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 34 

ABSTRACT       35 

The transition from wakefulness to general anesthesia is widely attributed to suppressive 36 

actions of anesthetic molecules distributed by the systemic circulation to the cerebral cortex (for 37 

amnesia and loss-of-consciousness) and to the spinal cord (for atonia and antinociception). An 38 

alternative hypothesis proposes that anesthetics act on one or more brainstem or diencephalic 39 

nuclei, with suppression of cortex and spinal cord mediated by dedicated axonal pathways. We 40 

previously documented induction of an anesthesia-like state in rats by microinjection of small 41 

amounts of GABAA-R agonists into an upper brainstem region named the mesopontine 42 

tegmental anesthesia area(MPTA). Correspondingly, lesioning this area rendered animals 43 

resistant to systemically delivered anesthetics. Here, using rats of both sexes, we applied a 44 

modified microinjection method that permitted localization of the anesthetic-sensitive neurons 45 

with much improved spatial resolution. Microinjected at the MPTA hot-spot identified, exposure 46 

of 1,900 or fewer neurons to muscimol was sufficient to sustain whole-body general anesthesia. 47 

Microinjection as little as 0.5 mm off-target did not. The GABAergic anesthetics pentobarbital 48 

and propofol were also effective. The GABA-sensitive cell cluster is centered on a tegmental 49 

(reticular) field traversed by fibers of the superior cerebellar peduncle. It has no specific nuclear 50 

designation and has not previously been implicated in brain state transitions.  51 

 52 

 53 

SIGNIFICANCE STATEMENT 54 

General anesthesia permits pain-free surgery. Moreover, as anesthetic agents have the unique 55 

ability to reversibly switch the brain from wakefulness to a state of unconsciousness, knowing 56 

how and where they work is a potential route to unraveling the neural mechanisms that underlie 57 

awareness itself. Using a novel method we have located a small, and apparently one-of-a-kind 58 

cluster of neurons in the mesopontine tegmentum which are capable of effecting brain-state 59 

switching when exposed to GABAA-receptor agonists. This action appears to be mediated by a 60 

network of dedicated axonal pathways that project directly and/or indirectly to nearby arousal 61 

nuclei of the brainstem and to more distant targets in the forebrain and spinal cord.  62 

 63 

  64 
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Abbreviations used:  aRAS, ascending reticular activating system; BIDMC, Beth Israel 65 

Deaconess Medical Center; CI, confidence interval; CNS, central nervous system; CSF, 66 

cerebrospinal fluid ; EEG, electroencephalogram; EMG, electromyogram; GABAA-R, gamma 67 

amino-butyric acid receptor type-A; HUJI, Hebrew University of Jerusalem Israel; LDTg, 68 

laterodorsal tegmental nucleus; LOC, loss of consciousness; MPTA, mesopontine tegmental 69 

anesthesia area; mMPTA, maximal MPTA; NeuN, neuron-specific antigen; PAG, periaqueductal 70 

grey;  PB, parabrachial complex; PBS, phosphate buffered saline; PPTg, pedunculopontine 71 

tegmental nucleus; PnO, oral pontine reticular nucleus; ROI, region of interest; SCP, superior 72 

cerebellar peduncle; SD, standard deviation; SEM, standard error of the mean, SPF, specific 73 

pathogen free; TMN, tuberomammillary nucleus; TTX, tetrodotoxin 74 

 75 

 76 

 77 

 78 

INTRODUCTION      79 

Transient loss of consciousness (LOC, “reversible coma”) and the other components of the 80 

anesthetic state, immobility, analgesia and amnesia, are classically attributed to generalized 81 

pharmacological suppression of CNS function. Once ascribed to altered physical properties of 82 

lipid membranes, suppression is now known to be mediated by ubiquitous inhibitory ligand- 83 

gated ion channels, most prominently the GABAA-receptor (GABAA-R; (Campagna et al., 2003; 84 

Franks, 2008).  A refinement of this “generalized suppression” or “wet blanket” hypothesis adds 85 

that each component of anesthesia is realized in a distinct CNS structure. Thus, circulating 86 

anesthetic molecules suppress the neocortex and hippocampus to bring about LOC and 87 

amnesia, and the brainstem and spinal cord to cause atonia and analgesia (Lukatch and 88 

MacIver, 1996; Antognini et al., 2003; Grasshoff et al., 2005; Hentschke et al., 2005; 89 

Bonhomme et al., 2012; Raz et al., 2014).   90 

An alternative hypothesis holds that anesthetic molecules act at a focus from where they 91 

engage dedicated axonal pathways. The axons, in turn, project to the far-flung effector 92 

structures, from cortex to cord, inducing anesthesia secondarily. This “dedicated pathways” 93 

hypothesis originated with Moruzzi and Magoun who suggested that anesthetics suppress the 94 

mesopontine ascending reticular activating system (aRAS) which, in turn, leads to cortical 95 

suppression and LOC (Bremer, 1936; Moruzzi and Magoun, 1949; French et al., 1953; Magni et 96 

al., 1959).  Contemporary models parse the aRAS into numerous brainstem and diencephalic 97 

sleep-promoting and sleep-suppressing “arousal nuclei” with associated ascending and 98 

descending effector pathways. Anesthesia is induced when agents substitute for an 99 

endogenous neurotransmitter(s) in one or more nodes in this switching circuitry “hijacking”, so- 100 

to-speak, network function. Proposals about where exactly this might occur include the locus 101 
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coeruleus, tuberomammillary nucleus (TMN), medial thalamus, lateral hypothalamus and 102 

preoptic area (Correa-Sales et al., 1992; Alkire et al., 2008; Franks, 2008; Lu et al., 2008; 103 

Brown et al., 2010; Moore et al., 2012; Zecharia et al., 2012; Scharf and Kelz, 2013; Anaclet et 104 

al., 2014; Baker et al., 2014; Weber et al., 2015).  105 

A significant advance towards defining the locus of anesthetic action was the discovery 106 

that an anesthesia-like state is induced rapidly and reversibly by microinjecting GABAA-R 107 

agonists into a circumscribed, bilaterally symmetrical region in the upper brainstem, the 108 

mesopontine tegmental anesthesia area (MPTA;(Devor and Zalkind, 2001; Voss et al., 109 

2005)(video at http://links.lww.com/AA/B466). This state closely resembles systemic anesthesia 110 

by behavioral, electrographic and functional criteria and can be sustained by repeated 111 

microinjections (Sukhotinsky et al., 2007; Abulafia et al., 2009; Namjoshi et al., 2009; Devor et 112 

al., 2016; Sukhotinsky et al., 2016). Anesthesia comes on much too rapidly to permit drug 113 

diffusion to distant brain regions (seconds to a few minutes) and effective doses are far too 114 

small to survive dilution during vascular redistribution. These observations are therefore 115 

inconsistent with generalized CNS suppression, but they are compatible with the dedicated 116 

pathways hypothesis. Additionally, we found that lesioning the MPTA renders animals resistant 117 

to anesthetic induction by the systemic route (Minert and Devor, 2015). The MPTA cluster may 118 

thus be singular. No comparable anesthetic-sensitive structure has been found despite 119 

systematic searching and if another exists engaging it is apparently insufficient as anesthesia 120 

cannot be induced in MPTA-lesioned animals at clinically relevant doses. The intrinsic 121 

properties of MPTA neurons, and their connectivity, makes them both sufficient  and necessary 122 

for GABAergic anesthetic induction (Sukhotinsky et al., 2016). 123 

A limitation of our prior studies, however, is limited spatial resolution. MPTA 124 

microinjections through indwelling catheters likely exposed additional structures, including 125 

adjacent arousal nuclei, to the agonists. This is the reason we chose to call the anesthetic- 126 

sensitive region an “area”, without stipulating a specific nuclear designation. More precise 127 

localization of the relevant neurons is an important prelude to characterizing them in more detail 128 

and determining the mechanism whereby they switch brain and spinal cord state between 129 

wakefulness and anesthesia (Devor et al., 2016).  With this aim in mind we have implemented a 130 

modified drug delivery protocol with enhanced spatial resolution.  131 

 132 
MATERIALS AND METHODS 133 

Overview of the “bonus-time” method 134 

Briefly, rats were anesthetized using the short-acting agent propofol and mounted in a 135 

stereotaxic instrument. Then, minute volumes of GABAA-R agonists were microinjected into the 136 

