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ABSTRACT

Theefferentconnectiosisof tite dorsalcolumsi

nucleus(DCN) of tite anuran amphibiansRana

ridibunda andXenopuslaevishave beenstudiedby

meansof bidirectionally transportedtracres. Efferent

projectionsfrom tite DCN innervatetite spinal cord,

tegmentumof tite brain stem, cerebellum, torus

semicircularis asid Lhalamus. The pattern of

connectivityof tite anuranDCN is largely comparable

Lo diaL of amniotic vertebratesalthough some

peculiaritiesarefound.
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Tite dorsalcolumn-mediallemniscal system

(DC-ML) i.e. tite primary afferentapinalprojection

via tite dorsalfuniculusLo tite dorsalcolumn nucleus

(DCN), which gives risc Lo tite medial lemniscal

projection Lo tite titalamus, representsa main

ascendingspinalprojectionin vertebraLes(seeWillis

& Coggeshal, 1991). Tite existenee of such a

projection in anuranshas been a much debated

question and the connectivity of tite DCN in

amphibiansis only partially known. The termination

of tite primary afferents Lo the DCN sitows a

somatotopic organization in relation 10 tite

rostrocaudalspinal level of dicir origin (Anta] eL al.,

1980; Nikundiwe et al., 1982; Urbán & Székely,

1982).An efferentDCN projectionLo dic contralateral

titalamus has been obseved in ranid frogs in

pitysiologycal stimulation (Vesselkin eL al., 1971;

Urbán& Székely,1982)andtracingstudies(Neary&

Wilczynski, 1977). Also a medial lemniscal

innervation of tite Lorus semicircularis(Comer &

Grobstein, 1981; Wilczynski, 1981; Wilczynski &

Neary, 1986; Muñoz el al. 1993) has been

demonstrated,and retrogradely labeledcelís were

observedin tite DCN aftercerebeliar(GonzálezeL al.,

1984; Grover & Grússer-Corneitls,1984) andtectal

tracerapplications(Zittlau elal, 1988). In tite pressent

study tite main ascendingprojectionsof tite anuran

IJCN will bdiscussed.

In 15 adultsof Ranaridibunda and10 young

adulÉs of Xenopuslaevis under anestitesiawidi

M5222, HRP crystalsor biotinylateddextran amine

(BIJA, MollecularProbes)recrystallizedfromdestilled

wateronto sbarptungstenneedíeswere appliedto tite

DCN area,or RDA or ritodaminedextranamine(RDA,

Lollecular Probes) were applied as crystals or

íontophoreticallyinjected mío tite titalamus, torus

semícircularisand cerebellum. Afíer 2-10 days of

survival time tite aninxalswere reanestitetizedami

perfusedthroughtite hearíwitit salmefollowed by 4%

paraformaldehide(2.5% paraformaldehidewitit 2%

glutaraldehidefor HRP experiments).The brain asid

spinalcord were Iben removedandstoredovemightin

a 30% saecharosesolution. Frontal, 40 im thick

sectionswere cut on a frezzing microtome. HRP

materialwasreactedwftit DAS as chromogen,usually

intensified witit nickel. To visualize RDA, a

VectastainABC elite kit (Vector)was used,followed

by tite HRP reaction with DAB. Aldiougit tite

iontophoretic injectiosis of dic tracers were ratiter

small, particularly titose witb RDA, it was always

itardly possibleLo restricttite Iracerto tite areaof tite

DCN. Media]ly located injectiosis often involved

partially dic nucícusof dic solitary tract, whereas

more lateral injectionsincludedpanof dic nucleusof

dic descendingtrigeminal tract.Titus, solely witit titis

type of tracerapplication it is not possibleto fully

discriminatetite connectiosisof tite DCN. Titerelore,

subsequentretrogradermcingexperimentswere usedto

confim¡ dic projectiosis from tite DCN. Since tite

results in botit speciesare largely comparablewe will

describeLite generalpatternof tite connectionsof dic

DCN. Only when speciesdifferencesare found will

titen bementionedseparately.

Small unilateral applicationsof HRP or

BIJA diat involved tite DCN labeledanterogradelya

distinct contralateralascendingsystemfrom tite DCN,

‘.e. tite medial lemniscus(Fig.I). lis axosisconídbe

tracedfrom dic injection site andcourseventra]ly and

medially, crossLo tite contralateralside beneatitdie

central canal, and titen Lurn rostralwards into tite

ventral tegmentum.As dic medial lemniscusascends

in tite ritombencepitalon,smootitly swings Lo more
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dorsolateralpositions.AII through die medulla, tite

mediallemniscusgives off ¡hin fibers Lo variousparts

of tite reticularformation.A few fiberscoursedorsally

into tite octavolateralareaandsomeentertite granular

layer of Lite cerebellum (FiglE). At caudal

mesencepitaliclevels tite fibers Lurn dorsally a]ong Lite

latera] aspectof the midbrainandmost of titem bend

medially where diey terminate in the Lorus

semicircularis(Fig. ID). Tite principal,magnocellular

and comxnissuralnuclei receiveonly a sparseDCN

projection but Lite laminar nucleus is densely

innervated,particularlyita lateralportion.A few fibers

crosa Lo tite contralateralcommissuralandprincipal

nuclei of tite Lorus semicircularis. A significant

differencebetweentite two speciesstudiedis titat while

in R. ridibunda IJCN efferentfibers do noÉreachtite

tectum,in X. laevis intermediateasid deeplayersare

innervatedalí throughtite mediolateraltectalextentby

collateralsof tite toral innervating medial lemniscal

fibers. In botit species,aL morerostral mesencephalic

levels (Fig. lC), tite anterodorsalandanteroventral

tegmentalnuclei including tite red nucleusand tite

nucleusof dic fasciculuslongitudinalismedialisare

innervated by labeled fibers, predominaníly

contralateral to the DCN injected. At meso-

diencepitalictransition levelsscatteredlabeledfibers

distribute in tite pretoral gray. Beyondtite miditrain,

bodi dorsal asid dic ventral titalamie arcas are

innervatedby IJCN efferent fibers.Tite ventralpanof

dic posterior and centraldorsal thalamicnuclei are

reachedby a few titin, varicosefibers whereastite

ventromedialtitalamienucleusandtite nucleusof tite

posteriortubercieare far moredenselyinnervated(Fig.

1A,B). No labeling was found morerostrally in tite

anteriordiencepitalonor ¡he telencepitalonin any of

tite cases.

Extralemniscal ipsilateral projections

ascendingalí througit tite rhombencephalonup lo tite

cerebellumwere observed.In order Lo confirm dic

putative ascendingprojectionsof Lite DCN, HRP,

BIJA, or RDA injectionsin boíh anuranspecieswcre

placedinto tite titalamus, toros semicircularisanddic

cerebellarregion.In experimentstitat affcctedbotit tite

dorsalasid tite ventral titalamusbilaterally, but mostly

contralaterally,irregularlarge andsmall roundcelís

with dorsa]ly and ventrolaterallydirectedprocesses

wcre observedin tite DCN. Their axona could be

followed to dic contralateralmediallemniscus.Witen

Lite injection sites were restricted Lo dic torus

semicircularis, dorsomedial asid lareroventral

componentsof retrogradelly labeled celís were

observedin tite contralateralDCN. A few ipsilateral

celís were alsopresent.Tite dorsomedialcomponent

contaisislargeandsmall celís widi procesaesdirected

dorsally, witereas tite large bipolar neuronsof tite

lateroventral componentpoasessevera]proceases

directed into tite dorsal but mainly dorsolateral

funiculus. In experimentswitit applicationsinto tite

cerebellum, bilaterally buí mostly ipsilaterally,

retrogradellylabeledcelíswereseenin tite DCN. Titeir

axonsseem Lo courseLogetiter widi dic ascending

primary afferents from ¡he dorsal roots up to Lite

cerebellum.

As in odier vertebratestite dorsal column-

medial Lemnical projection relays ascendigspinal

somatosensoryinformationfrom tite spinalganglionar

celís todifferentsupraspinaltargcts.Togetiterwitit dic

direct spinotita]amieprojection, reccntly described

(Muñoz eL al., 1994), Lite medial lemniscal

innervationof dic centralandposteriornuclei of ¡he

dorsal titalamusrepresents¡he anatomicalbasis of a

direct somatosensorialprojection,aireadydemonstrated
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pitysiologically (Vesselkin eL al., 71). In ¡he ventral

¡halamus,primaryly tite ventromedialnucícus,and

¡he posterior tubcrculum are ¡he main dienccphalic

targetsof tite mediallemniscalfibers as well as Lliose

of tite spinallemniscus(Muñoz eL al., 1994). A main

componentof ¡he anuranmedial Lemnicusinnervates

various parts of ¡he torus semicircularis. Our

experimentspointedLo ¡he lateralaspectof tite laminar

nucleusas tite most densely innervatedpan of tite

Lorus aldiougit ¡he principal, magnocellularasid in

lesser extent ¡he commissuralnuclei also receive

mediallemniscalinnervation.Two differentneuronal

componcntsin tite DCN, dorsomedialasidlatroventral,

were observed to give risc to ¡his projection. Tite

differencesin dic medial lemniscalinnervationof tite

optie tectumin ¡hespeciesstudiedagreewidi previous

datain wicit DCN celísweredescrivedafter tectalHRP

applicationsin Xenopustaevis(Zittlau eL al., 1988>

but not in Rana (Wilczynski & Northcutt, 1977;

HofmanncÉ al, 1990; Masino asid Grobstein,1990).

Labeledvaricosefibcrs wcre observedipsilaterallyat

tite granularlayerof tite cercbellumafter IJCN tracer

application. Titis projection is corroboratedby

retrogradelabeling from cerebellarregionsand diese

resultsarein lisie wi¡h previoustracingstudiesbotit in

Xenopus(Gonzálezetal., 1984)andRana (Grover&

GrússerCornels,1984).
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F DCN

Figure 1: Sehematiedrawingsof transvenescc*ionsdirough dicbrain of Rosrúlibunda sitowing tite media]
lemniscaltargetsatdrocepitafle(A-B>, mesaice¡tallc(C-D) andceabellar(E) levelsafteraBDA application
into tite DCN urea(P). Abbreviafions:A]> anterodorsaltegmentalnucleus;C, La, P, VmÉ: Central, latera]
antprior, posterioraid ventromedialdialamienucleus;clx cerebellum;DCN: dorsalcolunin nucleus;Ep:
posteriorentopudencularnucleus;Lun, Mgnc. Princ: laminar.magnoceilularasidprincipalnucleusof tite torus
semicircularis;¡mt mediallenmiscus;png: pretoralgray;$g: preteclalgray; kgb: red nucleus;Tp: nucleusof
posteriortubercle;Vm: trigeminalmotornucleus.

o
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ABSTRACT

As part of a researchprogrammeon ¡he

evolution of somatosensorysystemsin vertebraLes,

dic dorsal column nucleus(DCN) was studiedwitit

(inimuno)itistochemicalandtract-tracingtechniquesin

anurans(tite large greenfrog, Rana perezí,andtite

clawcd toad, Xenopuslaevis). Tite anuranDCN

contains somenicotinamide adeninedinucleotide

phosphatcdiaphorase-positiveneurons,very little

calbindinIJ-28k, andadistinct parvalbumin-positive

ccli population.The anuranIJCN is innervatedby

primary andnon-primaryspínalafferents,by primary

afferentsfrom ¡he Vtit, VIltit, IXLh and Xth cranial

nerves,by serotonin-immunoreactivcfibers, and by

peptidergicflbers.Non-primaryDCN afferentsfrom

tite spinalcord appeartO Mise througitout¡heapinal

cord, but particularly from ¡he ipsilateraldorsalgrey.

Tite presentstudyfocusedon ¡he efferentconnectiosis
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of tite DCN, more in particular ¡he targetsof tite

medial lemniscus.Titemedial lemniscuscould be

traced througbout tite brainstem, and into ¡he

diencephalon.Along its course,tite medial lemniscus

gives off collateralsLo variouspartsof tite reticular

formation, to tite octavolateralarea, and Lo dic

granularlayerof ¡he cerebcllum. AL mesencephalic

levels,¡he mediallemniscusinnervates¡he latera]part

of tite torus semicircularis as well as various

tegmentalnuclei. A striking differencebetweenLite

Lwo speciesstudiedis titat while in Rana perezi

medial lemniscal fibers do noÉ reacit tite tectum

mesencepbali,in Xenopuslaevis, intermediateand

deeptecla] laycrsareinnervated.Beyonddic midbrain,

botit dorsalandventral titalamic areasare innervated

by tite medial lemniscus.Tite presentstudy shows

¡hat tite anuran lemniscal patitway’ is basically

similar to thaI of amniotes.

INTRODUCTION

In terrestrialvertebraLes,LWO basicsystemsof

ascendingspinal projectionsarefound (seeWillis and

Coggeshall,1991): 1) aprimary afferent ascending

spinal projectionvia tite dorsalfuniculuslo tite dorsal

column nucleus,giving rise to tite media] lemniscal

patitwayLo tite titalamus,and2) asecondaryafferent

projectionvia ¡he latera] funiculus— i.e., ¡he spinal

lemniscus— to ¡he reticular formation,mesencepitalon

andtitalamus.

In anurais,anterogradedegeneration

studies(cg., Ebbesson,1969, 1976; Haylc, 1973a,b)

did noÉ demonstratea spinotitalamictracÉ, and ¡he

existenceof adorsalcolunin-mediallemníscalsystem

remaineda mucit dcbatedquestionuntil tite early

1980’s. A recentanterogradetracerstudy showeda

disúnctdirectspinothalamicprojectionin anurans(A.

Muñoz et al., 1994). Tite anurandorsal colunin

nucleus(IJCN) is somatotopicallyarrangedin sucha

fashion titat its medial (‘gracile’) compartmentis

innervatedby dorsal root fibers from lumbar and

¡horacic segments,whereas ¡hose of tite cervical

enlargementprojeet Lo tite lateral (‘cuneate’)

compartmenL(Antal eL al., 1980; Nikundiwe eL a].,

1982; Jitavcri andFrank, 1983). In Xenopuslaevis,

also,a non-primaryafferentprojectionto tite DCN or

postsynapticdorsalcolumn systemwas demonstrated

(ten Donkelaarand deBoer-vanHuizen, 1991). In

ranid frogs, Vesselkinand co-workers(VesselkineL

aL, 1971; VesselkinandKovacevic, 1973>,Silvey et

al. (1974), as well as Neary and Wilczynski (1977)

describeda contralateralprojection of tite DCN (or

perisolitary band) to dialamic nuclei. More recent

cobaltlabelingstudiesin Ranaescutenta(Anta] etal.,
1980; Urbán and Székely, 1982), itorseradish

peroxidae(HRP)tracing in Ranaperezi(M. Muñoz eL

al., 1991)andin Xenopuslaevis (ten IJonkelaarand

de Boer-vanHuizen, 1991; A. Muñoz et al., 1993)

suggestLitaL Lite ampitibian DCN-media] lemniscal

system in fact migitt closely resembletite system

found in amniotes. Witit electrophysiological

tecitniques,UrbánandSzékely(1982)showedaratiter

extensive, contralateralLitalamic somatosensory

projection following stirnulation of ei¡her ¡he 2nd

dorsalroot, tite dorsalfuniculusor ¡hedorsalcolumn

nucleus.Theanuranmediallemniscusalso innervates

tite latera] panof ¡he Lotus semicircularis(Comerand

Grobstein, 1981; Wilczynski, 1981; Neary and

Wilczynski, 1986).

Tite present study is part of a researcit
programmeon tite evolution of somatosensory

systemsin vertebrales.Tite development,chemical

neuroanatomyandcircuitry of somatosensorysystems

is being studiedin ampbibians:urodelesas well as

anurans.In ¡he presenístudy,¡he connectivityof ¡he
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dorsalcolumn nucleusin two anuranamphibians,¡he

Spanisit green frog, Rana perezi (formerly R.

ridibunda)and tite clawedtoad,Xenopusmevis was

analyzed,usingmainly HRP andbiotinylateddextran

amine(BIJA) tracing techniques.Little is known

about¡hechemicalneuroanatomyof tite anuranDCN.

The mammaliancuneateand gracile nuclei are

citaracterized by tite presenceof GABAergic

(inter)neurons,and are innervatedby substanceP-

positive and many otiter peptidergic fibers (see

Rustioni and Weinberg, 1989, for review>. Recent

studies (e.g, Celio, 1990; Rauselí asid Josies,

1991a,b; Rauselí eL al., 1992; Menétrey eL al.,

1992a,b;Maslanyel al., 1992; RenandRuda,1994>

also showeda certainpreferentialdistribution of

calcium-binding proteins like calbindin IJ-28k and

parvalbuminfor somatosensorystructuresincluding

tite dorsalcolumnsiuclei. Nitric oxidesyntitase(NOS)

possiblymarksa populationof local circuit neurosis

wititin ¡heDCN (Valtschanoffet al., 1993).No such

dataare availableforanurans.Titerefore,tite existence

of differentcdl populationswititin tite anurandorsal

column nucleus was studied using nicotinamide

adeninedinucleotidepitosphate(NADPH) diapitorase

histocitemistry(NADPH diaphorasebeingamarker

for siitric oxide sysititase), calbindin D-28k,

parvalbumin, GABA and glycíne

immunohistochemistry.Additionally, data on tite

serotosiergicandpeptidergicinnervationof ¡he DCN

will be discussed.It will be sitown dial tite anuran

dorsalcolumn—mediallemniscussystemis basically

similar to thaI of amniotes.

MATERIALS AND TECHNIQUES

The animals (60 adulÉ specimensof Rana

perezi and 45 young adulí Xenopuslaevis) were

obtainedfrom laboralorystockof tite Departmentof

Cdl Biology, Usiivcrsity Complutenseof Madrid (R.

perezO,and Lite Deparunesitof Animal Physiology,

University of Nijmegen (X. laevis>. For a

cytoarchitectonicanalysisof dic obex region, Nissl

(cresylechtviolet)-stainedsedesof botit anuranswere

available,cut cititer transversally,horizontally or

sagittally at a diicknessof 20 pm. Adjacentsections

werestainedwith silverproteinate,eititeraccordingLo

Bodian’s(1936) or accordingLo Klúver and Barreras

(1953) technique. Ihe histochemical,

immunohistochemicaland tract-tracing Lechniques

used in titis study are discussedbelow. Tite

nomenclatureusedis basedon studiesby Opdametal.

(1976) andNikundiwe andNieuwenituys(1983>en

tite brain stem,andby NearyandNortitcutt (1983>en

tite anurandiencephalon.

NADPH-diaphorase histochemistry

Four adulí frogs (Rana perezO were

aneslitetized in a 0.3% solution of tricaine

metitanesulphonate(M5222, Sandoz), and

subsequentlyperfusedtranscardiallywitit a 0.9%

salmesolution followed by a fixative containing4%

paraformaldehydeand 15% saturatedpicrie acid in

0.1M pitosphatebuffer(pH 7.4). Thebrainandspinal

cord were taken out and furtiter fixed in ¡he same

fixative for six Lo cigití itours aL room temperature.

Titey were subsequentlyimmersedin a 30% sucrose

pitospitatebuffersolutional 4aC,embeddedin a 15%

gelatinand30% sucrosesolution,andstoredfor five

hours in a 4% formaldehyde solution aL room

temperature.On a freezingmicrotome, 30 or 40 pm

frontal sectionswere cut and collectedin phosphate

buffer. Free-floatingsectionswere incubatedin a

medium containing ImM 13-NADPH, 0.SmM

nitroblue tetrazolium and 0.06% Triton X-100 in
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0.1M phospitatebuffer (pH 7.6) aL 37t1C for ene Lo

two itours. After incubation, tite sections were

thorougitly rinsedin pitospitatebufler, mountedon

gelatin-coatedg¡assslides,and,alterdryingovemight,

coverslipped.Selectedsectiosiswere counterstained

witit 1% cresyl violet. In two cases,tite sectiosiswere

also processed for tyrosine itydroxylase

immunohistocitemistryafter rinsing.

Imniunohistochemicalprocedures

For tite isnmunoitistocitemicalproceduresused,

aniaxals were anestitetizedwith an overdoseof

MS222, and transcardially perfused witit salme

followed by a mixture of 4% paraformaldeityde,

0.05% glutaraldeitydeand0.2% piale acid in 0.IM

pitospitatebuffer (pH 7.4). Tite brain andspinal cord

were removedami postiixed for4-7 boursin tite sanie

tixative,embeddedin 15% gelatinwitit 30% sucrose

(Ranaperezi)or in polyacrylamide(Xenopus laevis).

Braisis werecut frontally en a freezingmicrotomeor

on a vibratome aL 40 gm, asid ¡he sectiosis were

collectedin a Tris-salme(TBS) buffer (0.OSM, pH

7.6). AII antibodieswere diluted in 0.1% normal

serumof tite speciesin whicit tite secondaryantibody

was raised, in TBS witit 0.1%Triton X-100 (Sigma>.

Tite sectionswerepreincubatedter 1-2 itours in TBS-

cositaining3% normal serumand0.1%Triton X-í00

and subsequentlyincubatedin Lite primary antibody-

containingsolution for 24-36itours at4bC. Controls

for ¡he immunoitistochemistryexperimentsincluded:

1) stainingsomeselectedsectionswitit pre-immune

mouse serum (1:1,000 for Lyrosine itydroxylase,

calbindin D-28k and parvalbumin

immunoitistochemistry),or witit rabbit serum(1:500

for glycine; 1:1,000for CiABA, neuropeptideY and

serotonin;1:2,000for calcitonin-generelatedpeptide,

substance P, and Leu-enkephalin

immunoitistochem¡stry)isistead of tite primary

antibody (e.g., Fig. SC), and 2) controls in which

primary aníibody, secondary antibody or tite

peroxidase-antiperoxidasecomplcxwasomitted. As an

additiona]control for tite specificityof Lite labelisigof

calcium-bindingproteins,somesectionswerestained

using antibodiesdiaL liad beenpre-absorbedin an

excessof parvalbuminor calbindin.Titeseprocedures

revealeda light, diffuse background.No stainedcelís

or tiberswere found in any of tite cases.Tite sections

were processedaccerding to tite peroxidase-

antiperoxidase(PA?) tecitnique(Stemberger.1979>in

aseriesof incubatiosiswitit tite following antisera:

1) tyrosine hydroxylase (TH)

immunohislochemis¡ry(8 cases):a) mouseanti-TH

(Incstar), diluted 1:1000, for 24-72 hours; b) goat

antimouse(Nordic), diluted 1:100, for 3-5 hours,and

e) rat peroxidase-antiperoxidase(PA?> complex

(Inestar),diluted 1:500, for 2 hours;

2) calbindin D-28k and parvalbumin

immunohistochernis¡ry(12 cases):a) mouseant¡-

calbindinIJ-28k (Sigma)andmouseanti-parvalbumin

(Sigma), diluted 1:1,000, for 24-72 itours; b) goat

antimouse(Nordic), diluted 1:100, for 3-5 hours,asid

e) ¡‘AP, diluted 1:500,for 2 hours;

3) GASA immunohistochemis¡ry(8 cases)

after colchicine (Sigma) injectiosis(3 pl, containing

20 pg/pl) into tite fourtit ventricle of deeply

anesdietízedanimals, asid perfusion after survival

times of 5-12 hours, tite followisig procedurewas

used: a) rabbitanti-GABA (Sigma),diluted 1:1,000,

overnigitt; b) swineanti-rabbit(Nordic), diluted 1:50,

for 2 itours, ande) PAP-rabbit(Daicopatts),diluted

1:600, for 2 hours;

4) glycine immunohistochemisuy(5 cases):a)

rabbitanti-glyeine(Citemicon>, diluted 1:200-1:500,

for 24 hours; i» goat anti-rabbit (Sigma>, diluted
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1:50-1:200,andc) rabbitPAP-complex(Dakopatts),

diluted 1:600, for 2 itours;

5) calcitonin-generelated pephde(CGRP>

immunohisroche,nistry(5 cases>:a) ralibit anti-CORP

(Amersham),diluted 1:2,000, for 12-24 hours; b)

swineanti-rabbit(Nordie),diluted 1:50, for 2 hours,

and c) rabbit PA? complex (Dakopatts), diluted

1:600, for 2 hours;

6) substance P (SP) (5 cases) and Leu-

enkephalin(L-Enk) bnmunohistochemistry(4 cases):

a) rabbit anti-SPor rabbit anti-L-Enk (CRB), diluted

1:2,000, overnigitt; b) swine anti-rabbit (Nordie),

diluted 1:50, fer 2 itours, and c) rabbit PA?complex

(Dakopatts),diluted 1:600,for2 itours;

7) neuropeprideY immunohissochemis¡ry(4

cases>:a) rabbitanti-NPYserum(gift from Dr. J.D.

Mikkelsen), diluted 1:1,000,for 36 itours; b) swine

anti-rabbit(Nordie), diluted 1:50, for 1 itour, ande)

rabbit¡‘AP eomplex(Dakopatts),diluted 1:800, for 1

hour;

8) serotonin(5-bIT) immunohisrochemis¡ry(5

cases):a) rabbit anti 5-HT (gift from Dr. H.W.M.

Steinbusch),diluted 1:1,000, overnigitt; b) swine

anti-rabbit(Nordie),diluted 1:50, for 2 itours,andc)

rabbit¡‘AP complex(Dalcopatts),diluted 1:600, for 2

hours.

In alí cases,after rinsing, tite sectionswere

incubatedwitit OS mg/ml 3,3-diaminobenzidine

(IJAR, Sigma) witit 0.01% H202 in pitospitate

bufrer, for 10-15minutes.After anodierrisising, tite

seetionswere mountedon glass slides (mounting

medium 0.25% gelatin in Tris buffer), dried

overnigitt, and eoverslipped. In most cases,

visualizationof ¡he immunostainingwasimprovedby

processisigLite sectionswitit níekel-enitancedDAB
(0.05% IJAB, 0.01% H202, 0.04% ammonium

nickel sulpitatein pitospitatebuffer).

Tract-trac¡ngexper¡ments

lis vivo technique. AH experimentswcre

carriedout undersurgicalanestitesiawitit MS222.Tite

following Lracers were used as retrogradeand

anterogradetracers: horseradishperoxidase(HRP,

Boehringer),biotinylateddextranamine(RDA, IOkIJ-

Molecular ¡‘robes IJ-1956), and ritodaminedextran

amine(RIJA, Molecular ¡‘robes D-1817). HRP was

applied iontophoretically(a 15% HE? selution in

pitospitatebuffer injectedfor 10 minutes using 5-8

pA positive pulsedcurrent, 7 secson/7 secs0ff), or

as dry crystalsonto a fine tungstesineedle,te Lite

DCN (five cases),Lo tite most latera] pafl of ¡he Lotus

semicircularis(Lwo cases),or te ¡he dialamus(litree

cases).BIJA was recrystallizedfrom distilled water

entefine Lusigstenneedíesandappliedto tite proximal

stumpsof cut trigemina]sierves(four cases)or Litird

spinaldorsalroots (titreecases).Previousexperiments

(Nikundiwe et al. 1982, Xenopus laevis; M. Muñoz

etal. 1991,Sanaperezi) in witich HE? was applied

Lo ¡horacieandlumbardorsalrooLs wereusedfor tite

analysisof IJCN projectionsof tite morecaudaldorsal

roots. Additionally, material in which HRP or RDA

was applied te ¡he proximal stumpsof ¡he facial,

glossopitaryngeal,and vagal sierves, could be

analyzed. Alternatively, BIJA was injected

iontopitoretically as a 10% solution in pitospitate

buffer, into tite IJCN (titree cases),cervicaldorsal

itorn (titree cases),¡he cerebellum(titree cases),and

titalamus(four cases).Survival times variedfrom 5 Lo

10 days. Subsequently, tite animals were re-

anestitetizedand perfusedtitrougit tite iteart wi¡h

isotonie salmefollowed by a fixative centaining4%

paraformaldeitydefor ¡he BIJA experiments,1.5%

paraformaldehydeand2% glutaraldeitydefor tite HE.?

cases.Tite brain and spinal cord were removed,
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post.fixed for 2-4 itours, aud embeddedin gelatinor

polyacrylamide.Sectionswere cut transversallyor

horizontally aL 40 pm en a freezing microtome.

