hl (2) + ++ + -
PRh (2) + ++ + ++
BF (3) + ” ” _
Ce (3) +++ + & _
Z1V (5) +++ + + ]
LH (3) +++ + + +
VTA (4) ++ ++ + +
DpMe (4) +++ + + +
SNR (3) +++ + + ke
SNCd (2) ++ + + +
Gi (RVM) (3) ++ ++ ++ ++
INTa (3) +++ ++ % 4
LAT (dentate) (3) +++ + + 4
LATpc (3) ++ + + +
SC(3) + + + +

*ROI names are expanded in the glossary/abbreviations section and in Figure 2. Symbols indicate range: dense (+ + +), medium (+ +), sparse (+), no visible labeling (-).






OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neuroscience






OPS/images/fnins-19-1594984-t004.jpg
Brain structure: ROI*

Non-glycinergic

Glycinergic (double

Non-glycinergic

Glycinergic (double

(number of rats) (single labeled) ipsi = labeled) ipsi (single labeled) contra labeled) contra
Cgl (3) +44 - + -
M2 (3) +++ - + =
Mir (3) it = + _
AI(3) +4++ - + —
Mic (3) + ++ + +
S1hl (3) + + " _
PRh (3) + ¥ N _
BF (4) + + + _
Ce (2) +++ + + _
71V (3) ++ - + _
LH (3) +++ + + +
VTA (3) o & + _
DpMe (3) +4++ + ++ +
SNR (3) ++ ++ + +
SNCd (3) ++ + + +
Gi (RVM) (4) ++ ++ + ”
INTa (3) +++ + + +
LAT (dentate) (3) +++ + ++ J
LATpc (3) + + + _
SC (3) + - + _

*ROI names are expanded in the glossary/abbreviations section and in Figure 2. Symbols indicate range: dense (+++), medium (++), sparse (+), no visible labeling (-).





OPS/images/fnins-19-1594984-t003.jpg
Density ipsilateral Density contralateral

(cells/mm? + SD) (cells/mm? + SD)
Brain structure: non- GABAergic % double | non-GABAergic | GABAergic % double
ROI* number of rats | GABAergic (double-labeled) | labeled (single-labeled) | (double- labeled
(ipsi, contra) (single- ipsilateral labeled) contralateral
labeled)
Cgl (3,3) 520.6 + 35.6 293.9 + 121.4 56.5 192.9+ 296 673 +333 349
M2 (4,3) 362.2 4+ 190.6 1713 £ 67.0 47.3 60.9 + 25.4 20.8 +20.4 34.1
Mir (4,3) 4115 + 134.6 2165+ 111.0 52.6 127+ 111 127 +£11.1 100
Al (4,3) 605.4 + 137.8 388.6 + 106.2 64.2 56.7 + 492 38.1+332 67.2
Mic (5,5) 127.6 £ 82.2 59.7 +35.7 46.8 9.6+ 164 19442 19.8
S1hl (5,5) 180.8 + 65.1 89.0 +32.1 492 171+ 139 100+123 58.2
PRh (4,3) 298.5 + 258.8 1374 £ 110.1 46.0 74.5 + 129.0 324 +56.1 435
Mean+SDn=7 358.1 4 129.2 193.8 + 83.4 51.8 4+ 6.6 60.6 +39.2 26.2 +24.4 51.1426.7
BF (5,4) 15124235 120+9.1 8.0 39.9+ 245 62463 15.6
Ce (5,5) 500.1 + 139.6 153.0 + 36.4 30.6 563 + 347 13849.7 245
ZIv (5,5) 3224+ 38.4 57.8 +19.8 17.9 75.0 + 159 100 £6.6 13.3
LH (5,5) 260.9 4+ 57.8 396 +11.1 152 70.0 + 18.1 138+ 14.7 19.6
VTA (5,5) 232.0 4 66.9 43.1+ 149 18.6 106.2+ 51.7 183 +10.2 17.3
DpMe (5,5) 345.1 4 54.9 4434209 12.8 223.14 74.4 213+ 11.0 9.6
SNR (5,5) 31724 55.5 732+ 235 23.1 170.7 + 95.3 266 +18.6 15.6
SNCd (5,5) 4188 +112.6 80.6 + 43.9 19.3 236.8 4 98.1 358 +21.9 15.1
Mean+SD n=8 318.5 + 68.7 62.1+41.4 182+6.8 1222 +51.6 18.2 + 12.4 163 + 4.4
Gi (RVM) (4,4) 156.3 £ 27.0 30.6 +18.6 19.6 714+ 16.8 69+88 9.7
INTa (4,4) 2392429 136.8 £21.8 57.2 371408 125445 33.6
LAT (dentate) (4,4) 3140+ 2.7 160.8 +8.3 51.2 75.1+ 252 300 +55 40.0
LATpc (4,4) 1320 +8.1 519 +42 39.3 490+ 46 188 +0.8 38.4
Mean+ SD n =4 210.4 + 10.1 95.0 +13.2 41.8+16.6 58.1+11.8 17.1+ 4.9 30.4 4 14.1
Mean+SD n =19 310.3 +78.7 117.9 + 42.9 35.5+18.0 86.1 +38.7 209 £15.2 32.1423.0

*ROI names are expanded in the glossary/abbreviations section and in Figure 2. Values in bold indicate percentages and column means.






OPS/images/fnins-19-1594984-t002.jpg
Primary

antibody:
anti-

Host of
primary
antibody

Host of
secondary
antibody

Vendor

Catalog number

Dilution

Fluoro-
phore

GADG67,NL1, NL2 Mouse Donkey IgG Abcam ab150105, 1:500 Alexa 488
RRID:AB_2732856

VGlut3, VGAT, GlyT2 Guinea pig Donkey IgG Jackson 706-065-148, 1:1,000 Strept-  avidin

Immuno RRID:AB_2340451 Cy2

FG Rabbit Goat IgG Millipore AP132C 1:300 Cy3
RRID:AB_92489

mCherry, FG, GABAa3-R Rabbit Goat IgG Abcam ab97077, 1:500 Cy5
RRID:AB_10679461

mCherry, GFP, NL1 Rabbit Donkey IgG Jackson 488 711-545-152 1:1,000 Alexa 488

Immuno

RRID:AB_2313584
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Neuronal structure to be Antibody Vendor Catalog number Dilution
marked target
Neurons including axons Anti-mCherry Rabbit Abcam ab183628 1: 1000
Neurons including axons Anti-GFP Rabbit Invitrogen A-11122 1: 5000
Neurons Anti-FG Rabbit Merck AB153-1 1: 1000
GABAergic neurons Anti-GAD67 Mouse Merck MAB5406 1: 1000
MPTA 3§-neurons Anti-GABAaj-R Rabbit Alomone AGA-014 1: 500
Glutamatergic neurons Anti-VGlut3 Guinea pig SySy 135204 1: 500
GABAergic neurons anti-VGAT Guinea pig Chemicon (Merck) AB5855 1: 1,000
Axon terminals, glutamatergic Anti-NL1 Mouse SySy 129111 1: 500
Rabbit SySy 129 003 1: 500
Axon terminals, GABAergic & glycinergic Anti-NL2 Mouse SySy 129 511 1: 500
Glycinergic neurons Anti-GlyT2 Guinea pig SySy 272004 1: 500
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