MPTA via a fine glass micropipette.  We monitored the degree to which localized deposition of 137 

drug delayed the time to emergence from anesthesia (“anesthesia-time“) beyond what would 138 

have been expected without drug microinjection.  While maintenance of anesthesia is not 139 
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identical to anesthetic induction, it is a reasonable surrogate in light of the fact that induction per 140 

se has already been documented following microinjection into the MPTA area during the awake 141 

state. Prolongation of anesthesia-time is referred to here as a positive “bonus” and the 142 

approach is called “the bonus-time” method.  143 

 144 

Animals and Surgery 145 

Experiments were carried out in two series using similar, but non-identical methods. The first 146 

series, carried out in the Department of Neurology, Beth Israel Deaconess Medical Center 147 

(BIDMC)/ Harvard University, Boston MA, used adult male Sprague-Dawley rats (270-330 g).  In 148 

the subsequent series, carried out at the Institute of Life Sciences, the Hebrew University of 149 

Jerusalem Israel (HUJI) we used adult female Wistar-derived Sabra strain rats (250-350 g). At 150 

both venues animals were maintained under specific pathogen-free (SPF) conditions,1-3 per 151 

cage, room temperature 21-23º C, 12h:12h day:night cycle with lights on at 07:00. Food and 152 

water were available ad libidum. Experimental protocols were approved by the Institutional 153 

Animal Care and Use Committees of BIDMC and HUJI respectively, and at both venues they 154 

were conducted in accordance with the United States Public Health Service's Policy on Humane 155 

Care and Use of Laboratory Animals. 156 

At BIDMC, a preliminary surgical procedure was carried out to provide intravenous (i.v.) 157 

access for the main experiment.  Under chloral hydrate anesthesia (350 mg/kg, i.p.) a sterile 158 

chronic indwelling catheter was introduced into the vena cava via a femoral vein tributary and 159 

firmly anchored to local fascia. The i.v. part of the catheter was made of soft silicone tubing. 160 

This was glued to a polyethylene tube (Intramedic PE50) which was tunneled under the skin 161 

and exteriorized at the back of the neck. Rats were given an analgesic postoperatively (Flunixin, 162 

1 mg/kg, s.c.) and were allowed to recover for 4-14 days at which time they underwent a 163 

terminal experiment in which drugs were microinjected into the MPTA.  During the recovery time 164 

catheters were flushed intermittently with heparin solution to help keep them patent. In 165 

experiments carried out at HUJI, the previously implanted catheter for i.v. access was 166 

substituted by placing, on the day of the experiment itself, an indwelling neoflon catheter (26G, 167 

Becton Dickinson) into the tail vein under brief isoflurane sedation.   168 

At both venues experiments began by anesthetizing the rat with a bolus dose of propofol 169 

(13 mg/kg, i.v., at BIDMC, Propofol 1%, Gensia Sicor Pharma, Irvine CA, USA; at HUJI, 170 

Propofol-Lipuro 1%, B. Braun Medical, Melsungen, Germany at HUJI). It was then mounted in a 171 

stereotaxic apparatus, head level between bregma and lambda, and a small craniotomy was 172 

made over the MPTA target using a dental burr. At BIDMC fronto-parietal screw electrodes 173 

were placed bilaterally for recording EEG (electroencephalogram) and a pair of needle 174 

electrodes were placed in the biceps femoris muscle to register the hindlimb EMG 175 

(electromyogram). The empirical endpoint used to mark the emergence from anesthesia was 176 

the sudden appearance of repetitive “pacing” movements of one or both hindlimbs.  As soon as 177 
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this was observed animals were given a fixed supplemental dose of 10 mg/kg (i.v.) propofol to 178 

reinitiate anesthesia. This dose was determined in preliminary titration experiments to yield 179 

about 15 min of anesthesia before pacing reappeared. Pacing behavior served as a convenient 180 

and unambiguous marker of emergence.  However, we also established that its onset was 181 

always accompanied by rhythmic bursts in the biceps femoris EMG (Fig.1C), nocifensive 182 

response to hindpaw and/or earlobe pinch. Slightly later theta waves (4-8 Hz) and sometimes 183 

higher frequency EEG components (15-30 Hz) appeared, adding to and later replacing the 184 

prominent propofol-induced delta-band peak (0.5-4.0 Hz). In addition, in calibration trials in 185 

which the animal was released from the stereotaxic and the supplemental propofol postponed, 186 

we observed prompt return of righting. Having determined in this way that pacing reliably marks 187 

emergence from anesthesia, in subsequent experiments the behavioral endpoint was used as 188 

the primary marker of emergence.  In particular, pinch stimuli were avoided until after pacing 189 

began as they are likely to accelerate emergence in an uncontrolled manner and introduce an 190 

element of experimenter bias.  191 

Following one or more supplemental i.v. injections of propofol at the fixed bolus dose we 192 

began MPTA microinjections. The duration of anesthesia provided by the fixed bolus dose 193 

before commencement of drug microinjections was remarkably stable from trial to trial (Fig. 2) 194 

and served as a basis for determining whether drugs microinjected into the MPTA significantly 195 

extended the expected duration of anesthesia, providing a positive bonus-time.   196 

 197 

MPTA Microinjection    198 

Procedure: First, a micropipette pulled from fine borosilicate glass (Sutter Instruments, Novato, 199 

CA, USA, inner diameter 0.3 or 0.5mm (cat. #B100-30-7.5HP, #BF100-50-15) with tip broken to 200 

a diameter about 20-30 μm was passed through the burr-hole and dura, and lowered to the 201 

level of the MPTA. In some experiments we deliberately targeted nearby off-target locations. 202 

We began with relatively large microinjections (200nL and 500nL) delivered to initial coordinates 203 

located within the boundaries of the MPTA as defined using the indwelling cannula method (-7.6 204 

to -8.8 mm caudal to bregma, 1.3 mm lateral to the midline and 6.3 – 7.3 mm below the dura).  205 

Our strategy was to roam from there, progressively reducing the volume of drug microinjected, 206 

seeking a site(s) that provided a significant extension of anesthesia-time. Once such a “hotspot” 207 

was found additional small volume microinjections were placed rostro-caudal, medio-lateral and 208 

dorso-ventral to effective site. Others trials targeted specific candidate nuclei including 209 

pedunculopontine tegmental nucleus (PPTg), the parabrachial complex (PB) and the oral 210 

pontine reticular nucleus (PnO).  All microinjections in this study were unilateral, favoring the left 211 

side, although to assure bilateral symmetry trials were also made on the right side.   212 