Histochemistryfor HRP followed tite iteavy metal

intensificationof tite diaminobenzidine(DAB)-based

HE.?reactionproduct(Adams, 1981).For visualizing

BDA, an avidinebiotine complex(VectastainARC

Elite Kit, VectorLaboratories)wasused.SomeRDA-

reactedsectionswererinsedandfurtiter processedfor

calbisidin IJ-28K or parvalbumin

immunobistochemistryas describedaboye.Tite black

colour of tite RIJA labeling contrastswitit ¡he

calbindingprotein labeling staisied brown by using

tite diaminobenzidinereactionwi¡houl iteavy metal

intensification. RDA, recrystallizedfrom distilled

waterontosharpÉungstesineedíes,was appliedte¡he

¡halamus and Lo tite torus semicircularis.After

survival Limes of 2-4 days, an¡mals were re-

anestitetizedwitit anoverdoseof MS222,andperfused

witit O.IM pitospitatebuffer (pH 7.4) followed by a

fixative containing4%paraformaldeitydein phospitate

buffer. The brainand(rostral) spinal cordwere taken

out, embeddedin polyacrylamide,left overniglit in

15% saccitarosein 0.IM pitospitatebuffer, and cut

transversallyon a freezingmicrotomeaL40 pm. They

were mountedin glycerin-gelatinand viewedwitit a

Zeissfluorescencemicroscopewitit appropriatefilter

combinations.

Jis vitro technique, In 10 young adult

Xenopuslaevis,an in vitrn approachwas used,based

on CocitraneL al. (1987). Tite animals were deeply

anestitetizedwitit a 0.2% solution of M5222 and

perfusedwith iced Ringersolution (75 mM NaCí,25

mM NaHCO3, 2 mM CaCI2, 2 mM KCI, 0.5 mM

MgCI2, 11 mM glucose;pH 7.4). Tite brains were

removed,submergedin tite sanieiced Ringersolution,

and cut aL middiencepitalicor midmesenceplialic

levels.Applicationsof 3kD RDA (Molecular¡‘robes,

IJ-7135), recrystallizedaL tite Lip of shawLungsten

needles,weremadeaL ¡he ventral tlialamus(5 cases)or

dic Lotus semicircularis (5 cases).Tite brains were

kept for 5-18 hours aL room temperature ín

continuouslyoxygenatedRisiger solution (pH 7.4)

with carbogen, and subsequentlyprocessedas

describedfor tite in vivo BIJA experiments.

RESULTS

Delineation and (immuno)histochemical

characterization of the anuran dorsal

colunin nucleus

Cytoarchitecture. No distinet dorsal

column nucleus(DCN) or nucleusfuniculi dersalis

could be distinguisited in niost cytoarcbitectonic

studiesof tite anuranbrainstem(e.g,AriÉ~ns Kappers

and Hammer, 1918; Zeehandelaar,1921; OpdameL

al., 1976). Titerefore, since Woodburnes(1939)

Marchi studies,tite anuranIJCN is detinedas Lite site

of tenninationof dorsalfunicular fibers in tite caudal

brainstem, ratiter titan as acytoarchitectonicentity.

Nevertiteless,Nissl-stainedsectiosisof ¡he brain stem

aL obex levelsallow tite delineationof a DCN (Fig.

1), altitough labelisig of spinal primary afferent

projectionsto tite obexlevel by cobaltstaining(Anta]

eL al., 1980),HRP (Nikundiwe eL al., 1982)or RDA

(seeFig. 6) mucit moreclearlydelineatestite IJCN.

In Xenopustaevis,medial(‘gracile’) andlateral

(‘cuneate’) cempartmentsof tite DCN can be

distinguisitedaboyeandlatera] Lo tite distinetsolitary

tracÉ (Nikundiwe eL al., 1982; Nikundiwe and

Nieuwenituys,1983). A dorsal isidentation suggests

sucit asubdivision.Medially, tite IJCN is dífficult te
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distinguishfrom ¡he nueleusof ¡hesolitary traet, and

laterally it is very poorly segregatedfrom tite nucleus

of ¡hedescesidingtractof tite trigeminal nerve. Botit

comparunentsof tite IJCN consistof small (8-10pm)

andmedium-sized(15 pm) multipolar elemcnts.The

medial,gracile panbeginsaL ¡he level of ¡he secosid

spinalnerveandextendsinto tite brain stem,whereit

is situateddorsalanddorsolateralLo ¡hesolitary tract

(Fig. IA.B). Tite lateral, cuneatepart extendsfurtiter

rostrally titan tite gracile part, aud borderson tite

nucleusof tite descendingtrigeminal tracÉ. In ¡¿ana

perezi, like in R. escuienta(seeAntal eL al., 1980),

¡he segregationof ¡heDCN from tite surroundingcelí

structuressucb as tite nucleusof tite descesiding

trigeminal tract andtite nucleusof ¡hesolitary tract is

alsoratiterpeor. In R. perezi,¡heeclI areadorsaland

latera] Lo Lite solitary traetonly occasionallyshowsan

indentationallowing tite distinction of medial and

latera] compartmentsin tite DCN (Hg. IC-F). Titese

gracileandcuneatesubdivisionsrostrallyextesidLo tite

level of tite glossopitarysigealnucleuswherediey are

slightly more laterally locatedsincein diaL position

tite mostmedialpartof ¡he ritombencepitalicalarpiaLe

is occupied by ¡he caudal pole of tite vestibular

nuclearcomplexandrelateddescendingvestibularroot

libres (Fig. íC,D). LateralLo ¡heDCN celís, tite celís

in ¡he dorsolateralposition of ¡he alar grey are

mingled wi¡h afferencfibers of ¡he V¡h, VIItit, IXtit

andXtit cranialnervesforming tite descesidingtractof

tite trigeminal nerve.Titesedorsolateralalargreycelís

can beregardedas a componentof ¡he nucleusof tite

descendingtrigeminaltracÉ.

Iii Xenopuslaevisaudtea lesserextentalsoin

Rana perezí, tite cdl areaaboye and lateral Lo tite

solitary tract aL tite obex level is cemposedof two

DCN compartments,tite lateral of witicit fadesinto

tite nucleusof tite descendingtrigeminaltract.

Chemical neuroanatomy

NADPH-diaphorase his¡ochernistry

In tite caudalparÉof tite rhombencephalicalar

pIaLe in RanapereS,NAIJPHd-positiveneurosiswere

observedin ¡he IJCN, in ¡he adjacentdescending

trigeminalsiucleus,andin tite nucleusof dic solitary

tracÉ(Fig. 2A,B). In Xenopuslaevis,tite caudallateral

lisie nucleuswas labeled as well. In ¡he DCN, a

clusterof NADPHd-positiveneuronswas found, tite

dendritesof witich are directeddorsally toward tite

dorsal funiculus. It should be noted, however, LIIaL

NADPHd-positive neuron populations are more

distinctin tite nucleusof tite solitary traet, mainly in

its medialand ventromedialpartsbelow tite solitary

traet, andin tite nucleusof tite descendingtrigeminal

tracÉ (see Fig. 2A,C). By combining NADPHd

stainingwiuit immunohistochemistryagainstLyrosine

hydroxylase(TH), tite NADPHd-positivepanof tite

nucleus of ¡he solitary tract was shown Lo be

intermingledwith Lhe catecitolaminergiccelís (see

Gonzálezand Srneets, 1991)situatedventral Lo tite

solitary tracÉ. In tite caudal parÉ of Lite

ritombencepitaliealar piaLe of botit anuranspecies

studied, NADPHd-positive fibers were found

predominantlyin two bundíes,i.e., ¡he descending

trigeminal tracÉandtite solitary Lract. In ¡he solitary

tract, NADPHd-positivetibers were observedin its

most dorsal part. Dorsal Lo ¡he IJCN ¡he rostral

continuationof labeleddorsalanddorselateral(tractof

Lissauer)funicular fibers can be observed.Heavy

stainíngwitin ¡hesefuniculi is presentin tite spisial

cord.
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l,nmunohistochemical dato

The distribution of tite calcium-bindisig

proteinscalbindinIJ-28k (Calb> andparvalbuminin

tite DCN is shown in figures3 and4. In RanopereS,

in Lite DCN area two Calb-positive neuren

populatiosiswere distinguisited(Fig. 3A-C): tite first

groupcoincideswitit tite siucleusof tite solitary tract;

tite secosidgroup is locatedin ¡he dorsolateralgrey,

andis composedof roundor oval-sitaped,small and

medium-sized celís with processesdirected

dorsolaterallyinto tite dorsolateralfuniculus. The

itighestdensityof titis celípopulationwas observedaL

tite obex level andin Lite rostral spinal cerd.Ihis celí

populationfonnspanof tite nucleusof tite descendisig

trigeminal Lract, witicit was verified in experimentsin

which RIJA was applied Lo tite trigeminal nerve. A

close relationship was observedbetween labeled

trigeminal afferentsand¡his Calb-positivecelí group

aL tite obex level. In youngadult Xenopuslaevis,a

similar pattern of Calb-immunoreactivitywas

observed(F¡g. 4A,D,E), altitough caudalLo tite obex

tiie numberof Calb-positiveneuronsin ¡he siucleusof

¡he descesidingtrigeminal tracÉ was much itigher. In

botit anuranspecies,itardlyany Calb-positiveneurosis

were fousid in ¡he DCN. In tite dorsal bom of ¡he

spinal cord, itowever, an abundantCalb-positivecelí

populationwas observed.

In strikingcontrastLo ¡he lackof Calb-positive

neuronsin ¡he DCN, in botit anuranspeciesadistinct

parvalbumin(Parv)-positiveIJCN celípopulationwas

observed,particularly in Xenopuslaevis(Hg. 4A-C).

Apart from ¡he IJCN, Parv-positiveneuronswere

observediii Lite reticularfoimation, octavolateralarea,

rostral parÉ of ¡he nucleusof tite solitary tracÉ,

trigeminal nuclearcomplex,asid dorsalandventral

itom of tite spinalcord.In RanopereS,relatively few

Parv-positiveDCN neuronswere observed,spread

titrougitouttite nucleus.Tite dendritesof dieseratiter

largecelísaremainly directeddorsallyor laterally into

tite adjacentwhite matter. ¡si some sectionsmore

dorsally locatedandsmaller Parv-positivecelís were

observedas well. In young adulÉ specimensof RL

laevis, many more Parv-positive neuronswere

observedin tite DCN.Evenaclear segregationinto a

medialandalatera]componesitcouldbeobserved(see

Fig. 4A-C). More ventrally locatedneurosisprobably

form part of ¡he nucleus of Lhe solitary Lract. In

experimentsin witicit ¡he immunostaisiingagainst

parvalbuminwas combinedwitli a RDA applicatiosi

Lo tite titird dorsalroel,BDA-labeledendingscloseLo

tite somataof Parv-positiveneuronswere observed,

suggestingLitaL dieyreceiveprimaryspinal afferents.

Tite daLapresentedsuggestdiaL parvalbumin

can beusedasamarkerfor ¡he DCN in anurans,and

Éitat calbindin D-28k almost certainly can noÉ.

However,sincecalbindinD-28k is abundantlypresent

in tite nucleusof ¡he solitary tract as well as in ¡he

nucleusof tite descesidingtrigeminal tract, it can help

Lo delineatedic latera]andmedialbordersof tite DCN.

In ¡he caudalpart of tite medullaoblongata,

scatteredGABAergicneuronswereobservedin tite alar

plate.Titey are moredenselygroupedin two different

locatiosis: enein tite nucleusof tite selitary tracÉ, ¡he

otiter in ¡he IJCN asid ¡he adjacesit nucleusof ¡he

descendingtrigeminal tracÉ. In ¡he DCN, small, round

or oval-sitaped,neuronswere found(seeFig. SA,B).

Figure SC showsa control experiment.In Lite DCN

of tite anuran species studied no glycisie-

immunoreactiveneuronswere observed.In Rana

perezí,itowever, sornelargeglycinergicneuronswerc

observedjusÉ ventrolateralof ¡he DCN (see Fig.

SA,D). Titese bipolar neurosis are oriented
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dorsoventrallywi¡h processesdirectedinto dorsaland

ventraldirectiosis.

Tract-trac¡ng experiments

In ordertecitaracterizelite afferentandefleresit

connectionsof ¡he IJCN in RanopereSandXenopus

laevis, itorseradisitperoxidase(HRP) itistochemistry

and biotinylated dextran amine (BIJA)

immunodetection were used. Additienally, tite

fluorescenttracerritodamineamine(RDA) was usedas

a retrogradetracer.Even ¡hougit tite iontophoretic

injectiosisof ¡he Éracerswereradiersmall, particularly

Lite RDA isijections, it was siearly impossibleLo

restrict ¡he application site te ¡he DeN. Medially

locatedinjectionsoften partially involved tite nucleus

of ¡he selitary tracÉ, whereasmore latera] injections

included parÉ of tite nucleusof tite descending

trigeminal tract. It is titerefore not possibleLo fully

discriminate¡heconnectivityof tite DCN usingonly

¡his typeof tracerapplication.Subsequentretrograde

tracingexperiments(HE?,RDA andRDA) wereused

Lo confirm ¡he projectiosisfrem tite DeN, whereas

anterogradetracingexperimentswereaccomplisitedLo

corroborateand describetite terminal fields of ¡he

efferentconnectionsof ¡heDCN. Since¡he results in

botit speciesare largely comparable,in tite follewing

section ¡he generalpatternof tite connectiosisof tite

anuranDCN wiil be described.Only witen differences

are found betweenLite species,titis wiIl bementioned

separately.

Afferent connections

Tite afferent projectionsLo ¡he DCN were

studíedby application of tracers Lo tite cervical,

thoracicor lumbarspinaldorsalroots,andLo tite roots

of ¡he trigeminal, facial, glossopharyngealandvaga]

nerves. Additionally, after injectiosis of tracersinto

¡heDCN, ¡he celísof origin of non-primaryafferesit

projectiosiscould be studied.ímmunohistochemical

data en afferent connectionsof ¡he DCN will be

discussed.

Ascendingprimary afferents.In aB experiments

of tracer application to a dorsal root, ¡he labeled

afferent fibersbifurcateinto ascendinganddescending

tractsupenentering¡he spinalcerd.Two cemponents

are present,i.e., a medially locatedbundleof Litick

fibers LitaL enterstite dorsal funiculus, aud a more

laterally situated group of fibers wititin Lite dorsal

portion of tite dorselateralfuniculus. Botit fiber

systemsproject Lo widespreadspisial andsupraspina]

regiosis.In ¡he obex region ¡he fibers in ¡he dorsal

funiculus are sematotopicallyorganized. Fibers

eriginating al lumbar segmentsoccupy positions

media] te titoseof titeracic origin. Tite most laterally

locatedfibers in ¡hedorsalfuniculusenteraL cervical

levels. In ¡he experimentshownin figure 6, RDA was

applied Lo tite proximal end of tite cut titird dorsal

roeL. In suchexperiments¡he lateral compartnxentof

¡he IJCN could be clearlydelineated(seeFig. 6A,D).

Ascesiding collaterals from Lhe large medial

composientof tite cervicaldorsal rootsascendin Lite

latera]panof ¡he dorsalfuniculus.Titoseof Lissauer’s

trací reacit tite obex level via ¡he dorselateral

funiculus. Lissauer’s graet could be tracedas far

rostrally as tite rostral pole of tite nucleusof ¡he

solitary tracÉ. Ry comparing tite labeling pattern

obtainedafterRDA applicationof tite proximal endof

¡he cut trigeminal nerve (Fig. 6A,B) te ¡he pattern

after labeling tite titird dorsalroeL, it seemslikely thai

tite sitesof terminationof cervicaldorsalroeL fibers

and trigeminal afferentsare largely segregated.AL

IJCN levels, itowever, ¡hin trigeminal flbers noÉ only

innervatetite nueleusof tite descendingtrigeminal
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tract, but also tite DCN as delineatedby dorsalroeL

projectiosis.

Titese ascendingspinal projections clearly

outline tite DCN. In Xenopuslaevis. tite tenninal

fields markingtite DCN werefound from tite level of

tite secendspinal nerveup Lo tite entranceof tite vagal

nerve. Iii Rano pereS,a similar rostral extentwas

observedbut lis caudalesid coincideswitit ¡he esidof

tite hypoglossalnucleus.The termina] fields in titis

arealargely resembleLite organizationof tite fibers in

¡he dorsal funiculus. Titus, medially situatedaxosis

from lumbar and ¡horacicdorsal root ganglioncelís

terminateon medialcelís in tite DCN, witile laterally

located fibers arising from cervical dorsal root

ganglioncelísendon morelateral celís,wi¡h a certain

degreeof overlapin tite projection.mis gracile-and

cuneate-likeorganizationof ¡he DCN is similar in

botit anuranspec¡es.

Immunebistochemicalstudies sitewed LitaL

substanceP- asid CGRP-immunoreactivefibers are

present in tite Éract of Lissauer. Some of diese

peptidergicfibers leave ¡his Lract and innervatetite

latera] panof tite DCN (Fig. lA). In addition Lo ¡his

peptidergicprimaryafferentprojection Lo tite DCN,

Lite DCN is isinervated by Leu-enkephalin,

neuropeptideY (NPY) andserotonin-immunoreactive

fibers. Leu-enkepitalin immunoreactiveterminal

structureswerefoundin diedorsalgreyaL obex levels

and in a titin rim around ¡he selitary tracÉ. NPY-

immunoreactiveflbersentertite DCN from ¡he dorsal

aspectof tite latera]funiculusandtenavaricosefibers

and terminal boutons.Serotosiin-immunoreactive

fibers m¡herstrongíyinnervatetite DCN andadjacent

structuressuchastite nucleusof tite selitary tracÉand

¡he nucleus of tite desccnding trigeminal tracÉ

(Fig. iB).

Afferentsfroni ¡he 1/eh, VII¡h, lXth and Xcii

cranial nenes. Tite applicatiosi of anterogradely

transportedLracersLo tite proximal stumpsof severed

trigeminal. facial, glossopitaryngealandvagal nerve

roots resultedin tite labelingof titeir primary afferent

projections.Apart frem projectiosisLo Liteir specific

Largets,aH titesenervesshareacemposientof afferenL

fibers whicit, enenLering tite medulla,Lum caudallyin

tite lateral aspect of tite ritombencepitalonasid

continueinto tite spinal cerd.Titese tiberscoursein

tite descesidingtrigeminal tract and diey constitute

Litin varicosefibers aL DCN levels,whicit prejectnot

only te tite laterally locatednucleusof Lite descendisig

trigeminal tracÉ or Lo ¡he cemmissuralnucleusof ¡he

solitary tracÉ but alsote¡he DCN itself (Fig. 6B,C).

Non-prinary DCN afferents.

Folíowing IlE? or BDA injectiosis into tite DCN (see

Figs. 8, 9), variousnen-primaryDCN afferentswere

denionstrated. Nen-primary ascending spisial

projectiosisarise titrougbouttite spinal cord. Mostof

diesecelís were feusid ipsilaterally in tite dorsalgrey

(Hg. 7C), but alsosomecontralateralcells,as welI as

some celís in tite intermediateand ventralgrey were

feusid (Fig. 7D). It should be noted LitaL medially

locatedinjectionsresultedin tite labelisig of a higher

population of lumbar asid titoracic spinal celís,

whereas more laterally placed injectiosis labeled

mainly cervicalspinalceus.Otiteraflerentprejectiosis

Lo ¡he IJCN arise from tite brain stem. After

isijectionsof retrogradetracersinto tite IJCN, labeled

celís were found, ipsilaterally, in tite nueleusof tite

selitarytract, and,bilaterally, in ¡he nucleuscerebellí.

Bilaterally labeledcelís were found in Lite reticular

formation aL levelsbetween¡he VIItit andIXdi moLor

nuclei, andin dic ventralnucleusof Lite VIIIdi nerve.

A smallpopulationof labeledcelis was presentin tite
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rapitezoneallevels betweentite entranceof tite VIlltit

and ¡he IXtit nerveroots. This projection frem ¡he

rapite nucleus,presumablyserotonergic,is in ¡inc

witit tite ratiter strong serotonin-ilnmunoreactive

innervationof tite DCN (seeFig. 7R).

Efferent projectfrnus: ascending

Anrerogradetracing experiments

1) The medial lemniscus.In a first set of

experiments,unilateral applicatiensof tite Lracers

HE?erRDA weremadedorsallyinLo ¡heobexregion

(Figs. 8, 9). Titese applicationsclearly involved tite

DCN asidtite anterogradelylabeledfiber projections

werc easily ebserved.In alí cases,a distinct

contralaLeralascendingsystemfrom ¡he DCN was

prescnt.Le., ¡he mediallemniscus.[Lsaxosisceuldbe

tracedfrom ¡he isijection site ventrally asid medially,

decussatingLo ¡hecentralatcralsidebenea¡htite central

canal(Figs. SL, 9M), titen turning rostrally inte Lite

ventral tegmentum.As tite mediallemniscusascends

in tite ritombencepitalon,it smootitly swingsLo more

dorsolateralpositiosis.AII Éitrough tite medulla, Lite

media] lemniscusgives off Litin varicosefibers Lo

various parts of tite ritombencepitaliereticular

formation (Figs. 8J,K, 91-L). A few smootit fibers

rundorsallyinto ¡heoctavolateralarea,andsorneenter

tite granular layer of ¡he cerebellum(Figs. SI, 91).

Rostrally, fine varicose fibers are observed

ventrolateral Lo ¡he istitmic nucleus.AL caudal

mesencepitaliclevels, ¡he fibers tutu dorsally along

tite lateralaspectof ¡he midbrain andmostof ¡hem

bend medially, where titcy terminate in tite tenis

semicircularis (Figs. 8F,G, 9F.O, 1OC,D). Tite

principal. magnocellular,and commissuralnuclei

receiveenlyasparseIJCN projectien,but ¡he laminar

nucleusis denselyinnervated,rnainly in lis latera]

pertion. A few fibers passte ¡he conLralateral

commissural asid principal nuclei of tite Lorus

semicuculana.In RanopereSmediallemniscalfibcrs

do not reacl tite mesencephalictectum, wbile iii

Xenopuslaevistite intermediateanddeeptecLa] layers

are innervated.Theseratiter ¡hick medial lemniscal

fibera innervatingtite tectummesencephalioftengive

off ¡hin collaterals ¡haL Lerminate in Lite laminar

nucleusof ¡he Lotus semicircularis(Figs. 9E-G, IOC).

In botit species,aL mererostral mesencepitalicleveis,

tite anterodorsalandanteroventraltegmesitalnuclei as

welI as ¡he red nucleusandtite interstitial nucleusof

tite fasciculuslosigitudinalismedialis are innervated

by mediallemniscalfibcrs (Figs. SE,F,9E,F).

At rostral mesencephalicleveis, scattered

labeledfibers distribute Lo Lite preloral grey, and, in

Xenopus laevis, also Lo tite pretectalgrey (Figs. SE,

9E). Reyendtite midbrain, botit ¡hedorsalandventral

titalamnic arcas are innervatedby media] lemniscal

fibers (Figs. SA-D, 9A-D). A few ¡hin, varicoseflbers

innervate¡he ventralparIsof ¡heposteriorandcentral

dorsal ¡halamic nuclei, whereastite ventrornedial

¡halaniic nucleus and tite posterior tubercle are lar

more densely isinervaLed. The fibers reaciting Lite

ventromedialnucleuspass¡hrough tite dorsaland

ventralpartsof tite ventrolateral¡halamicnucleusasid

varicositiesarealsofoundamongits celís.Apart from

afew fibers reaciting¡heanteriornucleusof tite dorsal

¡halamus(in two casesin Rana perezi), no labeling

was foundmorerostrally in ¡heanteriordiencephalon

or in tite telencephalonin anyof tite cases.

2) Lxxralemniscalascendingprojections, Apart

from tite media] lemniscus,tite DCN givesrisc te a

distinct ipsilateralascendingprojection (Figs. 8I-K,

9¡-L). Duc te ¡heirproximity, ¡he ascesidingprimasy

afferentspinalfibers bypassing¡he injectionsite were

159



Sistemas somatosensorialesen anfibios EL LEMNISCO MEDIAL EN ANUROS 5.2

mostlikely Lo beinvolved. Sucit fibers areknown te

project te tite octavolateralareaasid ¡he cerebellum

(see Antal u al., 1980; Nikundiwe et al., 1982).

Additienally, adjacentcelí greupssuchasLite siucleus

of tite descendingtrigeminal nucleusasid ¡he nucleus

of tite solitary tracÉ migitt itave incorporatedtite tracer

from tite injection sites. Titerefere, ipsilatcral

projectiosisfrom tite DCN aredifficult Le demonstrate

in anterogradeexperiments.

Retrograde£racing experinienu

In order Lo verify wite¡her titese ascending

projectionsreally arisein tite DCN, in botit anuran

speciesisijectionsof HE?, SDA or RDA were placed

into tite titalamus, tenissenjicircularisandcerebellar

region.

1) Thalamic applications. In titis group of

expenments,a retrogradetracerwas applied Lo tite

titalamus in sucit a way titaL botb tite dorsal and

ventraltitalamuswereimplicated.Retrogradelylabeled

celís in Lite regien of tite DCN formed a mixed

pepulationof irregular, largecelís,andround, small

celís (Fig. 1IA,D). AI¡hougb¡hemajority of ¡hecelís

were locatedcontralaterally.a minor componentof

ipsilateral celís was alse presesit.Tite dendritesof

diesecelís are long and directedbotit dorsally and

ventrelaterafly,reaciting¡hedorsaland¡hedorsolateral

fusiiculi, respectively.Titeir axenswere fellowedinto

¡he contralateralmediallemniscus.In additiesi,afew

celís were labeled bilaterally in ¡he dorsolateral

descesiding trigeminal tract. In in vitro- RDA

experimentsin youngadultXenopuslaevisasimilar

pattemof labclingwasobserva!(Fig. ?12A,C).

2) Toral applica¡ions.Witen¡he injection sites

werelimited Lo tite tonussemicircularis,neuronswere

retrogradelylabeled wititin tite DCN. They were

particularly found on tite contralatera]side,altitough

art ipsitateralconiponentwas presentas weB. Two

distinctcelígroupswere observedin RanopereS(Fig.

1 lB,E). Tite first eneis madeup of largecelís witit a

minor componentof small celís located in tite

dorsalmostgrey. They possessseveral processes

extendisiginto tite dorsal fiber ¡ayer. Their axosis

courseventmmedially,crosstite midlineandform parÉ

of ¡he mediallemniscus.Tite secondgroupof labeled

celís is locaLedin ¡he lateral marginal zone of Lite

dorsalgrey from tite level of ¡he ebexLo tite second

sp¡nalsegment.Titeseare largebipolar andirregular

celíswitit longprocessesdirectedmaisily Lo tite dorsal

parÉ of tite lateral funiculus and into tite dorsal

funiculus wlxile Liteir axesisdo participate in Lite

medial lemniscus.In addition, retrogradelylaMed

celís werealways found in tite ipsilateraldescending

nucleusof tite trigeminal nerve followisig toral

injections. After similar toral injectionsin Xenopus

laevis,retrogradelylabeledcelís in Lite DCN ferma

band pesitionedfrom dorsomedialLo ventrolateral

aboye tite solitary tracÉ. The mosL dorsally locaLed

celís possessdendritesextendisig into tite dorsal

funiculus, witereas more ventrolateralcelís itave

dendritesreaching¡he dorsalaspectof dic lateral

funiculus.Sorneneuronswereebservedwitit dendrites

reacitingbo¡h tite dorsalanddorsolateralfuniculi (Fig.

