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Abstract—The MPTA (mesopontine tegmental anesthesia area) is a key node in a network of axonal pathways that
collectively engage the key components of general anesthesia: immobility and atonia, analgesia, amnesia and
loss-of-consciousness. In this study we have applied double retrograde tracing to analyze MPTA connectivity,
with a focus on axon collateralization. Prior tracer studies have shown that collectively, MPTA neurons send
descending projections to spinal and medullary brain targets associated with atonia and analgesia as well as
ascending projections to forebrain structures associated with amnesia and arousal. Here we ask whether individ-
ual MPTA neurons collateralize broadly as might be expected of modulatory circuitry, sending axonal branches to
both caudal and to rostral targets, or whether connectivity is more selective. Two distinguishable retrograde trac-
ers were microinjected into pairs (‘‘dyads”) of known synaptic targets of the MPTA, one caudal and one rostral. We
found that neurons that were double-labeled, and hence project to both targets were rare, constituting <0.5% on
average of all MPTA neurons that project to these targets. The large majority sent axons either caudally, presum-
ably to mediate mobility and/or antinociception, or rostrally, presumably to mediate mnemonic and/or arousal/
cognitive functions. MPTA neurons with descending vs ascending projections also differed in size and shape,
supporting the conclusion that they constitute distinct neuronal populations. From these and prior observations
we conclude that the MPTA has a hybrid architecture including neurons with heterogeneous patterns of connec-
tivity, some highly collateralized and some more targeted. � 2017 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION

Central nervous system (CNS) functions such as vision,

hearing and motor control depend on precise,

topographically organized networks in which specific

neuronal populations project to specific dedicated

synaptic targets. Other systems are more diffuse, with

broad collateralization of individual neurons to multiple

distributed targets. This architecture is characteristic of

systems that play a broader modulatory role such as in

arousal and sleep (Chandler et al., 2014; Schwarz et al.,

2015). We identified a singular, restricted brainstem locus

that we call the mesopontine tegmental anesthesia area

(MPTA) at which microinjection of minute quantities of

pentobarbital and other GABAA-receptor agonists rapidly

and reversibly induces an anesthesia-like state. This state

combines analgesia, loss of the righting reflex and atonia

with electroencephalographic and neural activity changes

indicative of switching between wakefulness and loss-of-

consciousness. Effective microinjected doses were much

too small to survive dilution in the systemic circulation and

the resulting atonia (and analgesia) came on far too

rapidly to permit agent diffusion from the injection site to

the cortex or the spinal cord (Devor and Zalkind, 2001;

Voss et al., 2005; Namjoshi et al., 2009; Sukhotinsky

et al., 2016; Minert et al., 2017). Thus, neurons resident

in the MPTA appear to play a broad modulatory role by

means of dedicated axonal pathways. Consistent with this

role, pathway tracing has shown that the MPTA contains

neurons with long descending and ascending axonal pro-

jections to a variety of relevant target nuclei (Sukhotinsky

et al., 2005, 2006, 2007).

Prominent caudal targets of the MPTA include the

rostroventromedial medulla (RVM) and the spinal cord

(SC), areas implicated in the control of nociception,

movement, segmental muscle tone and a variety of

autonomic functions (Mason, 2001; Sukhotinsky et al.,

2005; Fields et al., 2006, Sukhotinsky et al., 2006). MPTA

neurons with ascending projections target diencephalic

and forebrain nuclei including the zona incerta (ZI), the

hypothalamus (Hyp), midline and intralaminar thalamic

nuclei (largely avoiding the thalamic relay nuclei), the

basal forebrain (BF), parts of the amygdaloid complex
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(Am), the medial septum (Sep) and the prefrontal cortex

(PFC, (Sukhotinsky et al., 2007)). These areas are impli-

cated in the realms of motivation and emotion, memory,

arousal and awareness. Taken together the MPTA tar-

gets, directly or indirectly, the main areas that execute

functions quenched during general anesthesia. But is

the transition from wakefulness to unconsciousness dri-

ven by command neurons with global effect, or is it

orchestrated by a confederation of heterogeneous neu-

rons, each responsible for quenching a particular func-

tion? Here we attempt to unravel this issue. Specifically,

we asked to what degree individual MPTA neurons pro-

ject to both rostral and caudal targets vs some projecting

rostrally and others caudally.

The experimental approach that we used, double-

retrograde labeling, was applied previously in two

neuroanatomical studies of the MPTA. In these studies

we asked whether individual MPTA neurons project to

one, or to more than one of the caudal MPTA targets.

The major outcome of both studies was that MPTA

projection neurons with descending axons are

substantially collateralized. For example, about 1/3rd of

neurons that project to one spinal level also project

other levels, and half of neurons that project to the

ventral horn also terminate in the dorsal horn. Likewise,

up to 15% of the neurons that project to the SC also

send collaterals to the RVM (Reiner et al., 2007, 2008).