Before insertion, microinjection pipettes were filled to several mm above the taper with 213 

one of the following test agents: muscimol (2mM in saline; Sigma Aldrich, Rehovot, Israel), 214 

pentobarbital (200 mg/ml; Pental, CTS, Kiryat Malachi, Israel), propofol (Propofol-Lipuro 1%, B. 215 
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Braun Medical, or 97%, 2,6-diisopropylphenol, Sigma), lidocaine (5% in PBS , prepared fresh 216 

from powder, Sigma), tetrodotoxin (TTX 1 mM in artificial CSF, Alomone Labs, Jerusalem, 217 

Israel),  or saline (0.9% NaCl). In most experiments the solution microinjected included 218 

pontamine sky blue dye (1 or 2%; Gurr/ BDH Chemicals, Poole, UK) to mark the microinjection 219 

site.  220 

For microinjection the butt of the pipette was attached by a length of polyethylene tubing 221 

to a valve apparatus that delivered pulses of positive air pressure. The pressure, duration and 222 

duty-cycle of the pulses were adjustable and were varied with tip diameter and solution viscosity 223 

to provide controlled extrusion of the test agent into the brain. Typically we used pressure of 1 224 

kg/cm2, 20 msec pulses, 1-10 pulses per sec.  Between pulses the back pressure on the pipette 225 

fell rapidly to zero. Calibrated volumes of test solutions, 500 nL -10 nL, were microinjected by 226 

monitoring the change in the position of the meniscus inside the pipette using an ocular rule 227 

under optical magnification (0.5mm bore: 200 nL/mm, 0.3mm bore: 70nL/mm). The volume per 228 

mm of internal pipette bore was previously calibrated using a 1 μL Hamilton syringe.  229 

Micropipettes were lowered to the target position and microinjection was initiated 1-3 min 230 

before the anticipated time of emergence of the animal from effects of the most recent i.v. bolus 231 

dose of propofol. Microinjection took about 20-60 sec. The micropipette was left in place for 3-5 232 

min. following microinjection, but was withdrawn immediately if pacing began. Time was 233 

measured from the completion of the microinjection until hindlimb pacing began. If this equaled 234 

the anticipated emergence time (i.e. time anticipated for the beginning of pacing) we registered 235 

a “bonus” of zero for that trial. If the time to pacing was greater than anticipated, the difference 236 

was registered as a positive bonus, indicating prolongation of the duration of anesthesia. As 237 

soon as the bonus-time was noted an additional bolus dose of i.v. propofol was given. Animals 238 

were not allowed to awaken from anesthesia while restrained in the stereotaxic.   239 

 240 

Evaluation of bonus-time:  In the first experiments we established the anticipated time of 241 

emergence, in each rat individually, by averaging several cycles of fixed-dose i.v. propofol 242 

injections. The time from bolus injection until the beginning of pacing, “anesthesia-time”, proved 243 

to be stable with no consistent change over repeated cycles of bolus dosing within and across 244 

rats(Fig. 2). This justified a modification of the procedure such that for each rat we used the 245 

running average of (pre-microinjection) anesthesia-times obtained in all previous experimental 246 

trials. This value converged rapidly. Over 130 injection cycles (at HUJI) it averaged 11.0 ± 2.0 247 

min (± SD, coefficient of variation = 0.18; 42 rats till #359). This value has since remained stable 248 

over subsequent experiments with no detectable drift.  Curiously, in experiments carried out at 249 

BIDMC anesthesia-time following the identical bolus dose of propofol was significantly longer 250 

19.0 ± 6.3 min (coefficient of variation = 0.33). The difference is p<0.001, 95% CI 7.1 to 9.5).  251 

Although this could be due to a variety of venue-specific factors, a likely factor is the use of 252 

male Sprague-Dawley rats at BIDMC and female Sabra rats at HUJI. Clinical studies report 253 
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significantly longer emergence times from propofol-induced anesthesia in men than in women 254 

when measurements begin at an equivalent anesthetic depth based on bispectral index values 255 

(Hoymork and Raeder, 2005; Choong et al., 2013).  256 

In some experiments only a single microinjection was given. In others we gave more, 257 

either at an adjacent location or when attempting to replicate a successful microinjection using a 258 

smaller volume (maximum of 4 microinjections in a single rat; Fig.2, Table 1).  Follow-up 259 

microinjections were also given when, during the roaming process, muscimol yielded a short 260 

bonus time, when saline was delivered as a control, or when a novel drug was involved for 261 

which we wanted to verify that the microinjection had in fact been on-target by follow-up delivery 262 

of muscimol or pentobarbital to the same locus.  263 

 264 

Histology 265 

Definition of the microinjection site:  At the end of each experiment, as soon as pacing 266 

commenced, a final i.v. injection of propofol was given and the animal was rapidly killed by 267 

transcardial perfusion with 0.9% saline followed by 10% neutral 0.1M PO4 buffered formalin (pH 268 

7.3, Sigma-Aldrich) both at 37°C. The brain was dissected out shortly after perfusion and 269 

postfixed at 4°C for at least 24 hours in the same fixative. It was then transferred to 20% 270 

sucrose in phosphate buffered saline (PBS) containing 0.02% sodium azide (PBS-azide) at 4o 271 

C. At least 24h later tissue was cut on a freezing microtome into 50 or 100 μm thick coronal 272 

sections. We collected all sections in the region of microinjection, beginning from the level at 273 

which the first pontamine dye spot was seen in the block-face, about 200-300 μm before dye 274 

actually appeared in sections, and continuing until after dye was no longer present. Every 3rd 275 

section through each dye spot was immediately mounted onto a glass slide in serial order. 276 

Intervening sections were saved in PBS-azide (4oC). The number and relative location of 277 

individual dye spots seen on the block-face as cutting proceeded always matched the 278 

microinjections protocol. The slides were air dried overnight, cleared with xylene and 279 

coverslipped using Entellan (Merck, Darmstadt, Germany). Tissue sections containing dye 280 

spots were optically projected onto the corresponding coronal level in the rat brain atlas of 281 

(Paxinos and Watson, 1998) and the magnification was varied until a best fit was obtained to 282 

the dorsal contour of the colliculi and the ventral contour of the pons. The maximal visible extent 283 

of the contour of the dye spot was then transferred by hand onto the atlas section by an 284 

individual blinded to microinjected drug, volume and the experimental outcome. The maximal 285 

cross-section of each microinjection was measured planimetrically based on a section in which 286 

the micropipette tract emerged from the dye spot (Fig.1A,B).  287 

 288 

Estimation of drug spread:  We estimated the extent of drug spread beyond the sphere 289 

defined by the volume microinjected based on the maximal dye-spread cross-section measured. 290 

The calculation assumed that spread was roughly isotropic and formed a sphere around the tip 291 
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of the injection micropipette. This assumption was based on the fact that dye spots were round 292 

in both frontal and sagittal sections (Figs.1A,B). The radius (r) of the droplet formed by drug 293 

solutions microinjected, before spread in the tissue, was calculated from the volume injected. 294 