12D). In ¡mr vitro experiments.RDA was applied Lo

¡he torus semicircularisof Xenopuslaevis. Tite

pattern of labelisig in tite DCN is sitown in Hg.

12R,D,E.

3) Cerebellarapplications.In experimentswitit

tracer applicatiosis into tite latera] portion of ¡he

cerebellarpIaLe, ¡heusiderlyingcerebellarnucleusand

¡he adjacentgrey were mostly implicatedas well. At

tite obex region, dieseapplicationsresultedin tite
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labeling of titree celí groups.MosÉ labeledcelís were

found aL tite ventremedialmarginof Lite caudalextent

of tite ¿‘ascicutussolitarius, en both sides of tite

medulla, probablydue Lo tite uptakeof Lite tracerby

fibersprojectingfrom ¡he nucleusof tite solitary tracÉ

te tite nucleusvisceralis secundarius(parabrachial

reglen). In tite nucleusof tite descendingtrigeminal

tracÉ labeled celís were found as well, mainly

ipsilateralLo Lite applicationsite. Tite Litird groupof

retrogradelylabeledcells wasfound,bilaterally, in ¡he

DCN (Fig. 1 1C,F). Titese celís were mainly feusid

ipsilaterally. Titeir axosis seemLe tun togetiter witit

tite ascendingprimary afferent flbers from Lite spinal

dorsalroots.

Efferenxprojections:descending

Iii experimentswi¡h BIJA or HE?applications

isito tite DCN region anteregradelylabeledaxons

could be followed from tite injection sitecaudalwards

into tite spinal cord. These fibers coursevia Lite

ipsilateral dorsal funiculus, and form fine

arborizations of ¡hin varicose fibers terminating

among tite celis in Lite dorsalhorn titreugitout tite

cord, but particularly at cervical levels. A sparse

bilateral innervation of tite interniediateand ventral

zoneswasalsoobserva!.mesefiberscould, itowever,

represent fibers by-passing tite injection site.

Titerefore, spinal injections wi¡h retrogradetracers

were studied.A smallpopulationof celís,scatteredin

¡he areaof ¡he ipsilateral IJCN, was alwayslabeled

after isijection of ¡he various spinal segments(Fig.

100).

DISCUSSION

In tite present study thc organization,

immunoitistoehemiealeharacterization,asid more

particularly,tite fiber cennectiesisof tite anuranDCN

were isivestigated.Altitough it is obvious LimÉ ¡he

anuranDCN remainsa ratiter iH-defined areain tite

caudalpaft of tite rhombencephalicalar pIaLe, andno

selectivemarkersfor tite DCN o¡her ¡han its labeling

by primary afferents from Lite spinal cord are

available, NADPH-diapitorase staining and

immunoitistocitemicalstaisiing of calcium-binding

proteisisandvarioussieurotransmitterscertaisilyhelp

in delineatingand citara.cterizingtite DCN. Sinceno

clear cytoarchitectonicseparationof tite DCN into a

medial,‘gracile nucleusandalatera], cuneate’nucleus

is obvious, ¡he term ‘dorsal column nucleus is

preferred.

Tite NAIJPH-diapitorase (NADPHd)

itistocitemical technique,known Lo stain specific

neurons(Thomasand Pearse,1964), can selectively

stainparticularpopulationsof neuronsin aGolgi-like

niansier(Scherer-Singlerelal., 1983).Througheuttite

brain NADPHd asid nitric oxide synLhase(NOS)

localizatiesisare idesitical (Rredt asid Snyder,1992).

Titerefore,NADPHd canbeusedasamarkerforNOS.

Nitrie oxide probablyplays amajorrole as aneuronal

messenger(Bredt asid Snyder, 1992; Meller and

Gebitart, 1993; ScitumanasidMadison, 1994). Tite

presenceof NADPHd-positivecelís asid fibers in tite

mammalianspisial cerd(Valtscitanoff eL al., 1992)

suggeststitat nitric oxide may be involved in spinal

sensoryprocessing.In tite raL DCN, ValtschanoffeL

al. (1993) found diaL mestNOS-pesitiveneuronsare

also immunoreactivefor CABA, buí noÉ for tite

excitatory transmitteraglutamate and aspartate.

Moreover, sinceNOS-positiveneurenscould noÉ be

labeledretregradelyfrom tite titalamusor spinalcord,

¡hey areprobably local circuit neurons(Valtschanoff

etal., 1993). In tite anuranspeciesstudied,NADFEd-

positive neurons were found in tite DCN, but
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especiallyin tite adjacentnucleusof ¡he solitary tracÉ differentially exprcssed in tite ascending

and¡he descendingnucleusof Lite trigeminal nervein

keepisigwidi datain mammals(e.g., Leight eL al.,

1990; VincentandKimura, 1992; Dohm eL al., 1994;

TakemuraeL al., 1994). Since no double labelisig

studies for CARA or excitatory transmitterswere

carriedeut, it remaisisLo be analyzedwhetiter diese

NADPHd-positiveneurosisare local circuit neuronsor

give rise te efferentprojectiosissuch as ¡he medial

lemniscus.

Calcium-bindingpreteinssuchascalbindinD-

28k, calretinin,asid parvalbuminare found in certain

subpopulatiosisof neurosis in tite central asid

peripiteralnervoussystem(BaimbridgeeL al., 1982;

Garcia-SeguraeL al., 1984; Braun,1990; Celio, 1990;

Ren and Ruda, 1994). Titey even label entire

patitways, sometimeswhole fusictional systems

(Celio, 1990; Andressenet al., 1993). In mammals,

calcium-binding proteisis like calbindin asid

parvalbumin sitow a preferentialdistribuLion in

somatosensorystructures,including dic IJCN (e.g.,

Celio, 1990; Rauselíandiones, 199Ia,b; RauselíeL

aL, 1992; Menetrey eL al., 1992a,b; MaslanyeL a].,

1992; Ren and Ruda, 1994). Parvalbumin(Parv)

appearsLo be abundauLin tite padiway for epicritic

sensibility, i.e., die dorsalcolunin-mediallemniscal

system,calbindin IJ-28k (CaIb) occursisi dic witole

taste patitwayof rats (Celio, 1990). In rats, Calb-

positive neuronsare found in certain laminaeof ¡he

dorsal itorn (seeAnta] el al., 1990; Renand Ruda,

1994)including dic celísof originof ascendingspinal

projectiosis(MenétreyeL al., 1992b), in dic sesisory

trigeminalnucleiaswell as in tite gracileandcuneate

nuclei (Celio, 1990). In rats, MenétreyeL al. (1992a)

sitoweddiaL Calb-positiveneuronsform a majorpan

of die solitary andtrigeminal prejectiensystems.[si

¡he trigeminal systcmof monkeys,botit proteisisare

trigeminotitalamic projectiosis Lo tite ventral

posteromedial(VPM) nucleus(Rauselí asid iones,

1991a,b).AntiseraLo parvalbuminasidcalbindinmark

VPM rods and matrix witicb recciveprincipal asid

spinal trigemisial input, respecLively. A similar

segregationhasbeendemonstratedfor tite ascending

somatosesisoryprojectiosis from tite spinal cord

(Rauselí eL al., 1992): A non-nociceptiveParv-

positive dorsal column-rnedial leniniscal projection

terminaLesin cytochromeoxidase(CO)-richdomains

of ¡he ventralposterolateraltitalamic nucleus(VPL)

where Parv-positiveneuronsare found. Nociceptive

Calb-positivespinotita]amicfibers Lerminate in CO-

peor domainsof ¡he VPL witere Calb-positivecelís

are presesit(RauselíeL al., 1992).

Against titis background,Lite presenceof

calbindinD-28k andparvalbuminin tite anuranDCN

was studied.It appeareddiaL in ¡he alarpIaLe of Lite

caudal rhomhcncepita]on,Calb-positiveneurosiswerc

found parlicularly in dic nucleusof dic selitary traeL

asidin ¡he descendingnucleusof tite trigeminalnerve

continuing into dic dorsal bernof tite spisialcord. In

botit anuranspeciesstudied,itardly anyCalb-positive

neurosiswere found in tite DCN itself. Titis pattemof

distributionof Calb-positiveneurosissuggestsdial in

anuranamphibians,as in mammals,Calb could be

restricta!Lo tite nociceptivepartof tite somatesensory

system including neurensin ¡he dorsal item of dic

spinal cord, asid tite descendingnucleusof Lite

trigeminalnerve. In striking contrast,in bodi anuran

speciesa distinct parvalbumin(Parv)-positiveDCN

populationwas observed,particularly in Xenopus

¡aevis.Parv-positiveneurenswere fousid dirougitout

tite DCN, titeir dendritesweremainly directeddorsally

or laterally into tite adjacentdorsal funiculus.

lmmunostainingof parvaJbumincan titereforebeused
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lo delineatedic anuranDCN. It sitould be noted,

however,dial tite patternof distribulion of calcium-

binding proteisis in tite rat DCN is quite different.

MaslanyeL al. (1992) found botit Ca]b- aud Parv-

positive neurosis in ¡he cuneateand gracile siuclei,

although Parv-positive DCN celís were more

numerous.Tite distributionof Parv-cellsappearedLo

be similar Lo die known distribution of ¡halamic

projectionneurons.

In manimals,¡he presenceof smallGARAergie

intemeuronswititin tite DCN itas beenextesisively

described(for reviewsseeMugnainiasidOertel, 1985;

Rustioni and Weinberg, 1989). Also glycinergic

inhibitory effects wi¡hin tite DCN were observed.

Does tite anuran DCN contain GARAergic

interneurons?In die presentstudy small, roundor

oval-shapedGARA-immunoreactiveneurosiswere

observed.Tite patteniof labeling in otiter partsof tite

brain slem is comparablete diaL describedby

FranzesiiandMorino (1989, ¡¿ana esculenta),who,

unfortunately,did not include tite mostcaudalpanof

¡he brain stem in Liteir asialysis. Double labclisig

sLudies, i.e. cembinatienswith tracl-tracing or

NADPH-diapitorase,are needed Lo demonstrate

whetiter dieseGAB A-immunoreacliveneuronsin ¡he

anuranDCN areactually interneurosis.En diisrespect,

it sitould be noted diaL Pritz and Stritzel (1989a)

suggestedtitaL tite reptilian(Calmancrocodilus>DCN

lacks glutamic acid decarboxylase(GAD)-

immusioreactiveneurons,indicating diaL tite reptilian

DCN — like tite dorsal dialamus (see ¡‘ritz and

Stritzel, 1988) — lacks local circuit neurons.A few

glycinergic neurenswere found aL die ventrolateral

borderof dic DCN. In ¡he larnprey,suchglycinergic

neurosisareknown Lo initibil reticulospinalneurens

(Dubue eL al., 1993a,b).In mammals,glycinergic

celís of differesit sizes have beesi observedin Lite

gracileandcuneatenuclei (PoruchoeL al., 1992).

Even diough cytoarcititcctonicstudiesdo noÉ

clearly define ihe anuran DCN, this nucleus is

characterizedby it5 somaLotopic organizationof

primary afferent projectionsfrom tite spinal cord

(Anta] cÉ al., 1980,Ranoesculenta;Nikundiwe eL al.,

1982, Xenopus laevis). DaLa in ¡¿ana pereS(M.

Mufloz eL al., 1991) indicate a similar pattern of

arrangemesit,wherebyprimary afferentsfrom lumbar

anddioracic dorsalroeLgangliainnervatetite medial,

gracile compartmentof tite DCN, while diesefrom

cervical gasiglia innervate its laLeral, cuneate

comparlmentas well as dic spinal or descending

trigeminal nucleus.The dorsal funicular projection

continuesrostrally Lo innervatetite vestibularnuclear

complexasid, radierabundantly,¡hegranularlayerof

dic cerebellum(Antal eL al., 1980; SzékelyeL al.,

1980>. FibersLermisiaLing in ¡he vestibularnuclei asid

in dic cerebellumarisefrom limb-innervatingspinal

ganglia(Antal eL al., 1980; GonzálezeL aL, 1984).

Tite non-primaryspinal afferentsor pestsynaptíc

dorsalcolumn system (PDCS)also appearsLo be

arrangedsomatotopically.The presenceof such a

PDCS has now been demonstrated¡hroughout

terrestrialvertebraLes(tg., Rusdoní, 1973; Angaut-

Petit, 1975a,b;Rustioni asidKaufman, 1977; BenLWLL

eL al., 1984; GiesLereL al., 1984; Funke, 1988; Len

Donkelaarasid de Boer-vanHuizen, 1991; ¡‘ritz and

SÉriLzel, 1994). In manimals,dic celís of origin of

diesenosi-primaryafferentprojectionstedic DCN, or

postsynapticdorsalcolumn neurosis,itavebeensitown

Lo transmit nociceptive isiformation (Uddenberg,

1968; Angaut-Petit,1975b; Bensictt eL al., 1984;

KamogawaandRennett,1986), aL leastin cats.
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Tite latera] parÉ of tite anuran DCN is

innervatedby fibers from ¡he descendingtraet of ¡he

trigeminal nerve, arisingfrem Lite descesidingparÉof

¡he trigeminal, facial, glossopharyngealasid vagal

nerves(Fig. 12; see also Rubinsonand Friedman,

1977; Mateszasid Székely,1978; Fuller, 1979; Lowe

asidRussell,1982; Altman andDawes,1983; Stuesse

eL al., 1984; OkaeL al., 1987; GonzálezeL al., 1993;

lvi. Muñoz eL al., 1994). In centran,laLeral line nerve

projectiosis,presentin pennanentlyaquaticspccies

suchas Xenopuslaevis,strictly avoid tite DCN (see

Lowe asid Russell, 1982; Altman asid Dawes, 1983;

Fritzschetal., 1984; Will el al.. 1985a).

Tite most lateral panof ¡he anuranDCN is

also isinervated by substanceP- asid COR?-

immunoreactive fibers passisig via tite Lract of

Lissauer(seealsoRosendialasidCruce, 1985; Adli el

al., 1988; Petkóasid Sánta,1992). [si additionte ¡his

peptidergicprimary afferentprejectionLo ¡he DCN,

¡he anuranDCN is innervatedby Leu-esikephalisi,

neuropeplideY andserotonin-inimunoreactiveflbers

inline witit databy UedaeL al. (1984),Mercitentitaler

eL al, (1989), asid Lázár eL al. (1990). Titis

seretonergicandpeptidergicisinervationof ¡he IJCN

is in line witit immunehistochemicaldaLa in

mammals(cg., Síeisibuscit, 1981; Westmanet al.,

1984; Halliday eL al., 1988; Ibuki eL al., 1989;

TamatanieL al., 1989; Conli eL al., 1990; Fabri and

Conti, 1990; Blemqvisíand Rroman, 1993). Since

after tracer applications te dic DCN relrogradely

labeledneurosiswere observa!in dic (serotonergic—

seeUedaeL al., 1984) rapite nucleus,it seemslikely

¡haL titis nucleus is ¡he seurceof ¡he serotosiergie

innervationof dic DCN. ¡si rats, Willcockson eL al.

(1987)observedseretonergicterminalsin apposítion

Lo neurosisof ¡he DCN ¡hat project te ¡he titalamus,

witereasin catsaudmenkeys,Blomqvistasid Rreman

(1993) observedseretonergicisiput Lo DCN neurosis

projecting te various brainstem arcas isicluding

pretectum,superior colliculus and pontine nuclei,

relatedLo motorprocessing.

Descendingcontrol of dic DCN, so promincíxt

in mammals(seeWillis and Coggesitall, 1991 for

review),seemsLe beratiter restrictedin anurasis.After

isijectiosisof tracersinto ¡heDCN, labeledcelís were

found bilaterally in ¡he cerebellarnucleus,in dic

ventralnucleusof tite V[II¡h nerveasidin tite reticular

formationaL levelsbetweendic VlItit andIXtit motor

nuclei including Lite inferior rapite nucleus. ¡si

mammals,tite transmissionof sensoryinformalion

Litrough ¡hedorsalcelumsi-medicallemniscuspatitway

is controlled by padiwaysfrom die cerebralcortex

(e.g., Kuypers, 1958; KuypersandTuerck,1964), LIie

red nucleus(Edwards,1972; Weinbergasid Rustioni,

1989), vestibular nuclei (Weinberg and Rustioni,

1989), ¡he cerebellum(Setgiu and Cesa-Bianchi,

1972),and¡hereticularformation (WillcocksoneL al.,

1987; Weinbergasid Rustioni, 1989).Titerefore,witit

the possible exception of Lite red siucleus, a

comparablebrain stem conLrel of Ihe DCN is found

in anurans.

A major panof ¡he presentstudy focuseden

tite effercnt connectionsof tite DCN, more in

particularen ¡he targetsof dic mediallemniscus.Tite

existenceof adorsalcelumn-mediallemniscalsystem

in ampitibiansremaineda muchdebatedquestionuntil

dic early 1950’s. Subsequently,Vesselkisi asid ce-

workers (Vesselkin eL al., 1971; Vesselkin asid

Kovacev0c,1973>, Silvey eL al. (1974) as well as

NearyandWilczynski (1977),describedacontralateral

projectionof dic DCN or ‘perisolitary band’ (Neary

and Wilczynski, 1977) te Litalamic nuclei. Wi¡h

electrophysiologicalLechniques,Urbán audSz¿kely
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(1982> neted slew negative petentials from tite

posterocentralnucleusof ¡he titalamusin responseLo

stimulationof ¡he 2nddorsalreaL, ¡hedorsalcelumn

asid die dorsalcolumn nucleus.In die presentstudy

die courseand site of termination of ¡he medial

lemniscuswas shownby anterogradetracing(Figs. 8,

9),andits celísof origin by retrogradelabelingof ¡he

DCN from its main targets,i.e., ¡he ventral ¡halamus,

¡he latera] panof die Lotus semicircularisasid die

cerebellarcortex (Figs. 11, 12). Tite useof a newasid

powerfulanterogradetracerlike RDA madeit posaible

Lo identify even fine terminal fields and¡he scattered

fibers in tite Lhalamus. Tite daLa obtainedare

summarizedin Fig. 13. Since it was itardly posaible

Lo restricí tracer applicatiesisLo ¡he DCN. in such

injectiosis tite adjacentnucleusof ¡hesolitary tracÉasid

tite descendingnucleusof ¡he trigeminalneneaswell

as fibers of passage(e.g.,spinal primary afferentsLo

die cerebellum)migití be isivolved. By retrograde

labelisig¡he origin of ¡hemedial lemniscalprojectiosis

was verified. It sheuld be emphasizeddiaL Lite

ventrelateralpart of ¡he IJCN found Lo project Lo ¡he

titalamusand,more in particular,Lo ¡he Lotus,extends

caudally as far as ¡he secondsp¡nal segment.Tite

dendritesof ¡hesecells are mainly direcLed Lo Lite

dorsolateralfuniculus, witereas¡heir axonsjoin ¡he

centralateralmediallemniscus.A certainsimilarity Lo

¡he mammalianlatera] cervical nucleus,known lo

receive somalosensory isifermation via tite

spinocervicaltracÉ asid projectingcontralaterallyvia

tite medial lemniscus(seeWillis and Coggesball,

1991),seemslikely.

Tite medial lemniscus could be traced

diroughouL¡he brainstemasidinte ¡he diencepitalon.

Along its ceurse,tite medial lemniscus gives off

collateralsLo various partsof ¡he reticular formatien,

te tite octavolateralarea,andLo tite granularlayerof

Lite cerebellum.AL mesencepitaliclevels, ¡he medial

lemniscusprimarily insiervates¡he lateral parÉ of ¡he

lerus semicircularis (also noted by Comer and

GrobsLeisi, 1981; Wilczynski, 1981; Neary asid

Wilczynski, 1986; Neaxy, 1988),andtite anterodorsal

andanterovesitralLegmentalnuclei aswell as ¡he red

siucleusand ¡he interstitialnucleusof dic fasciculus

longitudinalismedialis. While in RanopereSmedial

lemniscal fibers do not reacit tite Lectum

mesencephali,in Xenopuslaevis intermediateasid

deepLectal layers are innervatedin agreementwidi

retrogradetracerdaLa(WilczynskiandNortitcutt, 1977;

ZiLtlau eL al., 1988; Hofmann eL aL, 1990; Masino

and Grobstein, 1990). Reyend tite midbrain, botiu

dorsalandventral¡halamicseasareinsiervatedby tite

medial lemniscus.The ventralparIs of tite posterior

andcentralnuclei of ¡he dorsalLitalamus arereached

by a few Litin, varicose,fibers, but dic vesitromedial

dialamic nucleusand ¡he siucleusof ¡he posterior

tuberclearefar moredenselyinnervated.[si Lwo cases

in R. pereS,a few libers also reachedtite anterior

nucleusof tite dorsaltlialamus.Noprejectionsbeyond

¡he diencepitalon wcre observed.Extralemniscal

prejectiosiswere found te ¡he ipsilateral cerebellar

cortex,confinning retrogradetracerdaLa(GonzálezeL

al., 1984), and bilaterally Lo ¡he spinal cord. Tite

ipsilateral spisial projection from Lite DCN was

previouslyobservedin Xenopustaevis(tenDonkelaar

eL al., 1981).

Henee, ¡he presentstudy noÉ esily furtiter

substantiated¡hepresenceof aradierwell-developed

dorsalcolumn-mediallemniscussystemin anurans,

but also showed diaL its mesencephalicand

diencepitalietargetsare mucit more extesisive and

diverse¡hansuggestedin previeusstudies(Vesselldn

el al., 1971; Silvey eL al., 1974; Neary and

Wilczynski, 1977; Comer ana Grobstein, 1981:
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Wilczynski, 1951; Foreitandand Farel,1982; Urbán

asid Székely, 1982; Neary, 1988). Tite anuran

lemniscalpatitway appearsLe be basicallysimilar Lo

diaL of amniotes(reptiles: Ebbesson,1978; Siemen

asid Kúnzle. 1994a; birds: Wild, 1989; mamma]s:

e.g., Hazlett eL al., 1972; Hand and van Winkle,

1977; Feldmanasid Kruger, 1980; Rerkley eL al.,

1986; see also Willis asid Coggesitall, 1991 for a

summary of mammalianstudies), altitougit in

marsimals¡he widespreaddialamicprojectiesissiteuld

be particularly empitasized.In tite red-caredturtle,

Pseudemysscri¡na elegans, Siemen and KOnzle

(1994a,b)nota!adirectascendingprojectionfrom die

most medial parÉ of dic DCN area, by-passisig¡he

Litalamus,Lo ¡hebasalpanof tite Lelesicephalon.

AL first sigitt, ¡hemesencepitalieLargel of tite

anuranmedial lemniscusseemsLo bequite different

from Lite amniote mesencephalictarget. For lite

opossum,RoBardseL al. (1976) isitroduced¡he Lerm

intercollicularterminalzone fer ¡he commontarget

of projectiosisfrom ¡he dorsal column nuclei, spinal

cord andsesiserimetorcortain ¡hecentralmidbrain.

[si reptiles, Ebbessen(1967, 1969) introducedtite

Lerm intercollicularnucleus’ br ¡he mesencepitalie

Largetof ascendingspinalprejectiesis.In ¡hisnucleus,

a projection from ¡he dorsal celumn nucleus

terminaLes as well (Ebbesson, 1978; see also

RelekitevaeL al., 1985; ¡‘ritz asid SiriLzel, 1959b).It

seemslikely LitaL ¡his intercollicularzone,nucleusor

‘midbrain sematosensoryarea’ (Pritz and Stritzcl,

19591,), citaracterizedby aL least an isiput frem ¡he

spisialcerdandDCN, is a majorintegrativecenterof

tite somatosensorysystem.Pritz and SÉriLzel (1990)

sitowed LitaL Lite medialis complex in Lite dorsal

Litalamus is lite litalamie Larget of lite midbraisi

somatosensoryintercellicular area. In anurans,¡he

main midbrain target of ¡he medial lemniscus is

formedby dic latera] parÉ of tite tenissemicircularis

(Comer asid Grobstein, 1981; Wilczynski, 1981;

NearyandWilczynski, 1986;Neary,1988; ¡he presesit

study). Tite asiuran Lotus semicircularisis a major

isitegratingcenterfor a numberof sensoryandnon-

sensoryafferentsin additiosiLo its auditoryisiput, asid

may well serve a role similar te ¡he one ¡he tectum

mesencephaliserves fer the visual system

(Wilczynski asid Capranica, 1984). It includes a

laminarnucleus,aprincipal nucleus,amagnocellular

siucleus, asid two smaller nuclei (¡‘oLLer, 1965), each

of witicit receivesa particularset of afferents(e.g.,

Wilczynski, 1988; Feng asid Lin, 1991).

Physiologicalstudies(ComerasidGrobsLein,1981) in

Ranopipienssuggesta certainoverlapof Lactile and

auditory informalion: ¡he ver>’ dorsolateralLorus is

almostexclusivelyconcernedwitit tactileinformation;

auditoryactivity is mostoften found Lo belocalizedin

central parts of dic Lotus, but in betweentite two,

multimodal (tactile and auditory) activity is found.

Toral afferents alse arrive from tite vestibular

(Wilczynski, 1981),and, in Xenopus laevis, from tite

lateral lisie system (Will eL al., 1955b; Lowe, 1986;

Zittlau eL aL, 1986). The laminar toral siucleusnoÉ

only receives IJCN efferents but alse spisial

(Ebbesson,1976; A. Muñoz ci al., in preparatien)asid

trigeminal afferents(ComerandGrobstein,1981; M.

Muñoz eL al., 1994), and so — aL least partly —

representsa midbraisi somatosensoryarea. Tite

multimodal laminar nucleusas well as dic maisily

auditorymagnocellularnucleusextesisivel>’ innervate

¡he centraland posterior siuclei (Fronterasnucleus

posterocentralis;see Frontera, 1952) of ¡he dorsal

Litalamus, witereas¡he ascendingprojectiosisof ¡he

principalnucleusarerestrictedte ¡he caudalpanof tite

posterior ¡halamic nucleus (Hall and Feng, 1987;

Feng asid Lin, 1991). Tite laminar nucleus sIso

innervates¡he ventromedialÉhalamicnucleus(Feng
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and Lin, 1991; A. Muñoz and ten IJonkelaar,

unpublisitedebservatiosis),i.e., die main diesicephalic

targetof tite mediallemniscus(presentstudy)as well

as of ¡hespinotita]amictracÉ(A. Muñoz eL al., 1994).

Tite central ¡halamic nucleusextensivelyprojecisLo

tite ipsilateral slriatum (Vesselkin eL al., 1980;

Wilczynski and Nortitcutt, 1983a; Neary, 1988).

Hesice,Litis IJCN — tenis— centraltitalamie nucleus—

striatalpadiwayis oneway by which somatosesisor>’

informationmayreacit tite telencepitalon.

Altitougit ¡he anurandorsal column-medial

lemniscus syslem is basically similar Lo diat of

amniotes,largedifferencesarefeusidwidi regardtetite

Lelencepitalietargetsof Litis padiway.Titerefore,afew

remarks en dic telencephalicstrucLures receiving

sematosensoryinfermation in anurasis seem

appropriate. Physiological studies revealed

somatosesisoryactivit>’ widiin dic medial palhium

(e.g.,Supin andGusel’siikev, 1964; Karamiasiet al,

1966; Nortitcutt, 1970; Vesselkinand Kova’cevfc

1973>,possibly relayedin die dorsal titalamus.Sisice

tite anterior litalamic nucleus is ¡he osily dialamic

nucleusinnervating die medial pallium (Scaliaand

Colman, 1975; Vesselkin and Ermakova, 1978;

Kicliter, 1979; Near>’, 1984; Nertitcutt asid Ronan,

1992),somalesenseryinferniatienLo Litis prenounced

telencephalic structure, also knowsi as tite

archipallium (Ari~ns Kappers el al., 1936;

Clairambaultasid Derer, 1965) or Lite primerdium

itippocampi (Herrick, 1910; Hoffman, 1963), must

relay in die anteriornucleus.However, since spinal

afferentste ¡he anterior titalamienucleus— ei¡hervia

¡he spinodialamictract (A. Muñoz eL al., 1994)or via

tite dorsalcolumn-mediailemniscalpa¡hway(Neary

and Wilczynski, 1977; presentstudy) — are radier

limited,alternativeroutesmust be available,possibly

via ¡heposteriorLitalamie nueleusknownte project te

die anterior¡halamicnucleus(NearyandWilczynski,

1979; see also Neary, 1990; Nordicutt and Ronan,

1992). It sbouldalsobe sietedtitat Lite dendritesof

celís in ¡he anteriordialamicnucleusLo penetratetite

central nucleus (Neary, 1990). Titerelore,

somatosensoryinformatien could reach tite medial

pa]lium via multisynapticreutes.