Thus, with regard to descending projections, many MPTA

neurons fit the pattern of diffuse connectivity, resembling

other highly branched modulatory nuclei such as the locus

coeruleus (LC) and the brainstem raphe’ nuclei (Losier

and Semba, 1993; Chandler et al., 2014; Schwarz et al.,

2015; Muzerelle et al., 2016). In the present study we

ask whether individual MPTA neurons that send a

descending axon into the RVM, the SC or the dorsal

medulla (dMED) also maintain an ascending branch that

ends in one or more of the major forebrain targets of the

MPTA. To answer this question one retrograde tracer

was microinjected into one of the 3 caudal targets in com-

bination with a contrasting tracer that was microinjected

into one of 6 rostral targets. For each pair of microinjec-

tion targets (‘‘dyads”) we determined what proportion of

MPTA neurons was labeled with both tracers. Resolving

this fundamental architectural feature of MPTA connectiv-

ity is part of a larger effort aimed at defining how MPTA

neurons execute seamless transition between wakeful-

ness and unconsciousness. For abbreviations used see

Table 1.

EXPERIMENTAL PROCEDURES

Animals and surgery

We used adult Wistar-derived Sabra strain rats of both

sexes (300–500 g). Animals were maintained in a

specific pathogen free facility, housed in plastic cages

bedded with wood shavings with a 12-h:12-h day:night

cycle with lights on at 07:00. Room temperature was

21–23 �C and food pellets (Teklad product 2918

supplied by Envigo Ltd., Israel) and water were

available ad libitum. All protocols were approved by the

Institutional Animal Care and Use Committee of the

Hebrew University of Jerusalem and followed guidelines

of the United States Public Health Service’s Policy on

Humane Care and Use of Laboratory Animals. Rats

were deeply anesthetized with chloral hydrate

(400 mg/kg, i.p.) for intracerebral tracer injection.

Synthomycine ointment was applied to the eyes to

prevent drying. Following the surgery, exposures were

closed and a topical bacteriostatic powder was applied

to the incision. Prophylactic penicillin (50 kunits/kg i.m.),

an analgesic (Tramadex, Grunenthal; 10 mg p.o.) and

sterile saline (�2 mL, s.c.) were administered. Upon

awakening animals were returned to the colony room

until the time of perfusion for histological processing.

Recovery was uneventful.

Tracer microinjection. Two contrasting retrograde

tracers were microinjected into the brain. One targeted,

mostly bilaterally, a structure caudal to the MPTA: either

the cervical SC, the RVM or the dMED. ‘‘RVM” refers to

the magnocellular field just dorsal to the pyramids (Gi

and Gi pars alpha (GiA), and adjacent raphe nuclei

(Mason, 2001; Fields et al., 2006; Lefler et al., 2008).

The second tracer was targeted to one of 6 rostral fields

in the forebrain, unilaterally. These were: (1) the ZI, usu-

ally including part of the adjacent lateral Hyp, (2) the tha-

lamus (Thal), (3) the BF, often including some of the

adjacent amygdaloid complex (BF + Am), (4) the Sep,

(5) the Hyp, and (6) the PFC. These targets were chosen

on the basis of density of MPTA terminations observed in

anterograde tracing experiments (Sukhotinsky et al.,

2007) and the intrinsic interest of the connectivity. Our

strategy was to begin with large injections, knowing that

they crossed nuclear boundaries, and subsequently to

focus in. Caudal and rostral injection sites are shown in

Figs. 1–3.

For microinjection the anesthetized rat was placed in a

stereotaxic apparatus with the skull leveled between

bregma and lambda. Craniectomies were made over the

intended injection targets using a dental burr. Tracer

solutions were loaded into two separate glass

micropipettes that had an inner bore volume of 200 nL

per mm. The tip was broken to 20–30 lm. The

micropipettes were then lowered to the stereotactic

Table 1. List of abbreviations

ABC – avidin–biotin

conjugate

PAG – periaqueductal gray

Am – amygdala PBS – phosphate buffered saline

BF – basal forebrain PFC – prefrontal cortex

CTB – cholera toxin B

subunit

REM – rapid eye-movement

DAB – diaminobenzidine ROI – region of interest

dMed – dorsal medulla RT – room temperature

DRN – dorsal raphe’

nucleus

RVM – rostroventromedial

medulla

FG – fluorogold SC – spinal cord

Hyp – hypothalamus Sep – septum

LC – locus coeruleus Thal – thalamus

MPTA – mesopontine

tegmental

TLOC – transient loss-of-

consciousness

anesthesia area ZI – zona incerta
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