For the smallest volumes used, for example (10 nL) r was taken as 134 μm, calculated by 295 

solving for r in the formula for the volume of a sphere V= 4/3π r3.  The radius of the sphere 296 

formed by dye spread following microinjection was based on the cross-sectional area of dye- 297 

spread measured, calculated by solving for r in the formula for a circle, A=π r2.  The 298 

corresponding volume of spread was then calculated using 4/3π r3. 299 

 300 

Neuronal density: Estimating the number of MPTA neurons exposed to microinjected 301 

anesthetics requires a measure of neuronal density.  Four naïve rats were perfused as above 302 

and brains were cut in serial 50 μm frozen sections and immunolabeled for NeuN, a selective 303 

nuclear marker of viable neurons. Briefly, sections were incubated overnight in polyclonal 304 

mouse anti-NeuN antibody (Millipore #MAB377, 1:25,000, room temperature) followed by 1.5 305 

hours in  secondary antibody (biotinylated goat anti-mouse IgG; Vector Laboratories, 306 

Burlingame, CA, USA 1:1,000; at 37°C). Bound antibody was visualized using the ABC reaction 307 

and diaminobenzidine (Vectastain Elite ABC kit, Vector Laboratories).  308 

One section from the mesopontine border (level -8.0 or -8.3 mm relative to bregma 309 

(Paxinos and Watson, 1998) was selected for counting. The field of view was overlaid with a 310 

1000x1500 μm counting frame representing the caudal MPTA (Fig.1B) and all immunolabeled 311 

neurons within this region-of-interest (ROI) were counted bilaterally at x250 magnification using 312 

the Neurolucida system (MBF Bioscience, Williston, VT, version 10.51) and their locations were 313 

plotted. Plotting began in an upper corner of the counting frame and proceeded systematically, 314 

in a zig-zag manner, one field of view at a time, until the entire frame was covered. Cells on the 315 

edge of the ROI had to have more than 50% of their area within the frame to be included in the 316 

count. The two counts (ROIs in the left and right MPTA) for each rat were averaged and these 317 

values were averaged over the 4 rats used.  The average cell count per counting frame, divided 318 

by the area of the counting frame, provided neuronal density (neurons per mm2). This was 319 

converted to neurons per unit volume taking into consideration the section thickness of 50 μm. 320 

Thus, the crude density in units of neurons per mm3 was 20x the measured number of neurons 321 

per mm2.  This crude density measure is an overestimate, however, as some neurons are split 322 

by the microtome blade and counted twice. To correct for this factor we used Abercrombie’s 323 

method (Koningsmark, 1970), which estimates the degree of over-counting based on section 324 

thickness (50 μm) and mean neuronal diameter (11.8 μm, based on a measured mean cell area 325 

of 109 μm2 , see Results). The over-count was rectified by multiplying by the calculated 326 

correction factor =0.83.  327 

 328 
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Neuronal size and shape:  Neurons within a smaller ROI which included a region we call the 329 

common-core of the MPTA (see Results) were evaluated for soma size and shape. This ROI 330 

covered 25% of the area of the caudal MPTA counting frame (500x750 μm) and was separated 331 

from its upper, medial and lateral borders by 250 μm (dashed outline in Fig. 1B). Using the 332 

same sections as for neuronal counting, the perimeter of each neuron for which at least 50% of 333 

the soma area that fell within the smaller ROI was traced with an on-screen cursor. From these 334 

measurements Neurolucida calculated: 1) somatic area,  2) aspect ratio: [min diameter] ÷ [max 335 

diameter]. As aspect ratio approaches 1, the soma becomes less flat and more symmetric (e.g., 336 

circular or square), 3) form factor: [(4π x area)÷(perimeter2)], a parameter reflecting the 337 

tortuosity of the perimeter, and 4) roundness: [(4 /π x area)÷(maximum diameter)2], a parameter 338 

reflecting the compactness of the soma, with a circle having a roundness of 1.    339 

 340 

Statistical Evaluation 341 

Expected duration of anesthesia following repeated fixed-dose bolus injections of propofol was 342 

based on the observed average anesthesia-time ± standard deviation (SD) as described above.  343 

In light of the stability of anesthesia-time following bolus injections of propofol (Fig.2) it was 344 

possible to evaluate for individual microinjection trials whether anesthesia-time was significantly 345 

increased, i.e. whether the bonus-time obtained was significantly greater than zero. In doing this 346 

we applied a highly conservative criterion. Specifically, bonus-time in a particular trial needed to 347 

be at least 3 SDs greater than zero to be declared statistically significant (Z-score =3, 1-tailed 348 

p=0.001). Thus, the minimally significant bonus time was 18.8 min (BIDMC) and 6.1 min (HUJI).  349 

Differences between group means were evaluated using 2-tailed Student’s t-tests after 350 

confirming normality of the underlying data distributions. Significance of linear regressions (R2) 351 

was tested using Pearson tests. 95% confidence intervals (CI) were calculated using Medicalc 352 

https://www.medcalc.org/calc/comparison_of_means.php  All means are given ± SD except 353 

where use of standard error of the mean (SEM) is noted. 354 

 355 

RESULTS 356 

Locating the MPTA       357 

A total of 91 unilateral muscimol microinjections, made in 53 rats, were targeted to the MPTA 358 

area and adjacent areas of interest (Table 1).  We began with a few 500 nL microinjections to 359 

match the ones given in our prior studies using unilateral microinjections via chronically 360 

implanted cannulae (Devor and Zalkind, 2001; Devor et al., 2016).  Then we gradually reduced 361 

the volume to as little as 10 nL, at each step attempting to refine the boundaries of the effective 362 

area (Fig.1A,B). The main result was identification of a small sub-region within the originally 363 

defined MPTA area at which very small microinjections reliably extended anesthesia-time while 364 

closely adjacent microinjections did not.  365 
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Figure 3 shows the location of the injection centers of all 91 trials, where filled symbols 366 

indicate loci that yielded a significant bonus-time and open symbols no bonus. The scatter of 367 

effective loci using volumes of 500-50 nL was strikingly larger than that using smaller volumes 368 

(20-10nL). This is because, given the greater spread of drug associated with the use of larger 369 

volumes, the center of effective microinjections could be farther from the effective cell cluster 370 

(“hotspot”). The loci of unsuccessful microinjections surrounded the central effective core in all 3 371 

dimensions. The spatial spread of the pontamine sky blue dye used to track the microinjected 372 

muscimol was typically spherical with a tear-shaped extension running vertically along the track 373 

of the micropipette used for injection (Fig.1A,B; 4). Plots of all 17 small volume (10 or 20 nL) 374 

microinjections that were effective (i.e. which yielded a significant bonus) clustered in a 375 

bilaterally symmetrical region just ventral and lateral to the periaqueductal gray (PAG), at the far 376 

lateral edge of the decussation of the superior cerebellar peduncle (SCP; Fig.5A).  The dye 377 

spread area of each of these microinjections is indicated in light pink along with the core area 378 

common to all, which is dark red (left and right sides). Dye spread associated with the 14 micro- 379 

injections centered on this plane that failed to yield a significant bonus surround this area 380 

(volumes 10-200 nL; light blue diagonal lines). In only two of these ineffective trials was there 381 

likely to have been overlap with the common-core area (rat#15, 200 nL centered -8.0 mm from 382 

bregma, and rat# 322, 200 nL centered -8.3 mm from bregma, both bonus-times = 5 min, Fig.5A 383 

left).   384 

In contrast, in our original study in which relatively large (≥500nL) microinjections were 385 

made through previously implanted guide cannulae, we logged failure to induce anesthesia in 386 

nearly half of trials (46%) in which targeting appeared to be adequate. A number of technical 387 

causes for this were suggested (Devor and Zalkind, 2001). Here we logged only two such 388 

failures (5.4% of trials). We attribute the improvement to the better control of drug delivery 389 

afforded by the bonus-time method and to the use of smaller, more focal microinjections. For 390 

example, it has been reported that muscimol delivered to the PnO promotes arousal (Xi et al., 391 