Anotiter telencepitalie structure in whicli

somatosensoryactivity was recordedis ¡he striaLum

(seeVesselkineLal., 1971; VesselkinandKova’cevi’c

1973). Tite asiuran striatum receives a major

¡halamotelencephalicinput frem nuclei relaying

sensoryinformationfrom dic midbraisi roef, from ¡he

Lorus semicircularis,and from ventraldiencephalic

structures,receivingspinalandDCN-mediallemniscal

afferents(ScaliaandColman,1975; Vesselkin eL al.,

1980; Wilczynski asid Nortitcutt, 1953a; Lázár and

Kezicz, 1990).Tite striatumin amphibiansappearsLo

be able Lo isifluence Lite midbrain roof via Éhe

pretectumand varieus midbrain and istitmal nuclei

(Wilczynski and Nortiteutt, 1953b). Tite anuran

striatum plays a ctucial role in processingsensory

information as well as in coordisiating alí

Lelencepitalic output Lo lower brain stem motor

centers.Betit visual(GrubergandAmbros, 1974)and

auditory (Mudry and Capranica,1980)activity was

recorded from tite striatum. Furíher, electrical

stimulationof dic sciatic nerveevekedpotentisisin

¡he striatum (Vesselkin eL al., 1971; Vesselkin and

Kevacevic,1973).Tite senseryinput Lo t.he striatum

is relayed in ¡he anterior division of tite lateral

dialamienucleus(visual information: LAZAr, 1969;

Scalia, 1976), in ¡he central ¡halanuic nucleus

(auditory asid also somatosensor>’information: Hall

andFeng,1987; Feng asid Liii, 1991; presentstudy),

and in Lite vesitromedial Litalamic nucleus

(somatosensaryinformation: Nearyasid Wilczynski,

167



Sistemas somatosensorialesen anfibios EL LEMNISCO MEDIAL EN ANUROS 5.2

1977; present sludy). In Rano perezi, tracer

applicationste ¡he striatum sitowed a direct striatal

projectionarising frem celís in tite latera] aspectof

lite venÉromedialLitalamic siucleus (A. Muñoz,

unpublisitedobservatiesis)in line widi observatiosis

by Vesselkin eL al. (1980) as well as by Lázár asid

Kozicz (1990). VesselkineL al. (1980) also noted a

direct striatalprojectienfrom dic Lotus semicircularis,

witereasLAzAr audKezicz(1990) founda few faintly

labeledsmall celís in tite nucleusof tite posterior

Lubercle projecting Lo tite lateral wall of tite

telencepitalonineluding tite striatum (see also

Wilczynski and Nerdicutt, 1953a).Somatosensory

information Lo ¡he striatummay Litus be relayedvia

tite dorsalLitalamus (die central¡halamiesiucleus),Lite

ventraldialamus(¡he ventromedial¡halamicnucleus>.

and via tite nucleusof tite posterior tubercle, a

separatediencepitalicregion(seeNeasyandNor¡hcuLt,

1983). Witich thalamic nuclei really reía>’

somatosensor>’information Lo dic striatum (and

medial pallium) is now being studiedin a seriesof

double-labclingexperimesits.
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B

y ~
Fig. 6: A, Schemaficdrawingof a senesof transverscsectionstbroughtite lninstemandrostral spinalcordof
RamapereSshowing<he distribution ofbiadnylseddexnnamine (BDA)-ltcIed trigeminal <Ieft side)ami titird
dorsal root (right side) afferent fibers. B, C, Pbxomicragraphsshowing ipsilateral trigeminal (2) and
glcssopharyn¡cal(C) affenntslo dic DCN ofA. perniO, Photomicragmpbshawingthe termination pattern of
RDA labeledbachialafferentsof <hethird dorsalmot atdic rostralDCN of A. perezi.Scalebarsindicate100
~im.
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o

Fig. 8: LabelingobservedaftaaRDA injection bito dic DCN of Ramapared(bar injection siteate alsoflg.
lOA). Ix> asedesof Utisversescctkmsdirough¡hedieneqilulon(A-D), twainatan<E-L) andapinalcord(M-O)
<he¡,auemofanterogmdelylabeledSbusaidwtungradely¡teJedcelIa (blackdos)is sbown.
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o

p

Hg. 9: Labelix>g observed after a RDA injectian into <he DCN of Xenopus laevis. Ix> a seriesof transverse
sectionsthraugh <he diencephalon(A-O), twain sfl (E-M) ami spinal cord <N-P) tite pattnn of ax>terogradely
labeledfibers aidxttogradely labeledcelAs <bladcdo(s) is shown.
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Hg. 13: Diagramsummarizing<he Líberconnectionaof tite ax>urax> dorsalcolumn nucleusslxown iii a dorsal

view of dic twain of Ramaperal.
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A
Aa
Av
bv
C
c
cb
akg
cito
DCN
1
DH
di
df
cts

Ep
lii
Hv
‘5
D<m

E

La
Lam
ldrg
lm
Lpd

Lpv

Mag

Mg
Nsol
NPv
nV
nVII
nVIll
nlX
nX
1’
PDCS
Pr

preg
ptg
ptrg
r
Ral
Ri
Rm
Rs
SC
sol
un
ter
TI’
trVds

LIST OF ABBREVIATIONS

anterior titalamie nucleus
anterodorsal tegmentalnucleus
anteroventral tegmenlalsiucleus
blood vessel
central titalamie nucleus
~udal
cerebellum
cervical dorsal roeL ganglion
chiasmaopticum
dorsal column nucleus
dorsalfuniculus
dorsalhypotitalamicnucleus
dorsalitom.
dorsolateralfuniculus
titird dorsalroeL
dorsalLitalamus
posteriorentopeduncularnucleus
dorsalhabenularnucleus
ventralitabenularnucleus
nucleusistitmi
motor nucleusof tite glossopharyngeal
nene
intermediatezone
lateral litalamienucleus:anteriordivision
laminarnucleusof tite Lotus semicircularis
lumbar dorsalroeL ganglion
lemniscusmedialis
lateral ¡halamie nucleus: posterodorsal
division
lateral ¡halamic nucleus: posteroventral
division
magnocellularsiucleus of tite torus
semicircuiaris
magnocellularpreopticsiucleus
nucleusof tite solitary tract
nucleusof’ ¡he periventricularorgan
trigeminal nene
facial nerve
vestibulococitlearnene
glossopharyngealnene
vagalnene
posteriordialamicnucleus
postsynaplicdorsalcolumnsystem
principal nucleus of tite torus
semicircularis
preoticganglion
pretectalgrey
pretoralgrey
rostral
nucleusrapitesinferior
siucleusreticuiarisinferior
nucleusreticularismedius
nucleusreticularissuperior
supracitiasmatienucleus
solitary tracÉ
tectummesencepitali
tenissemicircularis
nucleusof dicposteriortubercle
descendingtractof tite trigeminalnene

VH
vit
Vds

Vifid
Vfflv

Vlv
VM
Vm

ventralitypothalamicnucleus
ventralhorn
nucleusof ¡he descendisigtracÉ of lite
trigeminal nene
descendingnucleusof tite VlIltit nene
ventralnucleusof Lite VlIItit nene
ventrolateraltitalamic nucleus:dorsalpan
ventrolateraltitalamicnucleus:ventralpan
ventromedialtitalamicsiucleus
motor trigeminal nucleus
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ABSTRACT

Evidence is presentedfor an anuran bomologue

of ¡he mammalian spinoccrvicodialamic system. In

vUro tract-Lracing experiments witit biotinylated

dextran amine in Xenopuslaevis sitow diaL ascending

spinal fibers froni alí levelsof tite spinal cord, passing

via ¡he dorsolateral funiculus, terminate in a ceil area

ventrolateral to die dorsal column nucleus. This celí

area can be considered a possiblehomologue of ¡he

mammalian lateral cervical siucleus. After tracer

applications Lo ¡he ventral ¡halamus or Lo ¡he torus

semicircularis (botit targets for somatosensory

projections),¡he anuranlateral cervicalnucleuswas

retrogradelylabeledcontralateralLo die application

sites. Tracerapplicationsto tite dorsolateralfuniculus

aL dic obex leve! and rostral spinal cord resultedin

labeling of tite cetis of origin of tite anuran

spinocervical tracÉ. Titese were found, mainly

ipsilaterally,in tite ventralpart of Lite dorsalitom, and
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were ratiter even¡ydistributed¡hrougitouttite spinal

cord. Titese daLa suggestdie presenceof an anuran

itomologueof lite mammalianspinocervicotbalamic

system.A brief survey of die literaturesitows ¡haiL

sucit asystemis muchmore commonin vertebraLes

¡han previously¡hougitt.

INTRODUCTION

Tite presence of a bisynaptic

spinocervicoLitalamic patitway composed of

spinocervicaland cervico¡halamictracts itas been

demonstratedfor mammals(Morin, 1955; Nijensoitn

andKerr, 1975; Boivie, 1983).Tite first pitysiological

studiessuggested¡haL diis pa¡hwayforms a rapidly

conductisigsystemcarryinginformationfrom die skin

Lo ¡he cerebralcortex(Caraianoand Lamarcite,1957).

Subsequenttract-tracingstudiesin severalmammalian

speciesdemonstrated¡he spinocervicalIract as an

ipsilateral projection from dorsal itorn neurosis

Éitrougitout tite spisial cord ascesidingvia Lite

dorsolateralfuniculus Lo tite lateral cervicalnucleus

(LCN). Tite LCN is aspecialgroupof neurosiswi¡hin

tite witite matterjustventrolateralLo tite dorsalhoni in

tite uppermost cervical segments(C1-C3>. Tite

projectionsfrom tite LCN decussateandpassvia ¡he

contralateralmediallemniscustowardsmesencepitalie

asid titalamic somatosesisoryarcas and form tite

cervicomesesicepitalicand cervicodialamic tracts,

respectively(seeWiilis andCoggesitall,1991).So far,

a definitive spinocervical tract itas noÉ been

demonstratedin nonmarnmalianvertebraLes.Only

fragmentarydaLaareavailable(e.g.,Ebbessosi,1967;

Finger, 1981; ForehandandFarel, 1982; Ito cf aL,

1986; Necker,1989; RonanandNortitcutt, 1990).

In anurans,tite presenceof aspinal lemniscus

passingvia tite ventral braln stemand innervatingdic

rhombencephalicand mesencepitalicparts of ¡he

reticular forination in particular was demonstrated

usinganterogradedegenerationtechniques(Ebbesson,

1969, 1976; Hayle. 1973a,b). Reccntly, Wc.

dernonstrateda distisict spinotitalamiccomponesitin

ampitibiasis(A. Muñozet al., 1994a).Moreover,well-

establisitedascendingprojectiosisfrom adorsalcolumn

nucleuspresesitaL ¡heobex and upperspisialsegments,

vía ¡hemedial lemniscuswere sitown for anurans(A.

Muñoz a aL, 1993; 1994b; 1995a). Tite possible

existenceof an ascesidingpatitway from spinal celís

comparableLo ¡he LCN of mammalswas considered

briefly since injectiosisof retrogradetracersinto dic

¡halamusor tite mesencepitalietorus semicircularis

revealeda distinct cdl population situated in tite

dorsolateralpauL of ¡he sp¡nal cord aL uppercervical

segments(A. Muñoz el al., 1995a). Tite location,

rnorpitology andascendingprojectiosisof ¡hesecelís

suggested¡hepresenceof ananuranitomologueof tite

LCN of mamnmals,and prompted¡he presentstudy. A

separatenucleusin ¡he dorsolateralpauL of tite uppcr

cervical spinal cord or aL tite obex is noÉ

distinguisitable as a cytoarcbitectonic entity

(Ebbesson, 1976; Nikundiwe and Nieuwenituys.

1983).

Tite aim of ¡he presentstudy is Lo citaracterize

Litis cdl group in ¡he lateralaspectof ¡he spinaldorsal

itorn by studyinglis afferesit andefferentconnectiosis.

Tite powerful and fast tracer low-weigitt (3kD)

bíotinylateddextranamine(BDA) was usedLo label

ascendisigspinal projections,Lo trace possibleLCN

projectionsretrogradelyfrom tite ventral¡halamusand

torus semicircularis(tite mesencephalicsoniatosensory

target in anurans),asid Lo analyzetite celis of origin of

¡hepossiblespinocervicaltracÉ.EDA can be usedfor

anterogradeas well as retrogradetracing (Fritzscit,

1993; A. Muñozeíal., 1995a).An in vitro approacit
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was used in tite clawed toad, Xenapuslaevis: aix

isolated preparationof Lite centralnervoussystem

(CNS> well suited for a variety of ixeuroanatomical

tracing tecitniques(Lukscit ex aL, 1995). Partof titis

studywaspublisitedin abstractform (A. MuñozetaL,

1995b).

MATERIALS AND METHODS

¡n tite presesitstudy a total of 25 young adulÉ

Xenopuslaeviswereusedin Lracing experimentsunder

lii vitro cosiditions (Lukscit ex al., 1995; basedon

Cocitran ex aL, 1987). Tite animals were deeply

anestiteLizedwitit a 0.2% solution of MS222 and

cooledLo a body Lemperatureof abauL50C. Tite iteart

was exposedby rapid dioracotomyin order Lo perfuse

¡he animal transcardiallywitit approximately40 ml

iced Risiger’s solution (75 mM NaCí, 25 mM

NaHCO
3, 2 mM CaCI2, 2 mM ¡(Cl, 0.5 mM

MgCI2, 11 mM glucose) titat itad beenoxygenized

witit carbogen(95% 02, 5% CO2) Lo a pH of 7.3

(StrakaandDieringer, 1993).mebrainandspinal cord

were isolated by a dorsalapproacbby removing ¡he

overlaying bony Lissue of die skull and vertebral

column. After isolation,dic CNS was tranferredinto a

disit witit freshiced Risiger. Subsequently,die dura

materandtite citoroidplexuswereremovedLo facilitate

oxygendiffusion inLo ¡he tissue.Applicationsof RDA

(3kD, Molecular Probes0-7135), recrystallizedaL ¡he

Éip of glassmicropipettesor sitarp tungstenneedíes,

were madeaL tite dorsalitorn of cervical, dioracic or

lumbar spinal levels (10 cases),die ventraldialamus

(5 cases)and¡he Lorussemicircujaris(5 cases).ledie

latter cases, tite CNS was cut Lransversally aL

midtitalamic and midmesencepitalie levels,

respectively.In addition, small applicationsof 3kD

RDA were madejeto tite dorsolateralfuniculus aL

cervical(2 cases)andobex(3 cases)leveis.Titebrains

were kept for 15-18 itours al about 15~C in

continuously oxygenatedRingers solution witb

carbogen.Tbey were titen immersedlar 3-Sb iii 4%

paraformaldeitydein pitospliatebuffer0.1 M, pH 7.4

(PR), embeddedin polyacrylamide(seeLen Donkelaar

aiid de Roer-vanHuizen, 1991), and cryoprotected

overnightin a 15% sucrosesolution in PB. Sectiosis

were cut transversally aL 40 .um on a freezing

microtomeasid collectedin 0.05 M Tris buffer (pH

7.6). For visualizingRDA, an avidine biotin complex

(VectastainABC ENe KiL, Vector Laboratories)was

used, fo!lowed by iteavy metal intensificaLionof dic

diaminobenzidine(DAB)-basedperoxidasereaction

producÉ (Adams, 1981). Selectedsectiosis were

counterst.aincdwitit 1% cresy¡ violet solution. Tite

sectionswere mountedon gelatin coatedglassesasid

coverslippedwitit glycerin-gelatin.

Tite nomenclatureusedis basedon studiesby

Ebbesson(1976) on Lite subdivisionof ¡he spinalgrey

and by Nikundiwe asid Nieuwenituys (1983) on

brainstemstructures.

RESULTS

¡si ¡he presenÉstudy,BOA was applied Lo ¡he

dorsalparÉ of lumbar (Fig.1), titoracie (Fig. 2) and

cervical spinal segments.As a generalfeature,after

tracerapplicationLo tite spinalcord, distinctascending

fiber tracts were notedin tite dorsal funiculusasid in

tite dorsolateralfuniculus, ipsilaterally, and mainly

contralaterallylix ¡he ventralandventrolateralfuniculi.

Tite courseof ¡he con¡ralateral¡yascendingpatitway

coincides widi titat observedin previous studies

(Ebbesson,1976; M. Muñoz ex aL, 1991; A. Muñoz

etaL, 1994a).lis main targetsandcelísof origin will

be discussedin a companionpaper(A. Muñoz el aL,

in preparation).Here,only tite ascendingfiberspassing
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via ¡he dorsaland tite dorsolateralfuniculi will be

discussed.In alí experiments.a small contraiateral

componentof ascendingfibers iii ¡he dorsolateral

funiculuswaslabeled. ¡si a secosidsetof experimesits,

BDA was usedas a retrogradetracerLo identify dic

possibleanuran homologueof ¡he mammalian latera!

cervicalnucleus(LCN). EDA ~vasappliedLo tite torus

semicircularis(Fig. 4) asid Lite Llialamus (Fig. 5).

Finally, Lite celís of origin of tite possible

spinocervicaltracÉ were studied after small I3DA

applicationsLo dic dorsolateralfuniculusaL dic rostral

spisialcord (Fig. 6).

Lumbar spinal cord app¡ications

In Litis set of experiments,BDA was placed

unilaterally lato tite dorsalspinalcord.flie application

sitesisicluded¡he dorsalitorn, but alsodic dorsaland

dorsolateralfuniculi (Fig. 1). Tite applicationswere

madeat tite lumbar level beuweendorsal roots 9 asid

10. Botit descendingasid ascendingprojectiosiswere

observed.Rostral Lo Lite application, asiterogradely

labeledfiberswereobservedin tite ipsilateraldorsalasid

dorsolateralfuniculi. Tite fibers in Lite dorsolateral

funiculus give off ¡hin collateralsdiaL innervate¡he

lateralaspectof ¡hegrey in tite deeppanof ¡he dorsal

fleld asid in tite lateral ficíd betweentite levelsof tite

spinal dorsalroots 9 asid 5. Tite morerostral panof

tite spinalgrey is noÉ innervatedby lumbardorsolateral

funiculusfibers.Fibers from dicdorsalfuniculusreacit

dic superficialpan of dic dorsal fleld, witile o¡hers

cosirsemoreventrally into tite lateralf¡eldasid evenLite

ventral fields. Titis paLternof innervationispresentup

Lo tite 5di spisialsegment.A few scatteredfiberscross

Lo isinervate tite contralateralsuperficial panof ¡he

dorsal fleid. Rostrally, Che ascendingfibera form a

compact busidle in tite medial pauL of tite dorsal

funiculus,andjusta few fsbers tun laterally asidenter

tite greymatterof die rostral spinalsegments.

At uppercervicalsegmentsasid aL dic level of

¡he obcx, mostof dic labeledflbers in tite dorsolateral

funiculus Lun dorsomediallyandmassivelyisisiervate

dic neuronsin tite dorsolateralgrey (Figs. 1, 3A). AL

diese levels, tite fibers diaL course in Lite dorsal

funiculus massively innervatedic medial portionof

¡he ipsilateral dorsalcolumn nucleus(DCN> asid less

denselytite caudalaspectof tite nucleusof tite solitary

tract. Only a few fibers terminatein Lite contralateral

DCN. JustcaudalLo tite obex a basid-sitapedarca is

presesit in dic grey witere Lite projectiosisfrom Lite

dorsalasid dorsolateralfuniculi overlap(Figs. 1, 3A).

ibis basidmarkstite ventralborderof aix areaknownLo

be occupied by fibcrs of tite descendingtrigetninal traeL

asid ¡he celís relatedLo uitem (Gonzálezetal., 1993>.

T/saracíc spinal cord applications

After tracerapplicationsLo dic dorsalpanof tite

spinal cord aL various titoracie leveis, ascendingasid

descendingprojectiosiswereobserved(Fig. 2>. Caudal

Lo tite application site, labeledfibers coursein Lite

dorsal funiculus asid, especially, in ¡he dorsolateral

funiculusandinnervatetite dorsalfleld asid, Lo a lesser

extent,die lateral asid ventral fields up Lo ¡he lumbar

segments.Rostral Lo dic BDA applicationtite labeling

of ascendingfibers prevails in Lite dorsolateral

funiculus. Tite innervation of ¡he deeppan of Lite

dorsalfseld continuesup Lo ¡he level of ¡heDCN. AL

Lite obex level asidsligittly caudally,¡he lateledfibers

in ¡he dorsalfuniculusinnervate¡he ipsilaLeral DCN,

witit aminor contualateraleomponent,witile tite fibers

coursingin tite dorsolateralfimiculus terminatearoutid

a group of neuronsalongtite vesitrolateral border of ¡he

dorsalitorn in ¡he Lwo first spinal segments(Figs. 2,
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3E). At diese levels, tite terminal fields of botit

systemsform a band-sitapedareawi¡h aix overlapping

zonewitere terminals from fibers in Lite dorsal and

dorsolateralfuniculi intermingle.

Cervical spinal cord applications

Following tracerapplicatiosiLo dic dorsalpauL

of ¡he cervicalspinalcord, a similar patternof labeled

fibers as describedaboyefor die dioracicandlumbar

caseswas observed.Wben Lite BDA applicationsite

was restrictedLo ¡he dorsalasid lateral fields of ¡he

spinal grey in cervical segments3-4, only a few

labeled fibers passingcaudalwardsvia ¡he dorsal

funiculus were noted, witereaslabeledfibers in ¡he

dorsolateralfuniculus could be observedup Lo lower

tumbarspinal segments.innervating ¡he dorsaland

lateral flelds dirougitout ¡heir course.Rostral Lo ¡he

applicationsite, numerouslabeledfiberswere found in

¡hedorsolateralfuniculusandin Che lateralpanof tite

dorsal funiculus. Fibers from bo¡h funiculi innervate

Lite dorsalfleld of ChespinalgreyaL cervicalsegmesits.

More rostrally, dic fibers from Che dorsal funiculus

innervate¡he lateralaspectof tite DCN, witereas¡he

fibers in ¡he dorsolateralfuniculusinnervatetite group

of neurosisalong¡he ventrolateralborderof ¡he dorsal

itorn (Fig. 3C). Titis insiervationzoneoverlapswi¡h

tite innervationof ¡heDCN.

Tha¡atnic and toral RDA applications

Experimentswitit BDA applieation Lo tite

ventral dialamus or Lite Lorus semicircularis in Lite

mesencepitalonwere used Lo study witetiter Che

particular group of neuronsalong tite ventrolateral

border of tite dorsalhom in rostral spinal segments

gives sise Lo ascesiding projections Lo tite

mesencepitalonasid tite ¡halamus.In apreviousstudy

(A. Muñoz ex aL, 1995a) tracer applications titaL

included ¡he ventral Litalamus resultedin relrogradely

labeled cells in witat was identified as ¡he DCN.

However, tite mostventrolaterallylocatedcelísof Uds

population extend¡heir dendriteslaterally and were

seenLo be more closely relatedwidi Lite dorsolateral

funiculus Litan wi¡h ¡he dorsal funiculus. A similar

pattemwasobservedwitesi tite tracerwasappliedLo ¡he

latera! aspectof ¡he torussemicircularis.Tite ¡vi vitro

experimentsillustrated in figures 4 asid 5 clearly

demonstratediaL tite ccl! populationpreviouslylabeled

as dorsalcolumn nucleus,in fact, is composedof two

moreor lessseparatecdl groups:¡he medialDCN and

a more lateral celí group in ¡he area witere fibers

passing via tite dorsolateralfuniculus massively

terminate.Due Lo its position asid connectiosis,tite

namelateral cervicalnucleus(LCN) witL be introduced

for Litis celí group. It should be empitasizedLitaL iii

anurasisChis celí group is siot recognizableas a

cytoarcititectonicentity (seeFig. 3D). Titis neuronal

populationextcndssligittly more caudally ¡han tite

DCN, i.e. from ¡he obex leve! up Lo tite secosid

cervical segment.Tite celís in ¡he LCN project Lo ¡he

torus semicircularisand ¡he Llialamus via dic medial

lemniscus(Figs. 4, 5). Tite celísin ¡heLCN occupya

position in ¡he lateralaspectof Lhe spinal grey asid

titeir dendritesextendprofuselyinto ¡he dorsolateral

funiculus(Figs.4, 5). Onlya few scatteredlabeledcelí

bodieswereobservedwidiin ¡he dorsolatera]funiculus

itself. Tite fibers ascendingin ¡he dorsolateral

funiculusricitly innervate¡he areaof ¡heLCN.

Tracer applications into time cervical part of

¡he dorsolateral funiculus

In order Lo identify tite celAs of origin of Che

fibers ascendisiglii ¡hedorsolateralfuniculusÉowards

tite lateralcervicalnucleus,smallapplicationsof BDA
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were madeLo Lite dorsolateralfuniculus aL Lite obex

level (Fig. 6A) and aL tite secosidcervical spinal

segmení.By meansof retrogradetracing, tite celis of

origin of litis spinocervicaltractwere demonstnxted.A

large population of celís was labeled, mainly

ipsilaterallyLo tite applicatiosisite, aldiougit asmall

number of contralateralcelis were presentin tite

ventral fieldsof ChegreyaL titoracic andlower cervical

segments(Fig. 6A). Tite ipsilateral population is

predominantlylocatedin tite dorsalitom from cervical

(Fig. 6B,C) Lo sacralsegments.Tite majority of ¡he

celísare foundin tite deeperpanof tite dorsalficíd of

¡he spisial grey.More sparselydistributedneurosisare

presesitin tite superficialpanof Lite dorsalhora.MosÉ

of tite labeledneurosisitaveround-to-ovalsomatawitit

dorsallyor venurolaterallydirectedprocessesdiaL often

enter dic dorsolateralfuniculus (Fig. 6C). Larger,

triangularor irregularcelisaremorerarely labeled. A

small numberof celís are ipsilaterallylocatedin dic

latera] spinallicíd aLdioracielevels.

DISCUSSION

In Lite presentsLudy dic organizationof tite

ascesidingprojectiosis in tite dorsal and dorsolateral

fusiiculi was studiedin Che clawed toad,Xenopus

laevis. ¡si particular, tite presenceof a spinocervical

tract and of a possibLe anuran homologueof ¡he

mammalianlateralcervicalnucleuswereinvestigated.

Tite relatively new tracerRDA was usedin an

¿si vitro approacit.¡si previousstudiestite suitability of

isolated preparationsof die anurancentral siervous

systemitas beendiscussed(Lukscit ex al. 1995; A.

Muñoz exaL 1995a).BOA was rirst describedLo be

very successfullytransportedanterogradelyby neuron

processes(Veenmanel al., 1992>.However,BOA can

also be used effectively as a retrogradetracer (A.

Muñoz ex al., 1995a). Witen RDA is applied

iontopitoretically, it will be trasisportedprimarily

anterogradely.In conuast,applicationin dry form,

bo¡h ¿si vivo asid ¡si vitro, results in an elfective

retrogradetrasisport.Tite presesitstudy sitows titat

RDA, wbesiappliedasdry crystais,is alsoaneffective

anuerogradetracer. It sitould beempitasized,itowever,

diaL even ¡he smallestBOA applicatiosiLo ¡hespinal

cord alsoresulísin retrogradelabeling of libasasid

celís.