2001; Watson et al., 2011). Large microinjections that exposed much of the PnO together with 392 

the MPTA might have attenuated effects obtained here using more focal MPTA microinjections. 393 

Figure 5B shows all 35 effective microinjections (23 rats, including the 50-500 nL 394 

microinjections). In 33 of the cases (94%) the dye spread overlapped the common-core area on 395 

the left, and in the remaining two it approached very closely and in fact did include the mirror 396 

common-core (right side). Hereinafter, the term “common-core” will refer to the dark red region 397 

on the right side in figure 5A. A number of effective microinjections using larger volumes had 398 

their centers rostral to the -8.0 plane or caudal to the -9.16 plane (n=10 and 8 respectively, 399 

Fig.3). Extrapolating based on dye spread radius (Myers, 1966; Myers and Hoch, 1978) in each 400 

case the muscimol would likely have reached the common-core. Overall, bonus-times for the 401 

n=37 muscimol microinjections that included the common-core averaged 25.1±14.0 min while 402 

bonus-times of the n=12 surrounding microinjections that did not include the common-core 403 
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averaged 3.6±2.4 min (Table 1).  The difference is statistically significant (p<0.0001), 95 % CI: - 404 

29.7 to -13.3). 405 

Microinjections that fell within the PPTg, the PB and the PnO, but in which the dye 406 

spread did not include the common-core of the MPTA, failed to yield a significant bonus (PPTg: 407 

4 rats, 4 trials, bonus = 3.0 ± 1.8; PB: 3 rats, 6 trials, bonus = 4.2 ± 3.1 min; PnO: 3 rats, 5 trials, 408 

bonus = 3.2 ± 1.0 min; Fig.3, 4). A few microinjections including these nuclei did produce a 409 

significant bonus, but in each one the marker dye, and presumably the muscimol, reached the 410 

MPTA common-core (Fig.3). Saline microinjections centered on the common-core never yielded 411 

a significant bonus (10 trials in 5 rats, bonus = 2.6±1.1 min, horizontal dark blue lines, Fig. 5C).  412 

The laterodorsal tegmental nucleus (LDTg) is another nearby nucleus implicated in sleep-wake 413 

regulation. No microinjections were restricted to the LDTg, but 13 fell in the MPTA without 414 

impinging on the LDTg and all of these yielded significant bonus scores. Together, these 415 

observations indicate that functional hot-spot of the MPTA region is not the PPTg, the PB, the 416 

PnO or the LDTg. In addition, excepting the LTDg for which data are not available, we can rule 417 

out the others as able to support anesthesia when exposed to muscimol.      418 

 419 

Exposure of MPTA neurons to GABAergic anesthetic agents   420 

The MPTA area was originally discovered using systematic intracerebral microinjections of the 421 

barbiturate anesthetic pentobarbital (Devor and Zalkind, 2001). However, because muscimol is 422 

a direct GABAA-R agonist in contrast to pentobarbital which acts at an allosteric modulatory site 423 

on the receptor (Loscher and Rogawski, 2012), and because it has a much higher affinity for the 424 

GABAA-R than pentobarbital (KD = 2-10 nM), muscimol was used here as a tool to refine the 425 

functional boundaries of the effective MPTA cluster (Beaumont et al., 1978; Davies et al., 1998; 426 

Johnston, 2014).  Muscimol, however, does not cross the blood-brain barrier and is hence 427 

ineffective as a general anesthetic agent upon systemic administration. We therefore went on to 428 

check whether neurons in the MPTA common-core also respond to pentobarbital (Fig.6B). 429 

Microinjected into the common-core area, a significant bonus was obtained on each of the 7 430 

trials using pentobarbital (6 rats, mean bonus= 19.3 ± 8.4 min).  Accurately targeted 431 

pentobarbital sustained anesthesia for about 20 min at ~1/4000th of the systemic dose (~15 mg 432 

i.v. vs. 4 μg microinjected). 433 

In addition, we tested microinjected propofol, a second GABAergic anesthetic currently 434 

in wide clinical use. Propofol 1% was effective in 7 microinjection trials (4 rats, mean bonus = 435 

12.3 ± 3.1 min) and probably also in 2 additional trials in a 5th rat (total 9 trials in 5 rats, 10.9 ± 436 

3.9 min all at HUJI, Fig. 6B). Both trials in the 5th rat yielded bonus-times of 6.0 min, very close 437 

to our 6.1 min, p<0.001 criterion. The short bonus-times obtained despite use of a saturating 438 

concentration of propofol was probably due to rapid washout by the circulation and perhaps also  439 

to a particularly low affinity to the GABAA-R isoform(s) expressed by the relevant MPTA 440 

neurons. With this in mind we also tested 97% propofol which would have washed out more 441 
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slowly. Indeed, this significantly increased bonus-times (22.7 ± 14.2 min, 3 trials in 3 rats 442 

compared to 1% propofol, 9 trials in 5 rats, t-test, p= 0.035; Fig.6B). Rapid washout could 443 

explain why (Voss et al., 2005) obtained only a partial effect with propofol using the indwelling 444 

cannula method (analgesia without LOC). Other contributing factors might have include sub- 445 

optimal targeting, or co-recruitment of nearby pro-arousal neurons by the relatively large 446 

volumes microinjected (1000 nL).  447 

 448 

Critical mass of neurons and neuronal characteristics   449 

How many MPTA neurons need to be exposed to muscimol in order to significantly extend 450 

anesthesia-time? An upper-limit estimate of this number can be derived from the number of 451 

neurons exposed by 10 nL microinjections, the smallest volume used in this study. The radius of 452 

dye marks associated with such microinjections (mean= 395 μm, based on 6 microinjections) 453 

represents a volume of 0.26 mm3 (260 nL). As the sphere radius of 10 nL = 134 μm, the linear 454 

spread was about ~x3 in each dimension (volume spread is x26). Average neuronal density 455 

within the MPTA counting frame based on NeuN-labelled histological sections was ~435 456 

neurons/mm2 (Fig. 7B). This converts to ~7,200 neurons/mm3 after correcting for double- 457 

counting of split cells using Abercrombie’s formula (Koningsmark, 1970). Muscimol and the 458 

marker dye are both small water soluble molecules (m.w.= 114 vs. 992). Assuming that the 459 

spread of muscimol and the marker was approximately the same (0.26 mm3), up to ~1,900 460 

neurons would have been exposed to the drug by a 10 nL microinjection. The actual number is 461 

probably less (see Discussion).   462 

The spherical volume associated with the MPTA common-core is considerably smaller 463 

than the dye-spread volume from 10nL microinjections. It has a radius of 0.22 mm and a 464 

spherical volume of 0.04 mm3 (40 nL vs. 260 nL; Fig. 5B right).  This volume contains only ~300 465 

neurons. It is unclear whether it would suffice to expose the common-core neurons alone to 466 

muscimol in order to obtain a significant bonus, and clinical anesthesia. Microinjections smaller 467 

than 10 nL, that do not spread beyond the common-core, will be required to answer this 468 

question. However, it appears that inclusion of the common-core neurons is important, if not 469 

absolutely necessary.  Specifically, there were 3 microinjection trials (blue diagonal lines in 470 

Fig.5A left) in which muscimol reached neurons in the effective zone (pink), but missed the 471 

common-core (red, Fig.5A left). These trials failed to induce a significant bonus. On the other 472 

hand, 2 microinjections that induced a significant bonus (Fig.5B left) hit the pink area, but 473 

missed the common-core. 474 

Given the ambiguity as to whether common-core neurons are sufficient and/or essential, 475 

we examined the relation between the volume of muscimol microinjected and the bonus-time 476 

obtained. For successful microinjection trials bonus values varied considerably, averaging in the 477 

range of 20-30 min. This was much longer than the anesthesia-time provided by our standard 478 

i.v. bolus dose of propofol (11 min). But interestingly, bonus values did not vary systematically 479 
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with the volume microinjected, and hence with the overall muscimol dose or the number of 480 

MPTA area neurons exposed to the drg (Fig.6B). This was so even for individual rats that 481 

received microinjections of several volumes.  For example, in 3 rats that received two muscimol 482 

microinjections at the same location, 200 nL (45.6 ng) and later 50 nL (11.4 ng), bonus scores 483 

obtained were 26 & 35 min, 36 & 24 min and 33 & 23 min, respectively (Table 1).  Likewise, 484 

bonus-time values did not differ despite numerous differences at the two venues where the 485 

experiments were carried out (Fig.6A). This suggests that so long as the neurons in the 486 

common-core (and perhaps a limited area beyond) are exposed to muscimol, there is little 487 

further effect of exposing a much larger number of neighboring neurons to the drug.   488 

Neurons residing in the common-core area vary in size and shape. While most had a 489 

somatic area <220 μm2 (90%) there was a significant population of much larger size extending 490 

up to 1,080 μm2 (Fig.7A,B). Interestingly, projection neurons, MPTA neurons  retrogradely 491 

labeled from a variety of projection targets (Reiner et al., 2008) are considerably larger than the 492 

average (188 μm2 vs. 109 μm2).  MPTA common-core neurons were also heterogeneous in 493 

aspect ratio, form factor and roundness (Fig.7C-E).  In addition to their size, the larger cells 494 

tended to be flatter (smaller aspect ratio and form-factor) and had a more torturous 495 

circumference (lower roundness) than the smaller cells. A considerable amount is known about 496 

the afferent and efferent connectivity of neurons in the MPTA area and on other cellular 497 

characteristics (Sukhotinsky et al., 2016), but further analysis is needed with respect to the 498 

MPTA’s common core.    499 

 500 

Silencing MPTA neurons by exposing them to local anesthetics  501 

The GABAergic agents tested generally suppress activity in neurons that bear GABAA-Rs. In 502 

previous microinjection studies using the indwelling cannula method we showed that delivery of 503 

lidocaine, a pan-sodium channel blocker that is expected to silence MPTA neurons non- 504 

selectively, does not induce anesthesia. This unexpected result is important as it constrains the 505 

mechanism by which the MPTA might influence the brain-state switching network (Devor and 506 

Zalkind, 2001; Devor et al., 2016). For this reason we attempted to replicate this experiment 507 

using the new bonus-time method. Indeed, on-target microinjection of 200 nL of 5% lidocaine 508 

yielded a non-significant bonus in each of 9 trials (9 rats, all at BIDMC, bonus = 2.7 ± 5.8 min). 509 

Finally, since lidocaine action is pH-sensitive and we could not measure the in situ pH in the 510 

MPTA, we repeated this experiment with 1mM TTX. Again, no significant bonus was obtained (4 511 

trials in 2 rats, all at HUJI, 3x50 nL, 1x100 nL, all on-target, mean bonus-time = 1.0 ± 1.8 min).   512 

 513 

DISCUSSION        514 

The original borders of the MPTA were set by framing the centers of effective microinjections 515 

(Devor and Zalkind, 2001). Agent spread was not taken into account. The bonus-time method, 516 

with its improved spatial resolution, permitted a significant upgrade in our ability to define the 517 
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actual location of the MPTA neurons which mediate general anesthesia upon exposure to 518 

GABAergic anesthetics. Relatively large (≥200 nL) muscimol microinjections at a distance from 519 

the MPTA common-core yielded significant bonus-times, but the effect was lost using smaller 520 

volumes. Progressive search using ever smaller volumes yielded a dorsal region in the caudal 521 

half of the (original) MPTA frame where as little as 10 nL of muscimol reliably prolonged 522 

anesthesia-time. Deviation by as little as 0.5 mm in any direction eliminated the effect. In a 523 

recent  complementary experiment we showed that bilateral MPTA lesions markedly reduced 524 

sensitivity to systemic GABAergic anesthetics (Minert and Devor, 2015). Importantly, the 525 

territory common to all effective lesions was centered on the common-core hotspot for 526 

anesthetic induction identified in the present study.    527 

 528 

Size and location of the MPTA 529 

Size:  From knowledge of neuronal density and the extent of agent spread we estimated that 530 

unilateral exposure of ~1,900 MPTA neurons to muscimol is sufficient to maintain anesthesia for 531 

10s of minutes. This number is probably an overestimate. The marker dye, although somewhat 532 

larger than muscimol, had 1-2 h to diffuse, the typical time from microinjection to perfusion. The 533 

drug itself, in contrast, had to act within about 2-3 min to prevent pacing and termination of the 534 

trial. This brief diffusion interval would probably have permitted the drug to access fewer than 535 

1,900 neurons. If exposure of common-core neurons is sufficient, the minimal number could be 536 

as few as ~300 neurons. Concerning the overall size of the MPTA we adopt the conservative 537 

position that GABA-receptive MPTA neurons involved in brain-state switching might be present 538 

wherever small-volume trials were successful (pink zone in Fig.8 right). We refer to this as the 539 

“maximal MPTA” (mMPTA). With an equivalent radius of 0.75 mm (volume= 1.77 mm3) it 540 

contains ~11,700 neurons 541 

 542 

Nuclear designation: In the authoritative rat brainstem atlases of (Paxinos and Watson, 1998; 543 

Paxinos et al., 1999) the MPTA common-core occupies a tegmental (reticular) field traversed by 544 

fibers of the SCP which has no nuclear designation. Common-core neurons lie interstitial to the 545 

SCP. The larger mMPTA is likewise undesignated; the region ventral to the SCP is simply 546 

labeled “subpeduncular tegmentum”. The mMPTA merges ventrally with the PnO and is laterally 547 

and caudally adjacent to the PPTg, caudally adjacent to the PB and medially adjacent to the 548 

LDTg. These nuclei are implicated in sleep and arousal (Fuller et al., 2011; Watson et al., 2011; 549 

Roeder et al., 2016), but all were ruled out as the location of the anesthesia-promoting MPTA 550 

neurons. The mMPTA roughly overlaps the rodent homolog of the “mesencephalic locomotor 551 

region” (Sherman et al., 2015), an area in which (Shik et al., 1969) documented (in cats) that 552 

electrical stimulation triggers locomotion. This is also the region where direct application of 553 

teflurane or cyclopropane were shown to induce sedation and sleep (in cats, (Folkman et al., 554 

1968)). It contains neurons that send ascending and descending axons to nearby arousal nuclei 555 
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and to more distant forebrain, hindbrain and spinal cord structures associated with arousal, 556 

memory, movement and pain. These pathways are presumably the effectors of the canonical 557 

components of anesthesia. A subset of neurons in the MPTA are known to express GABAA-R 558 

subunits. These are presumably the neurons that are sensitive to GABAergic anesthetics 559 

(Sukhotinsky et al., 2003; Sukhotinsky et al., 2007; Sukhotinsky et al., 2016). 560 