TracerapplicationsLo tite dorsalparÉ of ¡he

spinalcordal cervical,titoracieasid lumbarlevels,once

moredemonstratedasomatotopicalarrangementof tite

fibersascendingin ¡he dorsalfuniculusincluding dicir

pattern of Lermisiation in tite DCN aspreviouslynoted

in anurasis (Anta! ex aL, 1980; Nikundiwe el aL, 1982:

MMuftoz et al., 1991; A.Muñoz es al., l995a>. Titese

fibers isicludeprimnaryafferentsas weB assecond-order

projectiosis towardstite DCN, i.e. tite postsynapu¡c

dorsalcolumn system(tenDonkelaarandde Roervan

Huizen, 1991; A.Muñoz el aL, 1995a>.

A well-developedsystemof ascendingfibers in

dic dorsolateral funiculus was demonstrated. Tite

targetsof diesefibers include dic dorsalasid lateral

spinal fields of tite greyand,especially,tite areaof dic

latera] cervical nucleus. Similar observatiosiswere

made in ¡he Spanisit green frog, Sana perezí(A.

Muñoz exaL 1995b).Odierbrainstemprojectiosiswill

be discussedin a companionpaper(A. Muñoz, in

preparation).

In experimentswitereLite tracerapplicationsite

includedtite dorsalandlateral spinalfields as well as

tite dorsolateral funiculus somefibers were found

leaving Chat funiculus Lo innervatetite dorsal asid

lateral spisial fields rostral and caudalLo ¡he spisial
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segmesitinvolved.Someof diesefibersmay bespinal

primaryafferentsrunsiing in Lissauer’stracÉ (Anta! el

al., 1980; Nikundiwe ex al., 1982; M.Muñoz el al.,

1991; A.Muñoz ex aL, 1995a).However, also non-

primary inuersegmentalintraspinalprojeetionstitrougit

Lite dorsolateralfuniculusmayexist in ampitibiasis,as

is tite casein manimalsin witicit die spinocervical

tracÉ neurosisgive off collateralbrancitesLo various

targetsof tite spinal grey aL different spinal levels

(Snowa aL, 1976; Brown el aL, 1977; RastadeL al,

1977; Jankowskaexal., 1979; Maxwell andKocrber,

1986; Cao ex aL, 1993). Some of Che dorsolateral

funiculustibers titat insiervatedic differentspinal fields

caudalLo tite applicationsitemaybelongLo descending

projectionsfrom differesit spinal and supraspinal

sources,includisig tite LCN and ¡he latera! reticular

formation. In titese structures,retrogradelylabeled

neuronswere obseTved.Cose Lo tite obex, tite

dorsolateralfuniculusmassivelygivesoff Chin fibers,

directeddorsomediallytowardsaregionlocatedalosig

tite ventralborderof ¡he dorsal itorn in rostral spinal

segments.ibis zonerepresesitsLite anuranitomologue

of dic manimalianLCN.

Tite tract-tracingexperimentspresentedin titis

study suggestdiaL tite spinal projectionsLo die LCN

arise in celís located Litrougitout tite spinal cord,

mainly in tite ipsilateral decp dorsal field. Tite

spinocetvical tracÉ in mammals is an excitatory

glutamatergictract (Broman exaL, 1990; Kecitagias

andBroman, 1994)known Lo ariseiii spinal celís diaL

receiveami input from ¡he peripitery(seeWillis and

Cogitesitalí, 1991). Tite distribution of diesespínal

celís was studiedin tite rat, caL amid dog (Baicerand

Giesler, 1984; Craig, 1976, 1978; Craig ex aL, 1992).

They aredistributedpredomisiantlyin tite ipsilateral

nucleus proprius, substantiagelatinosaandlamninaIV,

witit fewer celís in lamina V. At cervical levels,

scatteredcelísin laminae1, V¡ asidVII alsocontribuLe

to Lite spinocervical Lract. A small contralateral

componentfrom laminae1, VII andVIII wasdescribed

incats(Brownetal.,1980). A possible

spinocervicaltracÉwasalio demosistratedin otiter non-

mamnialianvertebraLes(seeTable 1). [si birds, vanden

Akker(1970)sitoweda ‘dorsolateralascendingbundle

in Che dorsolateralfuniculus <bat arises in neurons

found in die deeppanof ¡he dorsalitorn. At cervical

leveis, diis busidle innervaLes¡he deep dorsalasid

centralspinal grey. More recentLract-Éracing studies

sitowed various ascending non-primary spinal

projectionsin Che dorsolateralfuniculusof tite pigeon

(FunkeandNecker, 1986;Fusike 1988;Necker, 1991>,

most likely including dic spinocervicaltract. Tite

ascendingspinal projectiosisChrougit ¡he dorsolateral

funiculus in birds arise from neurosislocated in

laminae1, IV, y amid in Claxke’s column (Funkeand

Necker, 1986; Funke 1988;Necker, 1991). In reptiles,

tite osily evidencefor Che presesiceof a spinocervical

Iraet comesfrom an anterogradedegenerationstudy in

¡he tegulizard, Tupinambis¡eguixin.Ebbessosi(¡967)

noted<bat aL caudalbrainstemlevelssomecollaLeral

tibers leavetite dorsolateralfuniculusandinnervateami

auca locateddorsal Lo tite itypoglossal nucleusasid

ventral Lo ¡he DCN. In o¡heranamniotes,evidencefor

a spinocervicaitract projecting Lo a lateral cervical

nucleusis aL leastsuggestive.¡n agsiadians(Nortitcutt

andEbbesson,1980; Ronanand Nortiteutt, 1990) as

well asin cartilaginous(Hayle,1973a,b;Ebbessonand

Hodde, 1981; Smeetsex aL, 1984) and bony Visites

(Hayle 1973a,b; Finger, 1981), ascendingspinal

projectionsweredemonstratedvia ¡he dorsalpanof dic

lateral funiculus. No separatesite of Lennination,

reminiscentof ami LCN, wasnoted.

Tite mamnialianLCN extendsfrom ilie obex

level u, tite secosidspinal segment,asid is fonnedby
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neuronsclose Lo amid extendinginto tite dorsolateral

funiculus.Titeir axonspassvia tite medial lemniscus,

amid mainly reacit Che mesencephalicsomatosensory

intercollicularzosieamid tite ventrobasalcomplexof tite

Litalamus, amid form Che cervicomesencepitalicand

cervicotitalamic uracts, respectively (Willis asid

Coggesitall,1991). Itere is substantialevidencefor

tite presenceof anLCN in non-mammalianvertebraLes

<Table 1). ¡n birds, Cheavailable<jata on ¡heexistence

of Che spisiocervicodialamicpadiwayamid ¡he LCN are

sparse.WiCh a silver impregnationtecitnique,Ramón

y Caja] (1911)alreadynotedan interstitialnucleusin

tite citick embryo, formedby triangularcelís located

dirougitout tite spisial dorsolateral funiculus, but

preferentially aL cervical levels. ¡si tite pigeon, Lite

LCN wasdefinedasacytoarchitectonicentity aL upper

cervical levels (¡<arLen amid Hodos, 1967). However,

van denAkker (1970)could noÉ distinguisit anLCN,

altitougit he found some celís located wititin tite

dorsolateralfuniculusaL itigit spisial levels. Also iri tite

pigeon, altitougit more caudally, Necker (1990)

describeda latera] spinal nucleusin Che dorsolateral

funiculusaL Che level of Che cervical intumescesice.

Necker (1989) noted someneuronslocated in <be

lateralneckof tite dorsalitorn closeLo tite dorsolateral

funiculus in ¡he first cervical scgmentdiaL were

retrogradelylabeledfrom tite cositralateralLitalamus.

Titis celí population is located in a position

comparableLo <batof Che mammalian(seeWillis and

Coggesitall, 1991) and ampitibian (presenÉsuudy)

Llialaxnic asidmidbrainprojectingLCN neurons.It may

represesit<be origin of tite cervicotitalamíctracÉ in

birds. In reptiles,ami LCN itas not beendescribedas a

cytoarcititectonic entity (Ebbesson1967, 1969;

Kusuma,1979; KUnzle asid Wocdson, 1982;Pritzasid

SÉriLzel, 1986). Retrogradetracerstudies(Hoaglamid,

1981, 1982; Pritz asid SÉriLzel, 1989, 1990) did not

focuson dicpossiblepresenceof ami LCN.

lix anuramis,no separateLCN was notedin Nissl

(Opdam ex aL, 1976; Nikundiwe asid Nieuwenituys,

1983; see also Fig. 3D) or Golgi (Ebbcsson,1976)

studies,but even ¡he anuranDCN was noÉ clearly

defineduntil recently (A. Muñoz exal, 1995a).Tite

existesiceof an amiuran LCN was suggestedin a

developmentalstudy(Foreitamidand Farel, 1982>. ¡si

liana catesbelanatadpoles,ERE’ was applied Lo tite

lateral aspect of tite reticular formation at

ritombesicepitaliclevelsbetweentite V¡h amid tite Xuit

nenesasid Lo ¡he tectum.Sornecontralateralneurosis

were retrogradelylabeledaL cervical levels in Lite

marginal zone, just outside tite intermediategrey.

Moreover, in a recesitstudy focussedon ¡he anuran

medial lemniscus(A. Muñoz el al, 1995a) it was

noteddiaL sorneneurons,titen called Cheventrolateral

componesitof tite DCN, were retrogradelylabeledfrom

tite ventral dialamusand, moreconspicuously,from

¡he latera! aspectof ¡he Lorus semicircularis.Titese

celísare intenningledwiCh dic pmper DCN neurosisin

Xenopuslaevis, but somewitatmore segregatedin

RaM perezi(A. MuñozaaL, 1995b>,andextesidmore

caudally titan tite DCN, up Lo tite secosid spinal

segmesit.Titis group of celis representstite anuran

itomologueof tite LCN in mainmals.Altitougit only a

few celís are actually presesit in tite dorsolateral

funiculusitself, dic desidritesof Che LCN neurosisare

maisily directedventrolaterallyasid extesiddirougbout

Che dorsolateralfuniculus. Nevertiteless,aL ¡he obex

leve!, witere tite DCN asid Che LCN coexist, it is

difficult Lo define neurosisaL intermediatelocationsas

belosigisig Lo ¡he DCN or ¡he LCN. Only tite

morpitologyof ¡heirdendrites,maisily orienteddorsally

or ventrolaterally Lo Lite dorsal funiculus or tite

dorsolateralfuniculus, respectively,and ¡he more

rostral extentof <be DCN, allow Lo distinguisit Che

neuronsof tite DCN asidtite LCN.
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In odieramiamniotes,dataon tite presenceof ami

LCN are sparse(Table 1). In teleosts,a comparable

nucleuswas observedaL tite obezlevel and ¡he first

cervical spinal segmesits(Fisiger, 1981; Ito a al.,

1986). In Sebasticusmarmoraxus,¡Lo et al. (1986)

demonstratedtitat mi LCN projectsLo tite ventromedial

titalamie nucleus. Additionally, in lampreys,

experimesitswi¡h diencepitalicor mesencepitalieHRP

applicationsresultedin retrogradelylabeledneurosisaL

Che obex levelasid in Lite first cervicalspimialsegnients

suggesting tite presesiceof a putative LCN in

agnadiamis(RosianasidNortitcuut, 1990).
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Bromami(1994)reviewedtite citemoarchitecture

of tite areaof tite mammalianLCN. ¡si sitort. GAB A-,

catecitolamisie-(see Doyle asid Maxwell, 1994),

serotonin-asidsubstaneeE’- positive termisialswere

foundwititisi Che LCN. Tite GABA-positive Lerminals

are ChougitL Lo belong LO intrmsisic LCN neurosis,but

¡he substamiceP-positiveasidserotosiergieinnervation

of tite LCN is titougittto baveaspisialasid supraspinal

origin, respectively.Glutamatergicterminala widiin

tite LCN are ¡hougitt Lo belongLo spinocervica]tracÉ

neurosisasid also Lo cervicotitalamictract collateral

axons<bat tenmiinatewititin dic LCN itself (Broman,

1994).Wititin tite limits of CheanuranLCN, GABA-,

glycisie-asid parvalbumin-positivecelísarepreseut,as

well as terminals immunopositive for CGRP,

substaixceE’, neuropeptideY asidserotonin(A. Muñoz

ex aL 1995a). Additionally in anuramis,processesof

catecitolaminergicneurons in Lite vicinity of Che

nucleusof tite solitary traetextendLo Che areawitere

LCN neuronsare located(GonzálezandSmeets,1994;

A. Muñoz exaL, 1995a).
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TASLE E

Tbe diatribution of a apinocervicothalamiosystem in vertebrates

Vertebrate group Spinacervicai, Lateral Cervico— Canteo—
tract cervical mesencephalic thalasie

nucleus tract tract

Agnathans

Lampre,ya
• Silver lamprey

(Iehthyomoaon unicuspis) ~2I

• Sea lanlprey
(Petromyzon marinus) ~2A2l +21 +21 +21

Hagtlahes
• ?acif la hagfish

(Eptatretus StOcttiJ

Gnathostomes
Cart,Ltaginous Lisboa
• Spotted dogflsh

<Scyliorhinus canicula) *~

• Nurse shark
<Ginglymostoma cirratum) *2 7

Boay Lisboa
• Sea robín

(Prianotus carolinus) 7
• Sebaaticus

marmotatus +10 +10

• Rudd
(Scardinius erythophthalmua> *~, 7 7

Amphibians
• Tiger salamnander

<Ambyatoma tigrinum) 7 .7
• Ribbed new-t

(Plourodeles waltl) +16 +16 +16 +16

• Clawed toad
(xenopus laevis) +15 ~ +“

-• Bullfrog
(liana catesbeiana)

• Large greca frog
(Sana percal> +14 +14

Reptiles
• Red—cared turtie

(Pseudemys acr.ípca e.¿egans) 7 7 ~12
• Tegu Lizard

(Tupinambis teguixin> ~1

Burda
• Pigeon

(Columba Ilvia) 7 +5.

Hamuala
• Rodenta, carnivores,

primates +2< +2< +~
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Symbols usad: + present; — not reportad or present; * indirect or suggestive
evidence; 7 unknown.
References: 1 — Ebbesson <1967>; 2 — Ebbesson and Hodde (1981>; 3 — Finger
<1981>, 4 — Forehand and Fatal (1982>; 5 — Funice and Neclcer <1986>; 6 — Funke
<1988>; 7 — Hayle (1977a>; 8 — Hayle <1973b>; 9 — Herrick <1930); 10 — Ita •t
al. <1986>; 11 — Karten and Hados <1967>; 12 — KUnz1e and Waodsan (1982>; 13 —

A. Muñoz at al. <1995a>; 14 — A. Muñoz ce al. <1995b>; 15 — A. Muñoz et al.
(prasent study>; 16 — A. Muñoz et al. (unpublished observatione>; 17 — Nackar
<1989>: 18 — Necker (1990>; 19 — Necker (1991>; 20 — Northcutt and Ebbasson
<1980>; 21 — Ronan and Northcutt (1990>; 22 — Smeets ce al. (1984>; 23 — van dan
Akker (1970>; 24 — WilJ.is and CoggeskialJ. (1990>.
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x

Hg. 1! Sdieanaticdrawingof transvenesectiomisof dic brainalemaid apinalcord of ayoungadult Xenopus
laevú showingdicIabelingtu dic damAsuddonalateralfunicuil afta¡u vdro applicadanof 3kD EDA into tite
lumbarapinalc’ord, betwecnIhe 91h andIOth dorsalroots. Dic level of tite sectiomisin Ibis sudotiter figuresis
mdicatedalong a dorsal view of dic centralnervoessystcm.
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Hg. 2: Sdiemañcdrawingof tresversesectioosof ubetitán atanst ubeapinalcordof ayoimg adult Xenopus
¡anis showingdr labellng la ubedorsalmd dorsolateralfuniculí ter la vitro 3kD BDA applicationimito tite
dxoradcapinalcordbetweendic SuÉmd 6th dorsalrocta.

T
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ABBREVIATIONS

DCN dorsalcolumnnucleus
1 dorsalfuniculus
dx dorsal itom
df dorsolateralfuniculus
dr(3-l0) titird-tenChdorsalroot
LCN latera]cervicalnucleus
lm lemniscusmedialis
Lor torussemicircularis
Vds nucleusof tite descendingtraet of die

trigeminal nerve
vit ventral itorn
vtit ventral titalamus
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En vertebradosterrestresbásicamenteexisten

dos sistemasde proyeccionesespinalesascendentes

(Willis y Coggesitall, 1991): 1) Sistemacolumna

dorsal-lemniscomedial formado por proyecciones

espinales aferentes primarias y no primarias que, a

travésdel funículodorsal,lleganitastalosnúcleosdela

columna dorsal, los cuales dan origen a la vía del

lemnisco medial que asciendeitasta el tálamo. 2)

Sistema anLerolateral formado por proyecciones

aferentes secundarias que, a través del funículo

ventrolateral,asciendenpara alcanzarla fonmiación

reticular,el tecitomesencefálicoy el tálamo.

¡gualmente se ita descritola presenciadeuna

terceravía bisinápticadenominadasistemaespino-

cervico-Lalámico,formadopor el tracto espinocervical

quetermina en el núcleo cervical latera! (LCN), el cual

proyecta contralateralmente, a través del lemnisco

medial, hacia regiones somatosensoriales

mesencefálicas y talámicas, originando los tractos

cervicomesencefálico y cervicotalámico respectivamente

(Willis y Coggeshall, 1991).

En el presente capitulo se presentan tres

artículosenlosquesehaestudiadolaposiblepresencia

de estossistemasen anfibios. En el segundo,se ita

logradodiferenciar,mediantelautilizaciónde técnicas

itistoqulmicase inmunoitistoqulmicas,los distintos

componentescelularesdelaplacaalarde la región del

óbex que se encuentranpobrementediferenciados

citoarquitectónicamente.

Cítoarpuitectura

En la mayoría de los estudios

citoarquitectónicosdel tronco cerebralen losanuros no

se distinguió el núcleode la columnadorsal(DCN) o

del funículodorsal(Arihs Kappersy Hammer, 1918;

Zeeitandelaar, 1921; Opdam y cols., 1976>. A partir de

los estudios de Woodburne (1939) con técnicas de

Marciti, el DCN delosanurosse ita considerado como

el sitio de terminación de fibras funiculares dorsales en

el rombencéfalo caudal, más que como una entidad

citoarquitectósiica (Anta] y cols, 1980; Nikundiwe y

cols., 1982>. Nuestros resultados muestran que el DCN

se localiza en la placa alar en la región celular que rodea

dorsal y lateralmente alpolo caudaldel tractosolitario,

en niveles de transición entre el rombencéfalo y la

médula espinal, segregado escasamente de los núcleos

del tracto solitario y del tracto descendentedel nervio

trigémino, situados medial y lateralmenteal DCN

respectivamente.Sin embargo,unaescotaduradorsal

sugiere la subdivisión del DCN en un componente

medial(gracilis)y otro lateral (cuneasus>deacuerdocon

observacionesprevias (Nikundiwe y cols., 1982;

Nikusidiwey Nieuwenhuys,1983).

Ouim¡oarpu¡tectura

En el presentetrabajo se itan caracterizado

diferentespoblacionescelularesen el núcleo de la

columnadorsaly en losnúcleosadyacentes,mediantela

utilización de marcajes histoqulmicos e

inmunoitistoquimicos,en algunos casos combinados

con técnicasde trazadoneuronal,y se ita realizadola

comparaciónde nuestrosresultadoscon los datos

existentesenotrosvertebrados.

En mamíferos la sintasa del óxido nítrico

(NOS), el cual probablementejuega un papel

importante como mensajero neurona] (Bredt y Snyder,

1992; Meller y Gebhart, 1993; Seituman y Madison,

1994), marca una población de neuronas en el DCNque

podrían establecer circuitos locales dentrodesuslímites

(Valtscitanoff y cols., 1993). La distribución de la NOS

y de la diaforasa neuronal del dinucledúdo-fosfato de
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nicotinamiday adenina(NADPDd) sonidénticas(Bredt

y Snyder,1992), por lo que laNADPHd puedeusarse

comoun marcadorparaNOS.Nuestrosresultadosen

las especiesde anurosestudiadas,demuestranla

presenciade neuronaspositivas paraNADPHd en el

DCN, núcleo del tracto solitario y en el núcleo del

tracto descendentedel nervio trigémino,coincidiendo

con datos obtenidosen mamíferos(Leigitt y cols., el

1990; Vincent y Kimura, 1992; Doitrn y cok., 1994;

Takemura y cols., 1994). Igualmente en nuestro

materal bemos observado fibras positivas para

NADPHden los tractos descendente del trigémino y

solitario, así como en los funículos dorsal y

dorsolateral.

Las proLeinas ligantes de calcio, como la

calbindinaD28k (Calb) y la parvoalbúmina(Parv), se

expresanendeterminadassubpoblacionesneuronalesen

el sistemanerviosocentraly periférico (Baimbridgey

cols., 1982; Garcia-Seguray cols., 1984; Braun, 1990;

Celio, 1990; Reny Ruda, 1994>,einclusomarcanvías

enLerasy sistemasfuncionalescompletos(Celio, 1990;

Andresseny cols., 1993). Estudios recientes (Celio,

1990; Rauselí y Iones, 1991a,b; Rauselí y cols., 1992;

Menétreyy cols.. 1992a,b;Maslanyy cols., 1992; Ren

y Ruda, 1994), itan demostradouna distribución

preferencial de proteínas ligantes de calcio, como la

Calb y laParvenestructurassomatosensoriales.

En la rata existen neuronas positivas para Calb

en determinadaslAminasdel astadorsalespinal(Antal y

cols., 1990; Reny Ruda, 1994), incluyendolas células

de origen de las proyecciones ascendentes espinales

(Menétrey y cols., 1992b), en los núcleossensitivos

trigeminales y en menor medida en los núcleos gracilis

y cuneatus(Cello, 1990; Maslany y cols., 1992). En la

rata Menétrey y cols. (1992a) demostraron que las

neuronas positivas paraCalb constituyenuna parte

importantedelossistemasdeproyeccióntrigeniánalesy

del núcleodel tracto solitario, y Celio (1990) sugirió

quela CaIb seexpresaen todaLa vía gustativa.En el

mono la Calb se expresa en las proyecciones

nociceptivasascendentestrigeminotalámicas(Rauselíy

Iones, 1991a,b)y espinotalámicas(Rauselíy cols.,

1992). En nuestros experimentos, en ambas especies dc

anuros, se observaron en la región del óbex dos

poblaciones neuronales positivas para Ca]b. La primera

en el núcleo del tracto solitario, y la segundaen el

núcleo del tracto descendentedel nervio trigéminoen

relacióncon afarenciasprimariastrigeminales.En la

médula espinal se observaron neuronas positivas para

Calb en el asta dorsal. Sin embargo, apenasse

observaronneuronaspositivasparaCa]b enel DCN.

Dicho patrón de distribución de neuronas

positivasparaCaIb sugiereque en anfibios anuros,

comoen mamíferos,laCalb podríaestarrestringidaala

parte nociceptiva del sistema somatosensorial,

incluyendo neuronas en el asta dorsal de la médula

espinal, y en el núcleo del Lracto descendente del

trigémino.

La Parv en mamíferos se expresa

abundantementeen la vía de la sensibilidadno

nociceptiva, es decir, en el sistema columna dorsal-

lemnisco medial (Celio, 1990; Rausell y cols., 1992> y

en el componenteno nociceptivode las proyecciones

trígeminotalámicas (Rauselí y Iones, 1991a,b).En

nuestros experimentos en anuros, se observó la

presenciade unapoblaciónneuronaldiferenciadade

célulaspositivasparaParv, quese relacionancon las

aferencias primarias espinalesy que se asemejaa la

poblacióndeneuronasdeproyecciónLalémica(vermás

adelante).
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Asimismo, el DCN de los anuros se

caracterizaporsucontenidoenneuronasGAB Aérgicas,

coincidiendoconlosdatospublicadosen mamíferosque

describenla presenciade interneuronasGAB A.érgicas

dentrodellos núcleosde la columna dorsal (Mugnaini y

OcrÉcí, 1985; Rustioni y Weinberg, 1989>. Sin

embargo, Pritz y Stritzel (1989a) sugirieron que el

DCN del reptil (Cabnancrocodilus)no posee neuronas

inmunoreactivaspara la descauboxilasadel ácido

glutámico (GAl)), e indicaronqueelDCN en reptiles,

al igual que el tálamo dorsal (ver ¡‘ritz y Stritiel,

1988), carecede neuronaspara la elaboraciónde

circuitos locales.

Igualmente, en el presente estudio se han

encontradoalgunasneuronasglicinérgicasen el borde

ventrolateraldel DCN de Rana perezi, en líneacon

datosobtenidosen la lamprea,en laquesehandesaiLo

neuronas glicinérgicas que initiben a neuronas

reticuloespinales(Dubuc y cols., 1993a,b), y en

mamíferos en los que se han observadocélulas

glicinérgicasde distintos tamailos en los núcleos

gracilis y cuneatus(Poruchoy cols., 1992).

En experimentosinmunoitistoquimicoshemos

podidocomprobarquelapartemáslateraldel DCN en

anuros,estáinervadapor fibras inmunoreactivaspara

sustancia1’ y CORI’, queasciendena travésdel tracto

deLissauer,al igual queentrabajosprevios(Rosentital

y Cruce, 1985; Adli y cots., 1988; ?eLkd y Sénta,

1992).Ademásdeestaproyecciónpeptidérgica,el DCN

en anurosestáinervadopor fibras inmunoreactivaspara

Leu-encefalina,neuropéptidoY y serotonina,deacuerdo

con datos publicados por Ueda y cols. (1984),

Mercitentitalery cols. (1989), y Lázáry cols.(1990) en

anuros, así como con los resultadosobtenidos en

mamíferos(Steinbuscit,1981; Westmany cols., 1984;

Hallidayy cols., 1988; lbuki y cols.. 1989; Tamataniy

cols., 1989; Conti y cols, 1990; Fabri y ConLi, 1990;

Blomqvist y Broman, 1993).Debido aqueen nuestros

experimentosconaplicacionesde trazadoresenel DCN

(ver apartadodeconectividad)seobservaronneuronas

retrógradamentemarcadasen elnúcleodel rafe, rico en

neuronasserotoninérgicas(Ueday cols., 1984),parece

probablequeestenúcleoseala fuente dela inervación

serotoninérgicadel DCN, como es el caso cii

niamiferos (Wilicockson y cols., 1987; Blomqvist y

Broman, 1993)

Conectividad

Los artículosprimeroy segundodel presente

capitulo se centran en el estudio del sistema columna

dorsal-lemniscomedial, y de las proyecciones

extralemniscalesdel núcleo de la columna dorsal

(DCN), mediantetécnicasde trazadoneurona] tanto

anterógradocomoretrógrado,y demuestransu similitud

con el mismo sistema presente en vertebrados

amnioLas.

Nuestrosresultadosenanuroscorroboran,de

acuerdocon estudiosprevios (Antal y cols., 1980;

Nikundiwe y cols., 1982; Jitaveri y Frank, 1983), la

existenciaun sistemadeaferenciasprimariasespinales,

somatotópicamenteorganizado,quealcanzay delimita

elDCN, de forma quela regiónmedial(gracitis> está

inervadapor fibrasprocedentesdesegmentoscorporales

lumbares y torácicos, mientrasque Las fibras de

segmentoscervicales proyectana la región lateral

(cuneatus).En el casode las aferenciasbraquialeslas

fibras primariascontinúanrostralmenteparainervar el

complejonuclearvestibulary, en mayor número, la

capagranulardel cerebelo(Antal y cols., 1980; Székely

y cols., 1980).
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La presenciaen elfunículo dorsaldeaferencias

espinalesno primarias a los núcleosde la columna

dorsal,o sistemaposisinápticode la columnadorsal

(PDCS), se ita demostradoen mamíferos(Rustioni,

1973; Angaut-Petit, 1975a,b; Rustioni y Kaufman,

1977; Bennett y cols., 1984; Giesler y cols.. 1984),

aves(Funke,1988) y reptiles (¡‘ritz y SÉriLzel, 1994).

En a]gunosmamíferosel PDCStransmiteinformación

nociceptiva(Uddenberg,1968; Angaut-Petit, 1975b;

Besinctt y cols., 1984; Kamogaway Bennett,1986).En

anbibiosten Donkelaary de Roer-vanHuizen, (1991)

sugirieronsu existenciapor primeravez en un estudio

realizado en larvas de Xenopus laevis. Nuestros

resultadosen experimentoscon aplicaciones de

trazadoresal DCN confirman, en adultostanto de

Xenopus laevis como Reina perezi, la presencia de

aferenciasespinalesno primariasal DCN, las cualesse

originan mayoritariamente en la sustancia gris dorsal

ipsilateral, en toda la extensiónrostrocaudalde la

médulaespinal,y seorganizandemanerasomatotópica,

comoenel casodelas aferenciasprimarias.

¡gualmenteitemos observadoque la parLe

latera] del DCN de los anurosestáinervadapor fibras

del tractodescendentedel nervio trigémino,procedentes

de los nerviostrigémino, facial, glosofaringeoy vago.

deacuerdoconresultadosobtenidosenestudiosprevios

(Rubinsony Friedman,1977; Mateszy Székely,1978;

Fuller, 1979; Lowe y Russell, 1982; Altman y Dawes,

1983; Stuessey cols., 1984; Oka y cols., 1987;

Gonzálezy cols., 1993).

En mamíferosla transmisiónde información

sensitiva,medianteel sistemacolumnadorsal-lemnisco

media], escontroladaporvíasprocedentesdelacorteza

cerebral (Kuypers, 1958; Kuypers y Tuerck, 1964),

núcleo rojo (Edwards,1972; Weinberg y Rustioní,

1989), núcleosvestibulares(Weinberg y Rustioni,

1989), cerebelo(Sotgíu y Cesa-Bianciti, 1972), y

formación reticular (Willcockson y cols., 1987;

Weinberg y Rustioni, 1989). Nuestros resultados

demuestranque en anuros, con la excepciónde la

cortezacerebraly del núcleorojo, existe un “control”

del DCN comparableal demamíferos.En experimentos

coninyeccionesdetrazadoresen elDCN, seobservéun

marcajebilateral en célulasdel núcleo cerebeloso,

núcleo ventral del nervio VIII y en la formación

reticularen niveles entre los núcleos motoresde los

nerviosVII y IX, asícomoenelnúcleoinferior delrafe

cuyaproyección,presumiblementeserotonérgica.podría

serla fuentedela fuerte inervacióninmunoreactivapara

serotoninadel DCN,deacuerdocon losdatosdescritos

en mamíferos(Willcocksony cols., 1987; Blomqvisty

Broman, 1993).

Una partedel presenteestudiose ha centrado

en las conexioneseferentesdel DCN. Aunque son

escasosen la literatura los trabajossobreel lemnisco

medial en anuros, diversos autores presentaron

evidenciasanatómicasy electrofisiológicasde la

existenciaunaproyeccióncontralateraldesdelaregión

del DCN al tálamo(Vesselkin y cols., 1971; Vesselkin

y Kovacevic, 1973; Silvey y cols., 1974; Neary y

Wilczynski, 1977; Urbán y Székely, 1982), y a la

región latera] del torus semicircularis (Comer y

Grobstein, 1981; Wilczynski, 1981; Neary y

Wilczynski, 1986; Neary,1988), lo quesugierequeel

lemniscomedial,seasemejaal presenteen amniotas,si

bienno existen,itastaelmomento,estudiosbasadosen

técnicasde trazado anterógradosobre la anatomía

detalladadellemniscomedial,quelo confinnen.

En nuestrosexperimentos,conaplicacionesde

trazadoresen el DCN, se observóel lemniscomedial

como un sistemamayoritariamentecontralateralque

asciende a lo largo del tronco cerebral itasta el
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diencéfalo.En su recorrido origina colateralesque

alcanzan diversas zonas de la formación reticular

rombencefálica,el áreaoctavolateral,y lacapagranular

del cerebelo.En nivelesmesencefálicos,el lemnisco

medialinervala región lateraldel torus semicircularis,

principalmentelos núcleoslaminary magnocelular,y

los núcleosLegmentalesanterodorsaly anteroventral,

así como los núcleosrojo e intersticial del fascículo

longitudinal medial. En Xenopus laevis, hemos

observadoquelas capastectalesintermediasy profundas

estántambiéninervadas,de acuerdocondatospreviosde

trazado retrógrado(Wilczynski y Nortitcutt, 1977;

Zittlau y cols., 1988; Hofmanny cols., 1990; Masino

y Grobstein, 1990). En niveles rostrales

mesencefálicos,algunasfibras marcadassedistribuyen

en la sustanciagris pretoral y gris pretectal.En el

diencéfalo,diversasáreasta]ámicas,tantodorsalescomo

ventrales,recibenfibras del lemniscomedial. La parte

ventral de los núcleosposterior,central y, en menor

medida, del núcleo anterior del tálamodorsalestán

inervadas,mientrasque los núcleosventromedialy

ventrolateraltalámicosasícomoelnúcleodel tubérculo

posteriorrecibenunainervaciónmásdensa.

Debido a la escasadiferenciación de los

distintos componentespresentesen la placaalar de la

región del óbex, y conel fin deconfirmarsi las citadas

proyeccionesascendentesrealmentese originanen el

DCN, serealizaronaplicacionesde diversostrazadores

en el tálamo ventral, torus semicircularisy en el

cerebeloenambasespeciesdeanuros.

En los experimentoscon aplicacionesde

trazadoresen el tálamoseobservaroncélulasmarcadas

retrógradamente en la región del DCN,

mayoritariamenteenel ladocontralateral.Lasdendritas

dedicitasneuronasson largasy se dirigen tanto dorsal

como ventrolateralmente,alcanzandolos funículos

dorsal y dorsolateral,respectivamente.Susaxonesse

puedenseguiren el lemniscomedialcontralateral.Las

aplicacionesrealizadasen el torus semicircularis

permitieron marcar neuronas dentro dcl DCN,

principalmentecontralaterales.Se observarondos

grupos celulares distintos cuya segregaciónes más

patenteen Reina peral queen Xenopuslaevis. El

primeroestáconstituidopor células localizadasen la

regiónmásdorsaldelasustanciagris, condendritasque

seextiendenen la zonadefibras situadadorsalmentea

ellas. Sus axones se dirigen ventromedialmente, para

cruzar la línea mediay formar parte del lemnisco

medial. El segundogrupo de células marcadasse

localizaen la zonalatera]marginalde lasustanciagris

dorsal,desdeel nivel dcl óbex al segundosegmento

espinal,sus dendritasse dirigen principalmentea la

partedorsaldel funículo latera]y al funículo dorsal,y

susaxonesingresanenel lemniscomedial.

Además,en los experimentosconaplicaciones

tanto en el tálamocomoen el torus semicircularis,sc

marcaronbilateralmentealgunascélulasenelnúcleodel

tracto descendentedel nervio trigémino, coincidiendo

con datos previos (Comer y Grobstein, 1991;

M.Mutloz y cols., 1994).

El componenteventrolateraldel DCN proyecta

al tálamo y al torus semicircularis y se extiende

caudalmente hasta el segundo segmento espinal. Las

dendritasde susneuronasse dirigen principalmenteal

funículo dorsolateral,mientrasque sus axones se

incorporanal lemniscomedialcontralateral.Se podría

estableceruna comparacióncon el núcleo cervical

lateral de los mamíferos,el cual recibe información

somatosensoriala través del tracto espinocervicaly

proyecta,contralateralmentea través del lemnisco

medial,aregionessomatosensorialesmesencefálicasy

talámicas(Willis y Coggesitall,1991).
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El presente estudio confirma la presencia en

anurosdel sistemacolumnadorsal-lemniscomedial

cuyas dianas rombencefálicas, mesencefálicas y

diencefálicas son mucito más diversas y extensas de lo

quese itabiasugeridoenestudiosprevios(Vesselkiny

cols., 1971; Silvey y cols, 1974; Neary y Wilczynski,

1977; Comer y Grobstein, 1981; Wilczynski, 1981;

Forehandy Farel, 1982; Urbán y Székely,1982; Neary,

1988).La vía lemniscalenanurospareceser,en lineas

generales,similara la de amniotas (reptiles: Ebbesson,

1978; Siemen y Kúnzle, 1994a; aves: Wild, 1989;

mamíferos: Hazíett y cols., 1972; Hand y van-Winkle,

1977; Feldman y Kruger, 1980; Berkley y coL, 1986;

ver también Willis y Coggesitall, 1991)

Además del lemnisco medial, en nuestro

material con aplicaciones de trazador en el DCN,

observamosque éste núcleo origina proyecciones

extralemniscalesipsilateralesalacortezacerebelosa,y

proyeccionesbilateralesa la médula espinal. En

experimentos de trazado retrógrado, con aplicaciones en

el cerebelo, observamos neuronas marcadas

bilateralmenteenelDCN, aunqueenmayornúmeroen

el lado ipsilateral de acuerdo con datos previos

(Gonzálezy cols., 1984). Los axonesde dichas

neuronasparecendiscurrirjuntoconlas fibrasprimarias

espinalesque asciendenigualmente itasta la capa

granulardel cerebelo.Las neuronasdel DCN que

proyectana la médulaespinalenvían sus axonesa

travésdel funículo dorsalipsilateral, y terminanen el

asta dorsaly de forma más dispersaen los campos

lateral y ventral, principalmenteen niveles cervicales.

Dicita proyección fue igualmenteconfirmada en

experimentos de trazado retógrado,conaplicacionesen

diversos niveles espinales, en los que se marcó una

población celular en el DCNipsilateral.

En el tercer articulo de este capitulo se

presentan evidencias en favor de la existencia en anuros

del sistema espino-cervico-talámico, descrito en

mamíferosy formadopor el tracto espitiocervicalque

termina en el núcleo cervical lateral (LCN), y los

tractos cervicomesencefálicoy cervicotalámico

respectivamentequeformanparte del lemniscomedial

(ver Willis y Coggesitall, 1991). Hastael momento,el

sistema espino-cervico-talámico no ha sido descrito en

vertebrados no mamíferos, en los que únicamente se

dispone de datos aislados que sugieren su existencia

(Ebbesson. 1967; Finger, 1981; Forehand y Farel,

1982; Ito y cols., 1986; Necker, 1989; Ronan y

Nortitcutt, 1990).

En anfibios el tracto espinocervical no ha sido

descrito, aunque en estudiosbasadosen técnicas

degenerativasse observóla presenciade proyecciones

espinales ascendentes en el funículo dorsolateral

(Ebbesson, 1976). Algunas de dichas proyecciones

correspondena aferenciasprimarias dcl tracto de

Lissauer (Antal y cols., 1980; Nikundiwe y cols.,

1982), si bien podrían igualmente incluir fibras no

primariasdel tracto espinocervical.

En el presente estudio se han realizado

experimentos in vitro de trazadoanterógradoy

retrógrado en Xenopuslo.evis, conobjetode caracterizar

el patrón de terminación del posible tracto

espinocervical, así como las célulasquelo originan.

En experimentosconaplicacionesde BDA, en

la región dorsalde la médulaespinal en segmentos

lumbares, torácicos y cervicales, se observaron tractos

de fibras en los funículosdorsaly dorsolateral,rostraly

caudalmente a los sitios de inyección.
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Las fibras que ascienden en el funículo dorsal

presentanun ordenamiento somatotópico, de acuerdo

conlosdatosdescritosparalasproyeccionesprimarias

(Antal y cols., 1980; Nikundiwe y cols., 1982; Jitaveri

y Frank, 1983) y no primarias (A.Muíloz y cols.,

1995), y emiten colateralesquealcanzanprincipalmente

los campos dorsal y lateral y ocasionalmente los

campos ventrales en distintos segmentos espinales,

dependiendodel nivel de laaplicación.En laregióndel

óbex dichas fibras inervan el DCN ipsilateral, de

acuerdocosi lasomatotopiamediolateralquepresentan

en el funículodorsal.

Las fibras del funículo dorsolateraloriginan,

rostral y caudalmenteal nivel de inyección,colaterales

que inervan los camposdorsaly latera] de distintos

segmentosespinales,segúnel nivel de la aplicación.

Algunas de estas fibras podrían ser aferencias primarias

espinales pertenecientes al tracto de Lissauer (Antal y

cols,, 1980; Nikundiwe y cols, 1982), aunquetambién

podrían existir en anfibios proyecciones espinales no

primarias intersegmentarias a través del funículo

dorsolateral,comoocurre en mamíferos,en losquelas

neuronasdel tracto espinocervicalemitencolateralesa

diversas dianas en distintos niveles espinales (Snow y

cols., 1976; Brown y cols, 1977; Rastady cols, 1977;

Jankowskay cols., 1979; Maxwell y Koerber, 1986;

Caoy cols., 1993).

En segmentoscervicalessuperioresy a nivel

del óbex, la mayoría de las fibras del funículo

dorsolateral, procedentes de todos los niveles espinales,

setuercendorsomedialmentepara inervar masivamente

las neuronas situadas en el límiteventrolateraldel asta

dorsal. Dicha proyección representa en anfibios un

posibleequivalentedel tracto espinocervical,presente

en mamíferos (Willis y Coggesitall, 1991). En niveles

ligeramente caudales al óbex se observó una región en

la sustanciagris, con forma de banda,en la que se

produce un solapamiento de las proyecciones,

procedentes de los funículos dorsal y dorsolateral, que

inervanelDCN y el equivalente en anfibios del LCN

respectivamente(ver más adelante). Dicha región

delimita el borde ventral del tracto descendente del

trigémino, y de las células relacionadascon él

(Gonzálezy cols., 1993).

El tracto espinocervical en mamíferos es una

proyecciónglutamatérgica(Broman y cols., 1990;

Kecitagiasy Broman, 1994)quese origina en células

espinalesquereciben proyeccionesdesdela periferia

(Willis y Coggesitall, 1991). Dichas neuronasse

distribuyenipsilateralmenteen el núcleo propio, la

sustanciagelatinosade Rolando, láminas ¡V, V, y en

niveles cervicalesen las laminas ¡, VI y V¡¡; y

contralateralmenteen las láminas¡, VII y V¡II (Brown

y cols, 1980; Baker y Giesler, 1984; Craig, 1976,

1978; Craigy cols, 1992).

En vertebrados no mamíferos el tracto

espinocervicalno se ita descritocomo tal, si bien

existen evidencias, basadasen experimentosdc

degeneracióny de trazadoanterógradoy retrógrado,en

favor de su existenciaen aves(van denAkker, 1970;

Funkey Neeker, 1986; Eunke 1988; Necker, 1991)y

reptiles (Ebbesson;1967). En agnatos,(Nortitcutt y

Ebbesson,1980; Ronany Nortitcutt, 1990), asícomo

en peces cartilaginosos (Hayle, 1973a,b; Ebbesson y

Hodde. 1981; Smeetsy cols., 1984) y óseos(Hayle

1973a,b;Finger, 1981),se ita demostradolapresencia

de proyecciones espinales ascendentes a través de la

región dorsaldel funículo lateral, aunqueno se ha

descritoel tractoespinocervical.

Con objeto de caracterizarla población

neuronalcuyasproyeccionesasciendenen el funículo
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dorsolateral,se realizaronexperimentosiii vitro con

pequeñasaplicaciones de BDA en el funículo

dorsolateral,anivel del óbexy en el segundosegmento

espinalcervical. Dichos experimentosmarcaronuna

extensapoblación de células en el asta dorsal,

principalmenteipsilateral,desdenivelescervicaleshasta

nivelessacros.La mayoríade las célulasse encuentran

en la región más profundadel campodorsalde la

sustanciagris espinal.Igualmenteseobservanneuronas

marcadas,aunqueenmenornúmero,ipsilateralmenteen

lapartesuperficialdel astadorsal,y contralateralmente

en los campos ventrales de la sustanciagris, en

segmentoscervicalesinferioresy torÉcicos.

El LCN en mamíferosestá formado por

neuronasadyacentesasí como incluidas dentro del

funículo dorsolateral, y se extiende desde el nivel del

óbexhastaelsegundosegmentoespinal.Los axonesde

susneuronasasciendena travésdel lemniscomedia] y

alcanzan,principalmente, la región intercolicular

mesencefálicasomatosensorial,asícomo el complejo

ventrobasal del tálamo, formando los tractos

cervicomesencefálico y cervicotalámico,

respectivamente(Wíllis y Coggeshall,1991).

Aunqueen avesno ita sido descritocomotal

núcleo,existenevidenciasqueindican laexistenciadel

LCN (Ramón y Cajal, 1911; ¡<arLen y Hodos, 1967;

van den Alcker, 1970; Necker, 1989, 1990), sin

embargo,en reptilesno seita mencionadonadarespecto

alaposibleexistenciadel LCN (Ebbesson1967,1969;

Kusuma, 1979; KÚnzle y Woodson, 1982; ¡‘ritz y

SÉriLzel, 1986; Hoogland,1981, 1982; PriÉz y Stritzel,

1989,el 1990).

En anamniotaslos datossobrelapresenciade

un LCN sonescasos.En teleósteos,se ha descritoun

núcleocomparablea nivel del óbex y en los primeros

segmentos espinales cervicales (Finger, 1981; Ito y

cols., 1986). En SebasticusinarmorarusIto y cols.

(1986)describieronelLCN enbasea susproyecciones

al núcleo ventromedialtalámico.Adicionalmente,en

lampreas, en experimentos con aplicaciones

diencefálicaso mesencefálicasde HRP, se observaron

neuronasmarcadasretrógradamentea nivel del óbex y

en los primeros segmentoscervicalesespinales,

sugieriéndosela presenciade un posible LCN en

agnatos(Ronany Nortbcutt, 1990),

En anuros, mediante estudiosbasadosen

tincionesde Nissl (Opdamy cols., 1976; Nikundiwey

Nieuwenhuys,1983,o de Golgi (Ebbesson,1976>, no

se ita descrito el LCN como una entidad

citoarquitectónicadefinida. Sinembargo,la existencia

del LCN fue sugeridaen un trabajosobreel desarrollo

ontogénicode la médulaespinal (Forehandy Farel,

1982>, en baseal marcajeretrógradoobservadoen

experimentosen losse realizaronaplicacionesdeHRP

en la región lateral de la formación reticular

rombencefálica,y en el mesencéfalo;asimismoA.

Muñoz y cols. (1995; artículo segundodel presente

capitulo), medianteaplicacionesde trazadoresen el

tálamo y en el torus semicircularis, marcaron

reirógradamenteneuronas,separadasventrolateralmente

de las del DCN en Reina pered, y parcialmente

entremezcladasconellas enXenopush~evis, quefueron

consideradasentonces como un componente

ventrolateraldeestenúcleo,conciertasimilitud al LCN

por surelaciónconel funículodorsolateral.

En el tercerartículodel presentecapitulo se

realizaronexperimentosadicionalesconaplicacionesde

RDA en el tálamoventralo en el torus semicircularis.

En ambos tipos de experimentos se marcó

retrógradamenteunapoblaciónneurona]enunáreade la

placa alar de la región del óbex, que incluye dos
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componentesno distinguiblescitoarquitectónicamente:

el DCN, localizado dorsomedialmente y en relación con

las fibrasascendentesdel funículodorsal, y el LCN en

posiciones más ventrolateralesdonde terminan

masivamentelas fibras del funículo dorsolateral.

Aunquesoloalgunascélulasdel LCN estánrealmente

localizadasdentrodel propio funículo dorsolateral.las

dendritasdetodasellasse dirigenmayoritariamenteen

dirección ventrolateral,extendiéndosea lo largo del

funículo dorsolateral,a travésdel cuál puedenrecibir

informaciónespinalascendente.No obstante,a nivel

del óbex, dondecoexistenel DCN y elLCN, esdifícil

discernira cuál de las dos poblacionespertenecenlas

neuronas localizadas en posiciones intermedias,

únicamentelaorientacióndesusdendritas,dorsalmente

itacia el funículo dorsalen el casode neuronasdel

DCN, o ventrolateralmenteitacia el funículo

dorsolateralen el casode las del LCN, así como la

extensión más rostral del primer núcleo, permiten

establecerdiferencias

En elpresentecapíLuía sepresentanevidencias

quedemuestranlaexistenciaen anurosde los sistemas

columna dorsal-lemnisco medial y espino-cervico-

talámico,con un patrónbásicodeorganización,similar

a] descrito en amniotas.Si bien existendatosque

sugieren una organización similar en peces, no se itan

realizadoestudiosrecientes,mediantetécnicasdetrazado

neurona]e inmunoitistoqulmicasquelo demuestren,por

lo que resultanecesariosu estudio con objeto de

establecersi existeun esquemasimilar en laanatomia

de sistemassomatosensorialesen todoslos vertebrados.
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Organization of the caudal rhombencephalicalar
plate of tite ribbed newt Pleurodeles waltl: Evidence
for the presenceof dorsal column and lateral
cervical nuclel

6.1

A. Muñoz”2, M. Muñoz’, A. González’and
H.J. tenDonkelaar2

‘Departmentof Ccli Biology, ComplutenseUniversity
of Madrid (Spain)
2Deparunent of Anatomy ami Embryoiogy, University
of Nijinegen, Nijmegen(TbeNetlieriands)

Basedoir Brain Behavicurand Evolution

(Submitted)

Kcy words:amphibians,ascendingapinalprojections,

dorsalcalumanucicus, lateralcervicalnucicus,medial

lenmiscus,tenissemicircularis,thalamus

ABSTRACT

As pan of a researchpragrammeen dic

evolution of somatosensorysystemsin vertebrates,dic

cytoarchitecture, chemoarchitecture,ami fiber

connectionsof dic caudalrhombencephalic alarpiale

were studiedin dicribbednewt, Pleurodeleswal¡1. ibis

pan of dic brain stem includes ilí-defined dorsal

calumaandlateralcervicalnuclei. A cytoarchitectonic

analysisrevealedthaI liie caudalmeduliaryalarplate

consisísof mi inner ami mi ontercelí layer. Theeuler

ccli layeral dic obex level forms dic dorsalcolumn

nucleus(DCN), whereasche ventrolateralpanof Ibis

ccli ¡ayer fonna a lateral cervical nucleus (LCN).

NAtWH-diaphorasehistochemistryand calbindinD-

28k immunohistochemistryclearly delineatedic mala

componenisof dic campad inner ccli ¡ayer, Le. che

nucleusof dic selitarytracídorsallyamI dic nucleusof

dic descendingtrigeminal trací ventrally. Neilber

NADPH-diaphorase-labelednor calbindia D-28k
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positive acuroaswcre abservedin DCN and LCN.

Widi anteragradeandretrogradetracing dic DCN ami

LCN werc furtberdelineated.Labcling of asceadiag

dorsalroal affereatsshowcdtbatdicdorsalcoLumn ami

dic DCN aresomaíetapicallyarranged:lumbarprimary

alferentstenninateen medialDCN acurons,whereas

cervicalprimar>’ affcrentsterminateen lateral DCN

aeurons.The LCN ja deasel>’ iaaervatedby dic

dorsolareralfualculus. Retrogradetracing sliawed

exíensiveprcdominanliycoatralateralprojectienaof

bothdic DCN andLCN te chetenissemicircularisand

dic ventral Ihalamus.

Ihese data shaw thaI cvea ja dic poorly

segregaledcaudal rhambcncephaiicalar plate of

urodelesa DCN andLCN can be disliaguishedwith

afferentandeffereatprojectionscomparablela thosc in

anuranaandodierterrestrialvertebrales.

INTRODUCTION

Ascendiagspiaalprajectioasin dic brain of

veríebratesjaclude diree main systems: 1) mainiy

ipailateral primar>’ and non-primar>’ (i.c. tlie

pastsynaptiedorsalcoiumn systcm)projectiaasvia dic

dorsalfuaicuiuschal lerminateprimarily la dic dorsal

column nucleuswitbia che alar plate of dic most

caudalpanof dic meduila;2) ipsiiateral,aon-primary

projectionavía dic darsolateralfuniculusdiattermiaatc

at uppcr cervical segmeala,in dic lateral cervical

aucleus aud in various rhombenccphalicaud

mescncephalictargeta;3) secondar>’prajectiaasvía dic

anterolateralcalumaof ventralquadrant,i.e. dxc ventral

and ventralateralfunieuli, la dic reticular formallea,

mesencephalanami dialamus(A. Muñoz elal., 1995,

1996a,b).Additianally, both tlxe dorsaleoiumnanddic

laleralcervicalauclel giverisc lo contralaleralami, lo a

leaser extent, ipsilateral, prajectians te tbe

mescncephalonand thalamus through che medial

lemaiscus(Wiilis andCoggeshall,1991).

In uradeles, in previous síndies basedea

sjiver staining <Herrick, 1914, 1930) and ea

anteragradedegeneralion(NieuwenhuysandCornelisz,

1971) techniques,spinalasceadingfibers in cheventral

aad lateral funiculí were described diat reach

rhembenccphalicand mescacephalictargeis.Recení

síudiesbasedea modern lract-tracing techniques

demonstratedamore elaboratepaIlera of apinalfibers

chalascendin che ventralquadraníof che apinalcord

(A. Muñoz el al., 1994a). In aauraas,che dorsal

columaaucleus(DCN) is characterizedby ita afferent

(Antal el al., 1980; Nikundiwe et al., 1982; ten

Dankelaarandde BaervanHuizen, 1991; A. Muñozcl

al., 1995)andeffcreal(Neary andWiiczynski, 1977;

Forehandand Farel, 1982; A. Muñoz el al., 1994b,

1995)cennectiona,as weil as immuaehislochemically

(A. Muñoz cl al., 1995) and elcctrophysioiogically

(Silvey el al., 1974; Urbán and Székely, 1982).

Moreover, in anurana,ILe presenceof a apinocervical

tracÉ and edier ascendingspinal prejcctiansin dic

dorsolateralfuniculus, as well as dic existenceof a

latera] cervical aucleus(LCN) and lÉs mesencephalic

and diencephalicmedial lemaiscalprojcctioas were

describedreecalí>’ (A. Muñoz el al., 1996a). In

urodeles,studies baseden silver stainiag (Herrick,

1914, 1930, 1944), antcrogradedegeneralion

(NieuwcahuysandCornelisz,1971)and lract-lracjng

(ReIL andWake, 1985)techaiquessuggestthatspiaal

primar>’ affereatprejcctieaste dic dorsal gray al dic

obcx level aresamalolapicallyorganized.In dic tiger

salamander,Ambystomatigrinum, Herrick (1944)

reporleddic presenceof a pearlysegregatedaucleus

cemmissuralisia ILe obex region relatedte visceral

afferentsof ILe soiitary trací, and a nucleusof dic

funiculus dorsalis probabiy receiviag lateral lino,
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vestibular,trigeminal and,especially,ascendingspinal

afferents.NeilberaDCN normi LCN wcrc netedin a

lalercytoarchitcctonicstudyof dxc brain slcm ja che

axolor] (Opdammid Njeuwenbuys,1976).