 561 

Indwelling cannula vs. bonus-time methods 562 

Both the original indwelling cannula method and the bonus-time method permit focal deposition 563 

of GABAA-R agonists in the brain. A major difference is that using the former, anesthetic 564 

induction begins from the awake state. In the latter the animal is already anesthetized (with 565 

propofol). Effective drugs prolong anesthesia-time, postponing emergence, but do not actually 566 

cause induction. This difference is potentially significant as emergence from anesthesia might 567 

be an active process, not simple reversal of induction as the anesthetic agent dissipates (Sleigh 568 

et al., 2001; Kelz et al., 2008). A variety of actions promote arousal and emergence from 569 

anesthesia. Noxious peripheral input (e.g.by tail-pinch) is a prime example. Reanimation can 570 

also be evoked by activation of central pain pathways (Schiff et al., 2007; Brischoux et al., 2009; 571 

Anaclet et al., 2014; Roeder et al., 2016; Taylor et al., 2016; Morales and Margolis, 2017). It is 572 

not clear whether arousal by pain-provoking stimuli is mechanistically linked to mesopontine 573 

sleep-wake and anesthesia circuitry, or is more general in nature. Either way, MPTA neurons 574 

appear to be key players in induction as well as emergence as between the two experimental 575 

methods both have been documented. Whether the same individualMPTA neurons contribute to 576 

both remains uncertain. Also uncertain is the degree to which our findings apply to anesthesia 577 

using non-GABAergic agents, and to what extent they apply to clinical anesthesia in humans.    578 

Finally, we confirmed our earlier observation that non-selective suppression of the MPTA 579 

using lidocaine (and now TTX) do neither. Our explanation of this apparent paradox is in a 580 

proposed model of anesthetic induction by MPTA neurons (Minert and Devor, 2015; Devor et 581 

al., 2016).  582 

 583 

Network actions 584 

Observations, mostly based on non-invasive imaging in humans, have highlighted large-scale 585 

network connectivity and top-down processing as central factors in conscious awareness, with 586 

thalamocortical interactions taking center stage (Brown et al., 2010; Bonhomme et al., 2012; 587 

Vijayan et al., 2013; Hudetz and Mashour, 2016; Tononi et al., 2016; Mashour and Hudetz, 588 

2017). Degradation and recovery of effective connectivity are striking correlates of anesthetic 589 

induction and emergence. These observations, however, do not bear directly on the question of 590 

where in the brain anesthetics act. The temporal resolution of the BOLD signal is too low to 591 

discriminate generalized suppression by circulating drugs from activation of dedicated axonal 592 
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pathways. In principle, both are capable of mediating the observed changes. Magnetoence- 593 

phalography might have the required temporal resolution.  594 

GABAA-Rs are ubiquitous in the CNS, including in the cerebral cortex, and are surely 595 

engaged by circulating agonists. Our microinjection results, however, suggest that their 596 

engagement is not necessary for anesthetic loss-of-consciousness. It is probably also not 597 

sufficient as following MPTA lesions, with the thalamus and cortex intact, clinically-relevant drug 598 

doses no longer induce anesthesia (Minert and Devor, 2016). We cannot exclude the possibility 599 

that certain parameters suspected as being bona fide neural correlates-of-consciousness do 600 

require direct agonist binding to cortical receptors. These could include anesthetic-induced 601 

reduction in cortical blood-flow and metabolism, aspects of cortical connectivity and some 602 

features of altered EEG. We note, for example, that bolus doses of systemic propofol induce 603 

burst-suppression, but agonists microinjected into the MPTA, even at very high concentrations, 604 

do not (Devor et al., 2016). Assuming that in clinical (systemic) anesthesia MPTA-driven 605 

changes are engaged in addition to generalized suppression-driven changes, it will be important 606 

moving forward to unravel which changes are due to which process. This is true for both the 607 

cortical correlates of loss-of-consciousness and for the sensory and motor changes that 608 

accompany anesthesia, typically attributed to the brainstem and spinal cord. Such dissociation 609 

is straightforward in rats using MPTA microinjection (Abulafia et al.,2009), but in humans 610 

microinjection is clearly impracticable. There might be a pharmacological approach, however, if 611 

MPTA neurons express GABAA-R isoforms, or other propitious receptors, that can be activated 612 

using target-selective anesthetics.  613 

 614 

CONCLUSIONS 615 

Our results add to the growing understanding of brain-state switching in general and the neural 616 

mechanisms underlying anesthesia in particular. Most notably, they support the dedicated 617 

pathways hypothesis of general anesthesia by suggesting that systemic drug administration 618 

induces immobility, analgesia, amnesia and LOC by a primary action in the brainstem, followed 619 

by recruitment of dedicated ascending and descending axonal pathways which secondarily 620 

modulate function in far-flung effector locations in the CNS.  We have locate the relevant GABA- 621 

sensitive neurons to a very small, focal population within the larger region originally designated 622 

as MPTA. This nucleus appears to constitute a key node in a network that effects brain-state 623 

switching. 624 

The improved localization of the functionally important MPTA cluster will facilitate a more 625 

detailed characterization of the relevant neurons, including their cellular properties and 626 

functional connectivity. Of particular importance is determining whether the same neurons 627 

participate in all of the functional endpoints of anesthesia, or whether separate sub-populations 628 

mediate atonia, analgesia, amnesia and LOC (Reiner et al., 2007). Heterogeneity might make it 629 

possible to recruit specific neuronal sub-populations selectively permitting, for example, surgical 630 
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quality pain control without sedation, or selective promotion of sleep (or alertness). The 631 

improved localization will also facilitate determination of whether the flip-flop circuit associated 632 

with GABAergic anesthesia participates in other instances of transient loss-of-consciousness 633 

such as fainting due to hypotension (syncope), blood-gas imbalance, fear, or natural sleep 634 

(Meiri et al., 2016);Lanir et al.).Finally, the identification of a localized cluster of neurons that are 635 

intimately related to brain-state switching may provide a viable experimental lead into the 636 

circuitry that realizes conscious experience itself.   637 

 638 
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 810 

 811 

Table 1:  Summary of muscimol microinjection trials showing venue, volume delivered and 812 

bonus-time obtained (in minutes, 91 trials in 53 rats).  Note that some rats had up to four 813 

microinjection trials.   814 

 815 

 816 

Scores marked (R) were from right-sided microinjections; italics indicate use of the volume set in italics. 817 

Criterion for statistical significance is described in the Methods.  818 

 819 

 820 

 821 

  822 

BIDMC 
rat # 

500 nL or 200 nL 
bonus-time 

 

HUJI 
rat # 

200 nL 
bonus-time 

100nL or 50 nL 
bonus-time 

20 nL 
bonus-time 

10 nL 
bonus-time 

significant not significant not significant not significant not significant not 
4 65(R) 321 1, 2  
5 13 358 10 
6 35 359 21(R) 
7 57(R) 322 26 5 35 
8 39 323 14 
9 26 324 36 24 
10 34 325 10 
11 22 327 50 23(R) 
12 50 329 33 3(R) 23 
13 45 370 9 2(R) 
14 10 371 1, 2(R) 
15 5 372 5(R), 6 
29 28 330 32, 34 2(R) 
30 45 331 22, 46(R) 
31 45 332 15, 18(R) 
32 28 338 3, 4(R), 6, 6(R) 
33 36 339 1, 4(R) 
36 28 351 2(R) 3 
37 28 340 10, 21(R) 