The centralnerveussystemof uradelesis

often considercdte be primitive. Howevcr, careful

studiesby cg. Rodi and co-werkers(summarizedby

Roíh, 1987 and Relh el al., 1993) shaw chal dic

saiamanderbrain possessesvirtually ah dic analomical

andfunctieaalprepertiesfound in anurans,which are

usuallyregardedas being much mereevelvedwidi

respecílo dxcguidanceof comparablebehavior.Recení

studies (c.g., Norlhcutt, 1987; Roth el al., 1992,

1993) suggesídial che eveiníjenof dxc salamander

nerveus system is characíerizedby secondary

siinplij¡ carian, wbich gives che impressiondiat dic

brains of salamandersare more prjmitive chan dxc

phylogeneticposition of salamandcrs,as letrapods,

implies (Rach el al., 1992). la che presenísludy, mi

atle¡npí is madete characícrizedic variousneurona!

componenlsof dxc caudalpanof dic medullar>’alar

piale in che ribbed ncwl, Pleurodeleswaltl. It can be

expectedchalwithin chis ilí-definedpanof dic braina

DCN andmi LCN wilh¡ appropriatcfiber connecrioas

arepresení.Thc presenístud>’ includes:1) adiscussien

of dic cytoarchilccteaíesof dic caudalpan of che

medullar>’ alar piale; 2) dala ea dic chemical

neureanatomyof tbis ilí-defined arca, and 3) an

analysisof íts fiber ceanecdeas.

MATERIALS AND METHODS

Gerhard Roth from dic Universjly of Bremen

(Germaay).Fer a cyíearchitectaaicaaalysisof che

obex region, Nissl (cresylechlvioleí)-síainedseries

were available,cut eilher transversally,herjzoatallyor

sagjttallyal a lhicknessof 20 pm.The hisíechemical,

immunebistochemicalandtract-lracingtechniquesused

in chis síud>’ are discussedbclew. The nemencialure

usedis baseden siudiesby OpdamandNieuwenhuys

(1976)eadic brainstem.

NADPH-diaphorasehistocheinistry

Eighí animais werc anesdietizedia a 0.3%

soluíjen of tricaine mcthanesulpheaale(MS222,

Sandez),andsubsequendyperfusedtranscardiahlywidi

a 0.9% saljne soiutiea followed by a fixative

ceníaining4% parafonnaldchydeami 15% saturated

picric acjd ja 0.IM phesphaíebufler (pH 7.4). The

brainsadspiaalcordweretakeaaul andfurdierfixed in

dic same fixalive br six te eighí hours al roem

temperalure.Ihe>’ were subsequcatl>’immersedin a

30% phesphaícbuffer selutienaL 40C, emnbcddcdia a

15% gelalin amI 30% sucresesolutien,andsíeredfor

five haura ja a 4% formaldehydeselution al roem

lemperature.On a freezingmicreleme,30 er 40 pm

frental sectianswere cuí and cellecíedin phesphale

buffcr. Free-tloaíiagseclianswerc incubaled in a

medium coníaiaing InxM B-NADPH, 0.8mM

nitroblueletrazoljumand0.06%Triton X-100 in 0.IM

phesphalebuffer (pH 7.6) al 370C for one te lwo

hours.After incubation,che scctionswerc diereughly

riasedin PB. la direecasesaflcr rinsing, dic secíjoas

werc also precessedfor tyresine bydroxylasc

jmmuaahistocbemisrryasdescribedbelew.

The dalaprescatedarebasedon a total of 77

adulÉ specimcntsof Pleurodeleswalt! oblainedfrom

laberatar>’ stackof dxc Departmcalof Ccli Bielogy,

Universjly Complutenseof Madrid ardenatedby Dr.
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Imntunohistochenx¡calprocedures

Fer dxc immunohisíocbcmicalprocedures

used,animals were anesdietizedwith mi everdoseof

M5222, and transcardiallyperfusedwith salme

followed by amixtureof 4% paraformaldehyde,0.05%

glutaraldchydeand0.2%picric acídin 0.IM phosphate

bufíer (pH 7.4). ibe brain and spinal cerd wcre

removed,pesífixedfor 4-7 hoursin dic samefixative

aadembeddedin 15% gelalinwjdi 30%sucrose.Brains

were cuí frentaliy en a frecziag microtomeer en a

vibratomeal40 pm, anddic secíioaswere collecledin

Tris-salme (TBS) buffcr (0.05M, pH 7.6). AII

anlibodieswere diluled in 0.1% normal serumof dic

speciesja wbich dic secondar>’antibed>’was raisedin

TBS widx 0.1% Triton X-100 (Sigma). The secíions

were preincubaledfor 1-2h in TBS conlaining 3%

normalserumandO.1% Triton X-100 andsubsequenlly

incubalediii dic primar>’ antibody-conlainingsolutien

for 12-60h al 40C. Cenírols for Ibe

immunohisíochemistryexperimenís included: 1)

staining some selectedsecíions widi pre-immune

meuseserum(1:1,000for lyrosinc hydrexylase,and

calbindin D-28k immuaehistochemistry),or wilh

rabbií serum (1:1,000 fer acuropeptideY aad

serolonin; 1:2,000lot subsíanceP andLcu-enkephalin

immuaohistochcmislry) insícad of che primar>’

antibod>’, aud2) controls la which cidier dic primar>’

antibod>’, secoadar>’ aalibody ar dxc peraxidase-

anlipcroxjdasecampiex (PAF) was omilted. As mi

additionalcontrol lar dxc specificílyof dxc labeling of

calcium-bmadingproteins,some sectianswere stained

using antibedieschal had becapre-absorbedin aix

cxcessof calbindia (Sigma). fle scctions were

processedaccordingla dxc peraxidase-anlíperoxidase

(PA?) lechaique(Stcrnberger,1979) in a seriesof

incubaíionswith dxc following antiscrt

1) tyrosine hydroxylase <TH)

imnxunohistochemistry (8 cases):a) mousemili-TU

(Inestar),diluted 1:1,000,for24-72beurs;b) goalmili-

meuse(Nerdic), diluled 1:100,lar directouvehours,

aad c) ral peroxidase-antiperoxidase(PAF) cemplcx

(Incstar),diluted 1:500br twahours.

2) NUric oxide syntlzase (NOS): (5 cases) a)

sheep anli-NOS (gift frem Dr. Emson), diluted

1:20,000,for 36-60heurs,b) biotiriyiaíed rabbiímili-

sheepdiluted 1:200 for lwo beursaíroom temperalute

and c) ABC Elite Kil (Vector) for 1.Sh al reom

temperalure. For fluorescent immunelabeiing a

rhodamine-coupleddonkeyaníi-shecp(Chemicon)or a

fluorescein-caupledrabbiíanli-sbeep(Vector) wereused

assecondantibod>’ diluted 1:100for twahours.

For deuble TE/NOS immunefluoresceace

labeling (3 cases)che section were simulíaneusly

incubaled in a solution conlaining che sanie firsí

antibodiesasfor single iabeling (TU andNOS).Afler

rinsing, scclienswere incubatedfirsí in a solution

coníaining bioíynilaíed horse anú-mouse(Vector)

diluted 1:100 for ene baural room lemperature,and

¡hen, alterrinsing in amixture containingaTexasred-

caupiedslreptavidincomplex(Vedar) diluted 1:100

anda rabbit anti-shecpFluaresceine-caupled(Vedar)

diluted 1:75 for twa heursal room lemperalure.

3) calbindin D-28k immunohiswchemistry (5

cases):ameuseanti-calbjndinD-28k (Sigma),djluted

1:1,000 lar 24-72hours;b) geal antimouse(Nerdic),

diluted 1:100, lar diree lo five haurs,and c) ral PAF

complex(Incstaij,diluted 1:500,lot twa hours.

4) Substance P (SP) (5 cases)and Leu-

enkephalin(L-Enk) immunohis¡ochemistry(4 cases):

a) rabbitami-SPor rabbil anti-L-Enk (CRB), diluted

1:2,000, overniglil; b) swiae anti-rabbjt (Nordic),

diluted 1:50, lar twa hours,sadc) rabbitPA?complex

(Dakapalts),diluted 1:600,lar twahours;
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5) Neuropeptide Y (NPY)

i,nmunoluistochemistry(4 cases):a) rabbicanti-NPY

serum(gui lrem Dr. J.D. Mikkelscn), diluted 1:1,000,

fer 36 tours; b) swineanli-rabbit (Nerdic), diluted

1:50, ter ene heur, and e) rabbit PAF cornp¡ex

(Dakapatts),diluled 1:800,br eneheur;

6) serotonin(5-fiT) immunohisrochemis¡ry(5

cases):a) rabbií mili 5-HT (gifí lrem Dr. H.W.M.

Steinbusch),dilued 1:1,000,ovemígbt;b) swineami-

rabbit (Nordie), diluted 1:50, br íwo heura, and c)

rabbil PA? cemplex(Dakopaíís),diluted 1:600, for

twahaurs.

In alí cases,alter rinsiag, tite sectienswere

incubatedwitlx 0.5 mg/ml 3,3’-diazniaobcazjdine

(DAD, Sigma)widi 0.01% H202 in phosphatebufler,

lot 10-15 minutes.Aheranetiterrinsing, dxc sections

wcre meuníeden glass slides,dried avcrnight, and

ceverslippcd.In mosí cases,visualization of tite

immunastaiaingwas improved by proccssing dic

sectjeaswith nickel-eahaacedDAD (0.05% DAR,

0.01% H202, 0.04% ammeniumaickel sulphaíein

pitospliatebuffet).

Tract tracíng experiments

Par al! dic surgica] procedurestite anímais

were anestitetizedb>’ inmersionin a0.3%salutienof

Iricaine medianesulpitonate(M5222, Sandoz) iii tap

waíer. For tite írací-íraciag experimenís tite

bidirectionalí>’ Iransportedtracerbialinylaíeddextran

amine(RDA lOkD, Molecular Probes) was cillier

iontaphoretically(5-8 hA, 7 see.onu see.otO injecíed

(a 10% solulien in 0,1 pitaspliatebuller, pH 7.4)

tlxreughaglassmierapipelte(ouíer hp 20-30¡.ini) or

applicdrecrystallizcdaldic tip elfine tuagsteaneedíes

erglassmicropipeltes,tatIte dorsalpwtof dxccervical

spiaalcord (7 cases),le dic ventral ¡halamus(5 cases)

andCo tite torus semicircularis(5 cases).Tite animais

wcw allowedtesurvjvebar 7-10days.They were dien

reanesthcdzedwilh aix everdesealMS222mid perfused

transcardiallywidi sahine follawed by 200m1of 4%

paraformaldehydein PB. In alí casesdic brain and

spinal cerdwcre removedand lurdier fixed ter 3-71>,

cryoprelecledun 30%sucrosein PB ter3-51> at4
0Cmid

embeddeditt a medium el 15% gelacin with 30%

sucroseitt PB. The bleckswcre fixed br 71> in a 2%

bonnaldehyde,30% sucrose.Secljons were cuí

lransvctsallyal 40 ¡.ini en a lreezingmicratonie and

cellecled in PB. For visualiziag BDA, aix avidine

bietin complex(VectastainABC StandardKil, Vector

Labaratories)was used. Histochemistrylar HRP

lellewed tite heavy metal intensihicatian of che

diaminobenzidine(TI)AR)-basedUR? reactienpreducí

accordinglo Adams(1981).

Selecíed seclions lrom írací-tracing,

histechemicalazxd immunohisíechemicalexperimenís

were ceunterstainedwidi 1% cresylvielel er loluidine

blue in dislilted water. Aller rjnsing alí tite sedtiens

were maunleden glass sUdes (meuníing medium

0.25% gelatinia Tris bufler), dried, andceverslipped

wilh Enícílan(Sigma) er with Vectashiel(Vector) lot

experimenisusingfluorescencemicrescepy.

RESULTS

Delineation ami (immuno)bístochernical

characterization of cdl groups in the

urodele caudal rhonxbencephalic alar plate.

Cytoarchitecture

la che alar plateal tite caudalmedulla el

Pleurodeleswalt!, alebexlevels,evidencelar diflerení
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cdl componeníssucb as a dorsal caluma nucleus

(DCN), a latera! cervicalnucleus(LCN), a aucleusel

dic selitar>’ liad andanucleuseldic dcaceadingtrací

of dic trigeminalnervecanbeobservedla Nissl-atained

material (Fig. 1).

The acuroasin che alar pIale in Pleurodeles

walt! fermacurved,centinuouazoneelperiveatricular

gray ja wbich individual ccli greupaare difficult te

recognize.However, in thecaudalbrain alemandupper

spinal cerd levels a distad cellular band(eulercdl

¡ayer), erienled dorsomedially-lo-venlrolalerally,

separatedfrom dicmalaperiveníricular¡ayer(innercdl

¡ayer) by a chin layer el wlxile substance,can be

distinuished(Figure 1B,C). la dic uppercervicalcerd

jusí caudalte tite obex,dic inner ccli ¡ayer is radier

diick andcempací,wbercasin iis auterpana Ibinner

celí ¡ayer (auter layer) is preseníaldieugh a clear

baundar>’belweeadic íwe layerscan noÉ be ebserved

(Figure ID,E). Tite euler ccli ¡ayer js more evidení

dorsomedialí>’ w1>cre che celís torm what will be

tenlatively censideredas che DCN since che>’ are

clesely related te lite site el lerminatian ab dic

ascendingdorsallunicularspiaalfibets (Figure lD,E).

At che ventrelateralaspecíof die euler ccli ¡ayer,

neuronaaremeresparselyerganuzedaudrelaledte tite

riberapassiagvja che dersalateralfuniculus.Sorneof

lhcm arelocatedevenwidxin che darselaleralfuniculus.

Titis ventrelalcralcluaterel acureasforma what wlll

betermeddxcLCN (Figure 1B,C). Here,a din lamina

elwhile walterseparatesdxc innerand dxceulerccli

laycrs. Rostral te dic abex, chis separallanis marc

evidenímid duc te lite prescaceof dxc selitar>’ liad

(Figure lA). ibe DCN is louaddorsal la dic selitar>’

trací andextendaas lar tostralí>’ as dic molar nucleus

of dic Xdi nerve,whereits celIa becomeinlermingled

with celiaof dic caudalpartafdic lateral ¡inc arca.Tite

DCN consisísal small (8-10hm) andmedium-sized

(15 pm) multipolaracuitas.No medial(‘gracul¿)and

latera!(‘cuneale)cemparimentscanbe diatiaguiahed.

Tite ventrelateralaspecíof tite DCN extenda

míe arcas where lIs celís are difficull le distinguish

brom litase of dic LCN er even tite nucícusof dic

deacendiagIrigeminal trací. TIte lalternucleusamI dic

nucleusof dic selitary liad arelocatedwidiia dic dense

inaercelí ¡ayer.They are ralherpearl>’segregaledítem

cadi edier er ítem tite reticular elemenlalocaled

venlramediaily.In general,neuronaof tite nucleusof

lite seliíary Irací are lecated dersomedialle dic

trigeminal neurona.Thc nucleusof dic deacending

trigeminalnervecanbecharaclerizedIt>’ dic presenceel

trigeminalaffereaíala trací-lraclagexperimenla.

Chemoarchíteeture

NADPHC!histochemistry

ladiccaudalpanof tite ritambcncephallcalar

pIale ob Pleurodeleswalt!, jusí rostral la dic ebex.

NADPHd-pasitivencuranswcreobservedin dic euler

hall el dic inner ccii ¡ayer (Fig. 2). Titis ccli

pepulatienforma paneldic nucleusabdic descendiag

Irigeminal tracÉaudexlendacaudalí>’up te dic cervical

spinal card. It cantalasmedium-sized,reund-lo-aval

neuronawilit long NADPHd-pesiúveproceaseadñecled

derselalcralí>’ tewardsdic deacendingtrací ob lite

trigeminalnerve. Addilionally, NADPH-poaitivecelis

were lound iii dxc nucicus el dic selilary Irací

intermingled wutit calecitolamiaergicneurona. in

experimeatalawitich NADPHd-stainingwas combined

wilit immunahialechemiaíry against tyrosinc

itydraxylase.However,NADPHd-paaitiveneuronain

dxc aucícusof dic selitar>’ Irací wcrc merenumereus

reatralí>’. At dic obex level ení>’ a fcw posiílvecelís

wereobservedun dxceulerbali eldic innerecu layer.
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No NADPH-peaitivecellswerefeundin dxcamaof dxc

DCN. NADPHd-posilive fibera were leuad

predeminanlí>’la lwe bundíes,i.e. che descending

trigeminal liad anddic rostral portional che aelilary

liad. Weakly labeledfibers wcre alsopreseníin tite

dorsal mid dersolateralfunicull clese le tite ebex

regien. Heavier staining wilhin Ihese lunicull is

preseníin dxc apinalcerd.

¡mmunohistochemical dala

Tite dialtibulion el nitrie oxide syndiaae

(NOS)-immuaepoailiveneuronala lite caudalpanof

che rhambencephalicalar pIale ja shownin Figure 3,

chepresenceel lyroaine hydrexylasc-poaitiveneurona

in Figure4, andtite diatributienel lite calciurn-biading

prateincalbindiaD-28k laFigure5.

NItr¡c Oxide Synthase (NOS): TIte

distribution of NOS-immunepeaitiveneuronain che

medul¡aiyalarpiale of Pleurodeleswalt! ¡a comparable

le dial ebserved alíer NADPHd-slaiaing. Wcak

labelingwasobservedun dic nuclcuaof dic dcaccnding

lrjgcminal trací. Neureuswilh long procesaesdirecled

dorsolaterall>’lawards dic dcscendingtrigeminal liad

wereobaerved.Additioaally, sorne,moredarsomedian>’

located,neuronawerc abaerveddial ma>’ beiong lo

ciliter dic nucleuseldxc solilar>’ tracíerdxcDCN.

Tyrosine hydroxylase (TH): TH

immunohislocitemialry(Figure 4) revealed, in ¡inc

widx prcvioua aludica (Gonzálezand Smects, 1991,

1995), lite presenceel calecitolamiaergicneuronaja

dic alar piale el dxc caudalmedulla. Titis acurenal

populatienexícadafrom che level el che LXdx moler

nucicuste dic iransitienwitit tite apinalcerd,andILe>’

are mainí>’ lecatedventromedialtecheaolitary liad. Al

che obex level, TH-pasit¡ve celIa are localed la che

euleraspecíof che inner ccli ¡ayeras a batid ericated

lrem dersomediallo ventrolateral.TH-pesillvcneurona

have long preccasesdirecled horizontalí>’ er

ventrolaíeraliylo che dersolaleralfuniculus.In deuble

iabeling (TH/NADPHd) experimenlait wasobserved

thaI dic meal ventrolaleralí>’ lecaledneuronaeverlap

widi dic NADPHd-poaillveneuronaof tite nucleusof

lite descendingtrigeminalliad. TH-positlvc preceases

of neuronael lite aucicusof dxc solitar>’ liad arealse

direcled íowards Ihe derselaleralluniculus and

interminglewich dxc NADPHd-peaillve,doraelalerail>’

orieníed procesacaof trigeminal neurona.Deuble

TH/NOS-immunefluereacenceexperimentarevealed

resultain line wiíit chal deacribedbr TH/NADPHd-

atainiag.

Calbindin D-281C (CaIh): la tite caudal

thombeacepitalicalarpIale lwe Calb-positiveneuron

populationacan bedistiaguisited(Figure5).Tbe fiat

co¡ncideawidi che nucleusel tite aelilary liad and ¡1

conlalnsabandof neuronawidi procesacaíewardstite

deraelalera]luniculus. Tite accondis lecatedin lite

daraelaleralgra>’ and lermapanel che nucicusof lite

desccndingIrigeminal tracÉ. lIs celIa have peaitive

proccaseaexícadingtedic desccndingtrigeminaltracÉ.

Tite itigitesí densil>’ el bedx cdl pepulationawerc

obscrvedal lite obex level wbcrc dic labeledpreccasea

eleach pepuialioncroaseacheliter in Ibeir ceursele

dicdersolateralfuniculusauddic descendingtrigeminal

tracÉ, respecílvel>’.Calb-pesitiveneuroaswcre fol

louadla dic DCN. In che dorsalhem of dic apinal

cerd, hewevcr, an abundaníCalb-posiíivc celí

populalionwasobserveddial al cervicallevelaincludea

diesecclla al dic caudalexteníal dic aucleusof dic

dcsccadingtrigeminaltrací.

Serotonergie (S-HT) and pept¡dergic

Iabelingt Immunohistocitemical labeling sitewed
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dial subatanceP-immunereactivcfibera areprescalta

lite dorsal aspecíof che deraelateralfuniculus,mere

sparselyin dic dorsalfuniculusandalmastno pesitive

fibera are preseníin die dcacendingtrigeminal Irací

(Figure 7C,D). Sorne fibera Icave tIte dersolaleral

luniculusandma>’ includeprimar>’ afletentsel chedic

Irací elLissaucraudodxernon-primar>’ prajecliena,and

lanervatemajal>’ che LCN aiea. Additienally, a lcw

substanceP-posillvcvaricesefibera arepresealin che

DCN, nucleuael chesolitar>’ trací and nucícusal dic

dcacendingtrigeminalirací. A similar paileraof Len-

enkephalin-immunereacliveterminal atruclureswas

feund un che dorsal grey al ebex levela in betit che

inner and che eulereclI layers, including dic DCN,

LCN, nucleusof dic selitar>’ liad andaucícusof che

dcsccadingIrigeminal trací. Titeseenkephalinergic

fibera penetraledic gra>’ lrem dic dorsal luniculus,

deacendingIrigeminal trací and ma¡aly lrom che

dorsalateralluniculus.NeurepeptideY-immunorcaclive

riberacalerdic dersolateralgrayfrom dic dorsalaspecí

el che latera] luniculus and letm varjcesefibera and

terminal beulona. Seretenin-immuaereaclive¡ibera

innervale tite DCN and LCN, and che adjaccnl

atructuresel dxc inncr ccli laycr iacludingdic nucleus

el che selilary trací and nucleusof dic dcacending

IrigeminalIrací.

Tract-trac¡ng experimcnts

Xix tite previeussectiaasevidencewaspravided

lot dic presenceof a DCN, an LCN, anucleusof dic

descendiagtrigeminalliací andanucleuseldic selitar>’

liad wjthin dic ili-dcfined caudalrhembenccpitalicalar

plate. In arderte lurtiter characícrizedic DCN anddic

LCN of Pleurodeleswalt!, lite aflereníand ellerení

caanectionsel diese siructureswere analyzed.Te

deincaledicnucicusof dic descendiagtrigeminalIrací,

alsa che trigeminal innervatien el

ritembencepitalenwassludied.

lIte caudal

Afferent connections

Tite primar>’ afícreníprajectienale lite cauda!

rhombencepitalicalar pIale itave been siudied by

applying BDA lo cervical and lumbar apinal dorsal

roela as well as te dic Irigeminal nerve roel. Non-

primar>’ ascendingprojeclienafrem che apinal cord

wcrc sludiedby applying BDA le chedorsalhernof dic

cervicalapinalcord.

Ascendingdorsal rooeafferents.

Fellewing che applicalieaof RDA te cidier

brachialor lumbar dorsal tenIs, lite labeledaffereat

libers upen enlering dic apina! cerd bilurcate míe

asccndinganddcscendlagtracis.Twacomponeníscan

be distinguishedin che apinal white matíer: a medial

bundieof litick [iberadial enteradic dorsalluniculus,

andamore lateralí>’ lecatedgreupof chin ¡iberawilitin

dic dorsalpertion of dic dorsolaicralfuniculus,i.e. dic

Irací of Lissaucr. Bach fiber systemsprojecí te

widesprcadspinal andsupraspinalregionaun amanner

dial ¡argel>’ resembleadial describedlaranurana(Anlal

ci al., 1980; Székcly cl al., 1980; Nikundiwc el aL,

1982a;Muñozcl al., 1996b).la che preseníalud>’ oní>’

dic distribulion of axoasdial innervatedic caudalpan

el dic ritombencephalicalar pIale will be discuased.

Asccadiagfibera la Lissaucr’s liad ceuid be Iraced

raslralí>’ lot en!>’ a lcw apinal segmealagiving oíl

collateralbrancitesthai arborize and lerminateia a

ventralneuropil localedal dic laleralaspecíeldic decp

dorsalandinlerniediateapinalgrey. lache lumbarRDA

experimenis,asccndingfiberain Liasaucraliad ladeal

titeracielevelsanddaaolreacitdic ebexreglen(Figure

6A). RDA applicaliensle lite seceadapinaldorsalroel
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labeled libera la Liasaucratract dial ascendin a

auperlicialpasilian widxia dxc dorsalaleralfuniculus

and rcach¡be rostral peleel dic IX-Xdi cranialnerve

roel complex (Figure 6R). Aí upper cervical apinal

leveisandin die obex reglenalew brancitesleavetite

liad and lurn medialí>’ te inaervatedxc LCN in lite

eulercdl ¡ayerand, lo alesaerexíení,dic euleraspecí

of che inaercdl ¡ayerwhcrc dxc caudalaspecíof che

nucleusof dic desccadingtrigeminal liad is located.

More reatrally, Lissauer’stract ceursesventrolaterail>’

andsome fibers ¡caveche liad la arberizewilitin che

whiíe maller adjacenlte tite reticular lermatien.TIte

medial campeneníis lermed by ascendingand

descendingdorsallunicuiar fibera dial innervale dic

spinalgray of adjaccntlevelsrostral andcaudalle tite

entranceof dxcdillerenírocis. Tite rosiracaudalexíení

el diis spiaalprajeclien exceedathaI of Lisaauer’a

trací. Mesíel che fibers arborizeandfarm a terminal

fleid in dxc dorsalaspectel dic apinal gra>’, aldieugh

sornelibers continueventralí>’ le lerminalewidiin dic

centralapinalgra>’.

Spiaal primar>’ aflercalsasceadlo dxc ebex

region, somatelepicall>’organized,witbin dic dorsal

luniculus. Fibera lrem lumbar dorsal reols eccupy

peaitienamedial lo dieseal cervicalerigia (Figure6).

Titeseascendingspinal prejectionaoulhaedic DCN al

dic obexlevel (FigureA,B). Tite terminalfields la chis

arca¡argel>’ resembletite organízatienel dic fibers la

dxc dorsal funiculus.Titus, medialí>’ situalednona

from lumbar deraalroel ganglioncelís terminaleen

medial celIa un tite DCN, witereas lateralí>’ located

fiberaarisiag lrom cervicaldorsalreal ganglioncelia

endenlaleral celIa, witit a certaindegreeeloverlapun

dic prejectian.Mosíel dxcprimaiy aflerentslenninale

dorsal te tite celis el tIte DeN. Hewever, sorne

varicesefibers extendmorevcnlreiaterallyandreacit

tite areawherecheceliaelcheLCN arelocaled.Rostral

lo dic obex leve!, lIgitIl>’ packeddorsallunicular[ibera

gradualí>’lurn ventralalerallyandascendlitreugiteultite

medulla in a posilion dorsal lo Ihe desccnding

trigeminal tracÉ. Lumbar primar>’ alícrenís hardí>’

exteadbeyondche rostral limils elcheDCN. Brachial

primar>’ afferents reacit che cerebellumwhere diey

arbarize prefusel>’ wilhin lite granule ¡ayer.

Titreugitaultite rhombenceplialen,varlcesefiberaleave

dic lractmiii arberizewilitia dic wbite matíerwhere

denduitesof dic adjacentperiventricularcelia el dic

reticular lermation, nucleus of lite solilar>’ trací,

nucleusof che descendingtrigeminal trací ami che

octavolaleralareama>’ becentacted.

TrigenUnalafferents

Aher applicationel RDA te che proximal

stumpola severedtrigeminalnerverení, che primar>’

trigemina] aflereníswere labeled(Figure 8). Aí dic

ebex level, primar>’ Irigeminal fibera leave tite

deacendingtrigemina]¡mcI venliemedialí>’andgive off

terminal branchesle dic eulerand inner ccii layers.

Titese primar>’ trigeminal branchesare directed

vealromedially,whercas dendr¡íesel Irigeminal

neurona are directed dorselateralí>’ tawarda che

descendingIrigeminal liad and che>’ intermingle

prefusel>’ (Figure 8C,D). Additienally, aparse

Iuigeminal [iberarcach dic DCN, dic nucleusof dic

solitar>’ liad andtite LCN.

Non-priniary afferents

Spinal aecend-orderprejeclionaalseascead

via chedorsal funiculussaddxcdersolateralluniculus.