 
341 18, 30(R)  
342       8  

HUJI 
rat # 

500 nL or 200 nL 
bonus-time 

343 15,19,22(R) 
345 11(R), 20 18 

significant not 346 16(R),19(R) 5 
369 15  347 30 4(R) 
314 21 4 348 18, 22(R) 
316 15 3 349 3(R) 31 
317  2,2,3 350 3(R) 1(R) 
318 58, 8 6 352 4(R) 3 
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FIGURE LEGENDS 823 

Fig. 1: Microinjections of muscimol into the MPTA. (A) Sagittal section showing the dye spread 824 

associated with a microinjection of 200nL of muscimol into the MPTA (rat# 34).  (B) Coronal 825 

section showing the dye spread associated with on-target muscimol microinjections of 20nL, 826 

first on the left, then 20 min later on the right (rat# 340). These trials yielded bonus times of 10 827 

and 21 min, respectively. The boundaries of the MPTA as defined by Zalkind and Devor (2001) 828 

are overlaid on the right sided microinjection (1000 μm×1500 μm, solid outline). The common- 829 

core of the MPTA is shown within the 500 μm×750 μm dashed frame.  (C) The sudden 830 

appearance of repetitive hindlimb “pacing” movements was accompanied by rhythmic bursts in 831 

the biceps femoris electromyogram (EMG). Both were silenced by the standard i.v. bolus of 832 

propofol.  833 

 834 

Fig. 2:  Anesthesia-time was independent of the number of antecedent propofol boluses given.  835 

(A) In rats given 2 (n=60), 3 (n=50), 4 (n=20) or 5 ( n=7 ) consecutive bolus doses of propofol 836 

mean anesthesia-time was the same on the 1st bolus as on the nth. (B) Lines represent 837 

anesthesia-times of 60 individual rats upon repeated bolus dosing (all at HUJI). To ease 838 

separation, lines representing the 7 rats given 5 consecutive doses are colored. Error bars in 839 

(A) represent ±SD.    840 

 841 

Fig. 3:  Small volume muscimol microinjections (10-20 nL) locate the “hotspot” for anesthetic 842 

induction within the MPTA area. Symbols mark centers of the microinjections listed in Table 1, 843 

with the volume microinjected indicated for each symbol. Filled symbols indicate trials that 844 

yielded a significant bonus-time; open symbols indicate bonus-times that were not significant. 845 

Numbers above the coronal sections indicate the section’s location caudal to bregma (in mm, 846 

outlines from (Paxinos and Watson, 1998)). Microinjections that fell on planes -7.0 to -8.0  are 847 

gathered on the most rostral section outline (-7.8 mm),  those on planes -8.0 to -9.16 are 848 

gathered on the middle section (-8.8 mm) and those that fell on planes -9.3 to -10.8 are 849 

gathered on the caudal section (-9.8 mm). Many effective microinjections overlap, especially in 850 

the dark (red) clusters.  851 

 852 

Fig. 4: Ineffective microinjections of muscimol surround the cluster of effective micro- 853 

injections in all 3 planes. The full extent of dye spread is shown in red (dark fill) for the 17 854 

small volume microinjections (10 or 20 nL) that yielded a significant bonus-time. Dye spread 855 

of all of the ineffective microinjections represented at these levels (-7.6 to -9.8 mm, n=28 in 856 

18 rats), including large and small volume trials (10-500 nL), are shown in light blue fill.  857 

  858 



 

24 
 

 859 

Fig. 5: Location of the MPTA common-core. (A-C): The maximal cross-sectional area of 860 

effective (solid pink) and non-effective (hatched blue) microinjections are collected onto a single 861 

rostro-caudal plane (-8.8 mm). The track of the injection pipette in these trials actually lay over 862 

the range of -8.0 to -9.16 mm caudal to bregma. (A) Dye spread for the 17 small effective 863 

muscimol microinjections largely overlap (10 or 20 nL, 9 rats, 10 on the left and 7 on the right). 864 

The region in common to all (intersection), on the right and on the left, is shown in solid red 865 

(dark). The term “common-core” refers to this area on the right. Non-effective microinjections 866 

(10 -200 nL) surround the effective ones (14 microinjections in 12 rats).  (B) Like (A), but 867 

showing areas of both large and small effective muscimol microinjections (24 left, 11 right in 23 868 

rats). Non-effective trials are not shown. The solid red area on the right is common to all 11 869 

microinjections on that side. The (smaller) solid red area on the left is common to 22 of the 24 870 

left-sided microinjections.  Dye spread areas of the 2 microinjections not included fell closely 871 

nearby (black outlines, rats #322 and #15, 50 and 200 nL respectively).  (C) Dye spread areas 872 

of 10 saline (control) microinjections (5 rats; 50-200 nL; horizontal dark blue lines) overlapped 873 

the common-core zone bilaterally (5 left, 5 right). None of these yielded a significant bonus-time.  874 

 875 

Fig. 6:  (A) Average of the significant bonus-times was the same (p=0.24) at the two 876 

experimental venues (left: BIDMC, male Sprague-Dawley rats; right: HUJI, female Wistar- 877 

derived Sabra rats). (B)  Anesthesia bonus time did not correlate significantly with the volume 878 

(hence dose) of muscimol microinjected (open circles; 39 trials in which there was a significant 879 

bonus; R2= 0.086, p=0.07). The regression line for this relation is shown. Also shown are bonus 880 

times obtained for on-target microinjections of pentobarbital (7 trials in 6 rats, filled diamonds) 881 

and propofol (12 trials in 9 rats, filled triangles). The regression of all bonus-times on volume 882 

miscroinjected also failed to reach statistical significance (R2= 0.011, p=0.43). All data shown 883 

were from experiments carried out at HUJI.   Horizontal dashed lines indicate the degree of 884 

variability of anesthesia-times obtained using the standard bolus dose of propofol in trials in 885 

which there was no drug microinjection (+1 SD =2.0 min; +3 SDs = 6.1 min).   886 

 887 

Fig. 7:  Sizes and shapes of neurons populating the MPTA common-core are heterogeneous. A 888 

total of 1198 neurons were measured, bilaterally in 4 naïve rats. (A) Histogram showing somatic 889 

area. (B) Photomicrograph showing a typical field of NeuN immunolabelled neurons, includes 890 

one neuron that is exceptionally larger (arrow).  (C-E) Histograms showing the distribution of 891 

three shape parameters in the population of neurons shown in (A). These were:  aspect ratio (a 892 

measure of flatness and radial symmetry), form factor (a measure of the complexity of the 893 

somatic perimeter) and roundness.  894 

 895 

  896 
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 897 

Fig. 8: Graphical illustration of the MPTA common-core and mMPTA.  Left side: Non-effective 898 

microinjections from the right side of figure 4A are mirror transposed and plotted together with 899 

non-effective microinjections actually made on the left side in figure 4A (light blue shading). 900 

These contours surround the transposed MPTA common-core (Fig. 4A (right). Note the non- 901 

shaded halo surrounding the common-core that is devoid of failed microinjections. Right side: 902 

Dye spread areas of non-effective microinjections of all volumes (light blue shading) have been 903 

mirror transposed and combined with all of the effective small volume microinjections (10-20 nL, 904 

Fig. 4A (both sides), pink fill). The union of these pink contours is the mMPTA (dashed black 905 

line). The successful microinjections (pink) are surrounded on all sides by failed microinjections.  906 

For clarity, the two negative trials noted in the Results that included the common-core, while 907 

indicated on the right side in this illustration, are absent on the left. 908 


