Tracerapplicallonlo dic cervicalspinalcordrevealed

litin fibera couraing roaíralwardstitraugitaul dic

ritombencepitalenup le lIte cercbellumand dic
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subcerebeilarregion.Resedala are discusscdla a

separatepaper(A. Muñozeta]..1996b).

Efferent projections

RetrogradeRDA tracingwas usedte lurdier

citaracterlzedie DCN ami LCN with respecíla dicir

cíferení prejeclions. Experimenís wilIt tracer

applicaíioala dic ventral dialamusand la dic lerus

semicirculariawcre done te label che ccli populatiens

in checaudalmedullaandupperapinalcord dial projecí

lo diesetargeisel somalosensor>’projecllons.

Thalamic apphcations

In chis group of experimenís,BDA was

applied le che dialamus. Allitough che tracer waa

appliedmain!>’ la dic venlral dialamus,in sornecasea

che dorsal chalamus was alsa aflecled. A dialincí

papuiationof retrogradel>’¡abeledcelIa was obaerved,

in tite alarpiale al dic obexlevel compasedof irregular

andlargecelia togeiherwidi round,amalí celis (Figure

9). Moal al che celia werc lound cenlialaleral lo che

injeclian site aldiaugh a miner campancalof

ipsiiaíeral celis was alse presení.At che ebex level,

doraemedialí>’lecaledneuronawilb proceasesdirecled

dorsall>’untodic dorsal funiculus,witerc apinalprimar>’

aflerenísascead,werc ideatilied as dic DCN. Titis

neurona] population is lermed by round, bipolar,

irregular and oval sitaped neuronadial exlcad [ram

medullar>’ levela sligitlly rostral te dic ebex jalo dxc

uppercervical apinalsegmealwitcre lhey are tigitíl>’

packcdin dicdersalmosípaneltite gray.Addiijanally,

venlralaícrallylecatedneuronawidi dendrilleprocesaes

dirceted venlrolalerail>’ lawards dxc doraelateral

luniculus werc udenti[ied as dxc LCN. Tite LCN

exlendslrom dio obex level reslrally lo dxc cervical

apinalcord, buí extendamerecaudalí>’ chan che DCN.

LCN neuronaare reuad, bipolar, aval abapeder

irregular,ami someof dicm aresegregaledfrem lite

gra>’within lIte doraelateralluniculuspreper.Aidieugh

diereis sornedegreeof segregalionbelweentite DCN

andcheLCN, sornelabeledneuronawere observedwidi

preccasesdirectedbodi dorsallymid venurointerail>’.TIte

axanaof bach dic DCN and LCN neuronaeeuu be

tracedmío dic ceníralateralmediallemniscus.

Tora! app!ications

In [ive casesRDA was applied lo dic tenis

semicircularia.In somecasesapreadeldic hacertedic

mesencephaliedorsaltcgmcnlumcauldnal beaveided.

In ahí casesneuronawere reuregradel>’labeledwichin

bedi lite DCN and che LCN, buí in higiter numbera

chanin dic casesal chalamieapplicalloas.Tlicy were

more abundaníen dic cenlralateralsuc alliteugli a

amail ipailaleral componeníwas also presení.

Doraemedialí>’ lecated DCN celIa posacasseveral

preceasescxtcadingjalo che dorsal luniculus. Their

axenamainí>’ ceursevcnliomedially,cresatite muduine

and fonn pan el dic canlralalera]media] lemniscus.

LCN labeledcelís are lecaled in dic latera! marginal

zone of che dorsal gre>’ er wilitin dic dorselaleral

luniculua ilseil and exíend merecaudahí>’ chan tite

DCN. LCN celia are large, bipolar or irregularcelia

wilb long preccsseadirecíed mainí>’ mío tite

doraelaleralluniculus.Titeir axenacenidalsobe traced

¡aladxcmediallemnlacua.

Addiílenally, in batit dialamicandtoral RDA

experimentaretrogradel>’labeledneuronawercobaerved

in che doraelaleralpanof dic eulercdl ¡ayer, Iheugití

lebe panel tite nucleusel dxcdesceadingtrigeminal

nerve,sinceherelilgeminalprimar>’ afferentsarborize.
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DISCUSSION

In tite prcscnt alud>’ lite arganizalion.

immuneitisíachemicalcharaclerizatienand dic [iber

connedtianael sameel dxc neurona!componcataof

¡be ili-de[ined alargra>’ al tite apinomedullar>’Iransilion

level werc invealigaledin tite rlbbednew, Pleurodeles

walt!. Mare in particular,aDCN, mi LCN, dic nucleus

of dic aelitary tracíanddic nucleusof tite deaccnding

trigeminal liad witicit are itard ledisllaguishin Niasí-

atained material, wcrc (immuno)itiatechemically

characlerized.Additionally, che distribution el che

apinal primar>’ aflerenls lrom lere- aad itindlimb-

innervallagapinalnervea,non-primar>’cervicalapinal

prejecliena,dic palíern el lerminalian at dic abex

region el trigeminal primar>’ aflerenta, and lite

erganizalionof DCN and LCN neuronaprojectingte

dic litalamusaudmesencephalonwercsludiedwilit dic

RDA lracl-tracingtechniquc.la general,in Pleurodeles

walt!, asimilar patlcrnel arganizalienel dic varieus

eclI cempeneníselchealarpialeal dic apinomeduliar>’

Iransition level was bauadas in anurana(A. Muñoz el

al., 1995, 1996a).

In cylearchitcclenicatudicael dic urodele

brain slem no disliactDCN ceuld be disliagulaited

lrem dxc adjaceaígra>’ (Herrick. 1930, 1944, 1948;

Krelií, 1940;OpdamandNicuwcnhuys,1976).Herrick

(1944) describedaaucicusel lite luniculusdarsalisin

dic alar pIaleel che ebexregían. lIs baundaricawidx

dic nucicuscommissuralis,i.c. dxccaudalcontinuallon

of lIte nucleusof dic selitar>’ ¡mcl, areaol ciendieugh

Us neuronaare larger chan dieseof dic eammiasural

aucleus.As far SS we knaw, no LCN waadeacribedal

dic abexlevel or in dic cervicalapinalcerd,andeven

centraverslaldalaarelaundiii tite lileraturece¡iccraiiig

dic exialenceolacyloarchileclaaicallydictincí nucleus

of dic desccndingtrigeminal ¡mcl in dlflereníapeciesof

uredeles(Herrlck, 1930;Weodburne,1936;Opdamand

Nieuwcnituya, 1976; Gonzálezand Muñoz, 1988),

Herrick (1948) already nated the exialenceof che

aucleusof tite aelilary Irací in urodelea,andin a laler

alud>’ chenucleuseldic aelitaryliad wasdeacrlbedas

a group of celIa thaI surround che solilary liad

dxrougheul dxc meduila, aldiouglx it cauld nel be

cicarí>’ delimiled lrem dic adjacenlgray <Opdanxand

Nieuwenituys,1976).

TIte DCN hasbeencensideredas lite site of

lerminationel dorsal funicular [iberain dic caudal

brain alem, buí aol as a cylearcitilectenic enlil>’

(NieuwenituyaandComeliaz, 1971; Ralh andWake,

1985).Nevertlxelesa,Niasí-atainedsectionaof tIte brain

alem al lite ebexleve! and el upper cervical levela

allaw dic delinealianel a DCN and even mi LCN.

Morcever, RDA labcling of apina! primar>’ afferent

prejectianapasaiagvia dic dorsalluniculus lo dic ebex

level, labeling of non-primar>’ ascendingapinal

projecíjenaal dic dorsolaleralfuniculus (A. Muñoz el

aL, 1996b),andretrogradelabeling (ram dic dialamus

miii dic lema semicircuiaria,clearí>’ delincaletite DCN

and LCN in urodeles. Hislechemical and

immuaehiatechemicaldala are of greal itcip in

characlerizingdic nucícusof dic selilar>’ liad and

nucleuseldic desceadingtrigeminal¡mcl.

Tite NADPH-diapitorasc (NADPHd>

hislecitemical lecitaique, knewa le sIam spcci[ic

neurona(Thomas mid Pearse,1964), can selectivel>’

stainparticularpapuialionaelneuronain aGelgi-like

manner(Seiterer-Singlercl ah., 1983; Alonso el al.,

1995; M. Muñoz el a]., 1996).Titrougbeuílite brain,

NADPHd andNOS lecalizallenaareidenílcal (Bredí

sad Saydcr, 1992). Tite distribulien el NADPHd

alaining miii neurenalNOS immuneiabciing la lIte

presentalud>’ was alse leund identical. Titerefere,
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NADPHd cmi be used as a marker lar NOS. Nitrie

oxide moal likely playaa major role as a neuronal

mesaenger(Bredí and Snyder, 1992; Meller and

Gebhart, 1993; Scliuman mid Madison, 1994). TIte

presenceelNADPHd-paaitivecelia and[iberain che

mammalianapinal cerd (Va!lacitmieff cl al., 1992)

auggeslsdial nilric oxide ma>’ be involved un apinal

sensar>’preccsaing.la dic ratDCN, Valtacitanelíel al.

(1993) founddial mostNOS-pasitiveneuronaare also

immunorcactivebr GABA, buí nel lar tite excitater>’

transmitIeraglutamatemid aspartate.Mereover,since

NOS-positiveneuronacouldnoÉ be labeledrctregradcly

¡‘ram dic dialamusor spiaalcon, diey prebabí>’are

local circuil neurona(Valtschanelfcl ah., 1993). In

anurana,dic presenceelNADPHd-poaitiveneuronain

tite alar plate al tIte abexleve! was receníl>’described

(A. Muñoz cl al., 1995; M. Muñoz el al., 1996).

NADPHd-pasiliveneuronawere laund in dxc DCN,

buí mere abundanll>’ in che adjacentnucleusof che

solitar>’ Irací and lite nucleusof ihe liad of lite

irlgemina] nerve in line wilit dala in mammala(cg.,

Leighl el al., 1990; Vincentsad Kimura, 1992;Doitra

cl al., 1994; Talcemura ci al., 1994). In che presení

síudy in Pteurodetes, itewever, al dic obex level

iabeling WSSreatricledlo neuronaof dxc nucicuseldic

deaccndiagtrigeminal trací. Oní>’ ver>’ lew ligitíl>’

alainedceliawere laundmeredersalí>’ la dic cdl area

dial includeadic DCN and dic nucleusal chesolitar>’

trací. Wcaldy alainedneuronawere alse lound more

restralí>’ un dic aucleuselchesolitar>’ ¡mcl.

Ja mammals,calcium-bindingprotejassucit

as calbindin and parvalbuminshaw a prelercatial

distribulionbr sematascasor>’sirucluresincluding ¡lic

DCN (e.g.,Celia, 1990; Rauselimid Janes,1991a,b;

Rauscil el al., 1992; Menélre>’ el al., 1992a,b;

Maalaay cl al., 1992; Ren and Ruda, 1994).

Parvalbuminappearste beabundaníin lite palhwaylar

epicriíic senaibilil>’, j.c. che dorsal calumn-media!

lemniscalayslem,calbiadiaD-28k (CaIb) occurala dic

witele laste padiway of rata (Celio, 1990). in raía,

Ca!b-poaitiveneuronaare fouad in cerlainlaminaeof

che dorsalhora(seeAntal el al., 1990; Ren anii Ruda,

1994) including lite celia of eniginalascendingapinal

projecliana(Menétre>’ el a]., 1992b), in che senaer>’

Irigeminal nuclel as well as in lIte gracilemiii cuneate

nuclei (Celia, 1990). Also in rata, Men¿lreyet a!.

(1992a) shewedchal Calb-posiíivcneurona lerm a

major panof dic aelitary atad trigeminal prejeclion

systems.la mnonkcya,bach proteinaaredullcreníially

expreasedin lrigeminedia!arnicprejedtiana(Rauselí

mid Janes,1991a,b)mid in spinodialamicprojectiena

(Rauselíel al., 1992).

Tite presenceel calbindin D-28k and

parvalbumin in che alar piale al dic apinemedullary

iransitionareawas receníl>’demenatraledin dic anuran

brain (A. Muñoz el al., 1995). lii line wiíit diese

anuran dala, in Pleurodeles walt), Calb-pesiíive

neuronawere founii in dic nucleusal dic solilar>’ liad

andin dic nucleusof dic deaccndiagIrigeminal tracÉ,

buí nol in lite DCN er LCN. Titia pailera of

distribuilon elCalb-pesitivencuronssuggealschal ata

in manimala, in amplilbiana,Cahb pesilive celIa are

preseníin panof dic somaleseaser>’syslemincluding

sorneneuronsof ILe dorsalhoraof lite apinalcordmiii

dic nucleusel tIte liigemiaal liad. In dic anuranebex

region,adistincí parvalbumin-pesitiveccli populatien

was beund(A. Muñoz el al., 1995). lmmunoa¡aining

Ion parvalbumin,radier cicarí>’ delincalesdic miuran

DCN. Hawcver,widi ¡be sanieanllbedyandprolecol

no clear parvalbuminlabeling, waa laundin dic brain

elPleurodeles.

Tite caudalmcdullai>’ mid upperapinal alar

pIalelaPleurodelesis innervaledby subalanceP-fibers

230



Sisíemasaomaíoseasonialesea anfibios PLACA ALAR DEL ROMBENCÉFALO CAUDAL EN URODELOS 6.1

dial ceursevía dic dorsal luniculus mid maialy, dxc

dorselaleral luniculus. Allheugit atil main regiona,

including dic DCN, nucleusof dxc selitar>’ irací mid

nucleus of lite descendingirigeminal Irací are

innervated,dic LCN localedal lite doraelaicralaspecí

el tite graty, in clase relatien lo tite dorsolaleral

funiculus reccivea dic wcakeal janervallen. Titese

prajeclienainclude primar>’ spinal alfenenls ja che

dorsalfuniculusmid dic liad of Liasatueraccerdiagle

TabanatadCadiieni (1983) who deacnibedsubstaceP-

pasitiveneuronain tite apinaldorsalrení ganglia, buí

mayincludeediernon-primar>’prajeclionacouraingin

dic dorsal luniculus and derselaleralluniculus. In

anurana,in whicit alsoCGRP-immunereaclive[ibera

was described(A. Muñoz cl al., 1995). a similar

innervalienpaIlera exista (seealse Adli cl al., 1988;

Pelkd atnd SAnta, 1992). Additionally, chis regien is

innervatedby Leu-eakcphalin,acurapeptideY mid

seroíonin-immunareactive[ibers rescmbling che

siluallon in anurana(Uedacl al., 1984; Mercitendialer

el al., 1989; Lázár el a]., 1990; A. Muñoz el al.,

1995). A similar pepludergic and serolanincrgic

innervatien of tite DCN is found in mammals(e.g.,

Síeinbusch,1981; Weslmatncl al., 1984; 1-fallida>’ el

al., 1988; BiomqvislandBroman,1993).

Urodefr DCN: Cytoarchitecture and afferent

connectiona

Tite uredele DCN was firsí descnibedby

Herrlek (1944)as dic nuelcusel dxc luniculusdersalis,

locatedderaelatenail>’te dic nucícuscemmissuraliael

Caja! lrom witicit it ceuld aol be clearí>’ separatíed.

Altitaugit in dic axeloll a DCN was noÉconsidereda

separaledcyíoarcitilectonic enlil>’ (Opdam and

Nicuwcnituys, 1976), Nisal-síained material of

Pleurodeles revealed,la line widi Hernlck’a (1944)

ebservalleasdial lite DCN extendalrom dxc caudal

ritambencepitallemidvagallevel up le tIte firsí cervical

apinal segmeal.TIte rostral pan ab dic DCN is

camposedof largeneuronalocateddorsalte tite solitar>’

liad andja partialí>’ inlermlngledwidi amallenneurona

of dic caudalparÉ of dic latera! ¡inc area. Aí die ebex

level, tite DCN is segregatedal che dorsalaspecíof che

euler eclI ¡ayer by a chin wliile mallen layen. More

caudalí>’ u occupiesdic mesídonsemedialaspecíelche

apinaldorsalhoraand ILe baundarieswidi dic preper

apinalneuronaare liardí>’ distinguishable.TIte urodele

DCN is dic mitin site of tenminalienof apinal primar>’

afícrení [ibera (Herrick, 1944; Nieuwenliuys and

Cemeliaz, 1971; Radi and Waice, 1985; che present

alud>’). As aIread>’ noted in dic axoloil (Nieuwenliuya

and Cerneliaz,1971), in Pleurodeles,tite media]

cempeneníel dic dorsalfuniculusarisealrom lumbar

ganglia mid innervaleatite medial pan of che DCN,

whcreasatscending[iberafrom cervicalgangliaascend

in dic laleral panel dic densa!funiculusatadinnervate

tite latera! aspecíof che DCN. Tuis somalelepic

arrangemeníof dorsal columa prajecliena is

comparablete chal found in anurana(Anlal el al.,

1980; Nikundiwc eta!., 1982; M. Muñoz eta!.,1991;

A. Muñoz cl al., 1995). Hewevcr, in centrasíle

miurana,ja Pleurodeles.medial, “gracile” andlateral,

“cuneale” cemponentaof dic DCN can nol be

recegniced,neidiercyíaarcititectonicallynorby meana

el retrogradelraciag lrom dic litalanius en tite lema

semicircuiaris.

Dorsal lunicular fibena ia Pleurodeles

cantinucrestralí>’ te dic ebex level andinnervaleche

nucleusel dic selilar>’ tracÉ, reticular lonmatien,che

aucícusel lite dcsccndingIrigeminal tracÉata wcll ata

dic vestibularnuclearcomplex, atad rcachche granule

layen of dic ccrebellum.Aparí lrom apinal prImar>’

affcrenta,dxcpresenceof non-primar>’spínal[iberalo

dic DCN en poalsynapticdorsal ce¡umn syslem
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(PDCS) is auggealedIon urodeles(A. Muñoz el al.,

1996b). Tite presenceel a somalalepicallyarranged

PDCS prejection waa demenstraledja anurana(ten

Denkeiaarandde Baer-vmiHuizen,1991; A. Mudezel

al., 1995)and direugiteulodien lenrestrialvertebrales

(e.g., Ruslieni, 1973; Angaul-Pelil, 1975a, b;

Uddenberg, 1968; Rualioni atad Kaulman, 1977;

Bennelí el al., 1984; Giesler ci al., 1984; Funkc,

1988; Pnjtz andSirlIzel, 1994).

Same fibera of tite descendingtrigeminal

liad, including cuianceus[iberalrom dic Vdi, VlIdi

and IXlit cranial nenves alio reatch dic DCN in

Pleurodeles(Gonzálezmiii Muñoz, 1987; A. Mudezel

al., 1995). Addiíionalíy,denaelaterallunicular [ibera,

sorne of lliem aubaíance-P-,Leu-Enk-, er NPY-

positive,Vive oíl ceilaleralbrancitea,atadinnervalelIte

LCN anddic meredersomedialí>’localed targelaj.c.

chenucicusal che descendingirigemina] Irací mid dic

DCN.

Urodele LCN: Cytoarchitecture and afferent

connectiona

Tite LCN in urodeica was noÉ natlced in

previoussludies (Herrick, 1944,1948;Opdammiii

Nieuwenhuys,1976). laPleurodelestite LCN, la nota

cleaní>’ segregatedcdl masaja tIte venlralateralaspecí

el dic eulerccii ¡ayeral dxc apinemedullar>’tranailian

level, buí it can be idenli[icd b>’ mcans of

inimunoitislecitemicalanditodelogicalsludica,ataalio

shewn lar anuratas(A. Muñoz ci al., 1996a).Semeof

dxc LCN neuronaaresegregalediota dic dorsolalenal

luniculus. LCN alferenla ¡aclude spinal primar>’

aflerenísel LiasaucraIrací, al ¡casi ¡‘ram bracitial

dorsal reota,atad non-primar>’spiaalprejectienalrem

dic apinecervical¡mcl. Sameeldic LCN aflerenlaare

lmmunopositlvelen substance-?,Lcu-Enk, NPY and

aeroíiain-pesilivc. Adduiienally, lite LCN celIa

prebabí>’ receivea trjgcminal primar>’ aflereníinpul

(Gonzálezatad Mudez, 1988; dxc preseníalud>’). A

aimilatr immunehiatocliemicaicharaclenizationof

alferenílerminalaupencelia of dic LCN was receníly

descnibedfon miurana(A. Muñoz el al., 1995).

Urodele DCN and LCN: Efferent connectiona

Hernick (1944, 1948; see alsa Herrick and

Bishep, 1958) denied tite exisíenceof a medial

¡emniscusin Amblys¡oma ¡igrinum, miii cempared<lic

nucleusel dic luniculusdersalia in urodeleswich tite

exiennal cunealenucleusmid nel widi lite gracileatad

cuncaleauclei of mammala.Herrick auggeaíedthai

propnlocepllvearcuate[ibera,chalanacatt dic regienof

dic calamus,including dic nucleusel che funiculus

dorsalis,join dic dorsal companeníof tite spinal

lemniacuswitereche>’ ascead,ventral tetite dcscending

trigeminal trací te innenvale che meduilar>’ and

mudbratinreticular¡‘enmallen,che teclumatadtite dorsal

(sensery)Ihalamus.Adduíionally, Hernick(1944, 1948;

see also Herrick atad Bisliep, 1958) reporled tite

exialenceal dxc generalbulbar lemniscusata acresaed

[iben syaíem chal ariaca lrom che nucleusof lite

luniculus dersalia (exlcraceplivelibcrs), dic apinal

nucleusof dic tnigeminal nerve miii ochermeduliar>’

centenaaudasceadal dic venlralateralí>’whitemallenel

dic meduliale inaervatedic reticular formalion, dic

lcclum mcsencepitatliatad alse dic dorsal (senaery)

dialamus,evcriappingwidi dieseprejeclionaof dic

spinal lemniacus.Howevcr, dxc preseníaiudy clearly

demensíratesthai dic ‘nucleus’ udenlifiedin Pleurodeles

walt! is comparablele dxc dorsal column nuclei of

anurmiamid odienvertebrales,which togedierwiíit dic

LCN, give risc Éo dic medial lemniacus. Hcrrick

(1944,1948)alio deacnibedipailalenal fibena lrom dic

aucleusof dic funiculusdorsalis thaiweuidrcach che
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cerbellumdirougit dic traciaA mid B el Kingsbury

(1895),dial wouid itavediffenenl fuaction ¡‘ram diese

fibera lrom dic dorsalfunicularnucleusdial reacit <he

cenebellumdirougit che spina!lemniacus.Aldiough in

miunmis no equivalentsof lite unodeletracIa A and B

itavebeendcscribedit la netcwerdx>’chal an ipailaleral

cerebellarprojectienfrom tite DCNascendingdorsallo

tite desceadingtrigeminaltracÉtegedierwidi <lic apinal

primar>’ affereata,waademoastratedjaRanapereziand

in Xenopus laevis (Gonzálezel al., 1984; A, Muñoz eL

al., 1995).

Ja dic preseníalud>’ dic exiatencela uredelea

of medía!¡emniscalprejedtionafrom che DCN anddic

LCN la lite ventral titalamus and lite terus

semicirculariswas demenatrated.Monael DCN miii

LCN prajeclionneuronacreas dic muduineventral te

die caudalmealatapecíof che feurdi venlricle en dic

centralcanal tejain dic contralatenalmediallemníscus

wheneche>’ ascendtewardsdxc tenissemicircularjamiii

tite litalamus. In unodeleamiii in anuranaacenvergence

of apinal (A. Muñoz el al., 1994a, 1996b)miii medial

lemnisca] (DCN atad LCN) inputs(Silve>’ ci al., 1974;

Near>’ mid Wilczynski, 1977, 1979; Fercbaadmid

Farel, 1982; Urbén atad Székcly,1982; A. Muñoz el

al., 1994b, 1995, 1996a) in tite lema semicircularis

was demoastraled.A similar cenvergeaceappearsin

dic ventral titalarnus. Tite terus semicircularisel

uredelesis noÉ cicarí>’ distinguisitable in silver en

Niasl-staiaedsecliena(Hcrnick, 1942; Opdammid

Nieuwcnituya, 1976), aldieugit ji was prepesedata a

ceníerlen inlegralien al latenal line and vestibular

infenmatian(Hcrnick. 1948).Hewever,un laten studiea

dic tenissemicirculariswas unequivocalí>’delinealed

(Radi ci al., 1990) bataeden ita aflerealcanaectiona

(GonzálezatadMuñoz, 1987; Matalcullelmiii Naujaka-

Manleullel, 1990), ita deaceadingmcdullazymid spinai

prejeeliens(Naujaks-ManleuflelandManteullel,1988)

mid by registrallon of visual, vibrallea atad anular>’

responses(MaateuffelandNaujeka-Manícullcl,1990).

la line widi ourdalaen tite mediallemniacal(DCN

atad LCN) innervailonof lite lema semicirculariain

Pleurodeles,ManleullelandNatujoks-Manleuffel(1990)

faund retregradel>’labeledncurons bilalenalí>’ in che

dorsalperiventricuhirgra>’ el dic mesícaudalpanof

tite medulia obiongata.Alíhaugii convergenceof

sematíoaenseryapinal(A. Muñoz el aL, 1996b)atnd

medial lemniacal inpuís including DCN/LCN (tite

preseníaíudy) acema te exial in tite urodelelorus

semicirculatris,detatiledphysialogicatlatudiesareneeded

in ordenlo eatabliaitdic aomalolopicrepresenlalienel

dic coniratialenal bod>’ aunface ata laund in anurana

(Comermid Orebatein,1981).

Aparí frem dic ilialamus and tIte lerus

semicircuiaria, it seems l¡kely (unpub¡islied

ebaervatiena)chal tite media] lemniscusin uredelea

includesfibers dial reatcli dic poalerior lubercle, dic

mcsenceplialicoptie íeclum,meacncepitaliclegmental

nuclel, dic iadxmic regien, che cerebelium,che aiea

octavolaicralismiii tite ritombenceplxatlic reticular

fermatílen in line wiíit dala in anurana(A. Muñoz el

al., 1995).

Varleus studies itave deatíl wilit

samatiosensor>’preceasingin dxc deepacuropilanddic

gra>’ of dic eptie lcctumel dillerení urodelespecies

(Grtiascr-CornehlsandHimatedí, 1973; Grubengmiii

Selisit, 1978; GrubengandHarria, 1981; Harria, 1982,

1989; Stirling mid Brándle, 1982). Redi el al. (1990)

deacribeddic lcctumasapolyscnaer>’iniegraliveceníer

el retinal andnon-retinalaflercala.Theirccl! iypes 1

and 2c are prababí>’ involved in dxc processingof

sematosenser>’inlermation.Grubergmiii Soiisit <1978)

ebservedareslrecaudalatadlaleromedialsomalesenser>’

bod>’ represenlatianin layen 3 el tite leclumlermedby
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ceníralateraland deeper bilateral somalosenaer>’

proccesaingunila. la variana siudies a spinal

innervatienel dic urodeletectummcaencephatliwata

sitown,atlihoughsornecontroversieswidi regardle tite

celiael anigiael chis prejectionexial (Herrick, 1914,

1942, 1948; Nicuwenhuysaad Cerneliaz, 1971;

JalcwatyandRias, 1972; Gruberg,1972; FinkenstAdiel

aL, 1983; Rellig, 1988; A. Muñoz el al., 1996b).TIte

urodele Leclum ma>’ also receive semalesensor>’

informalian lrom lite DCN/LCN via dic medial

lemniscus ata demonatratedin Xenopus¿anis (A.

Muñozelal., 1995).Until new,che laller padiwayitas

nol beenunequivocalí>’demenslraledbr uredelesin

siudica ea tite celia al onigin el nen-relinal leclal

aflerenis(RelÉig, 1988,Finkdnst±ldlel al., 1983).Alten

HRP injeclions in lite lectum, Finkenstádtel al.

(1983) labeledcelia in dic uppcrcervicalapinalcerdia

positiona corneapandingte dxc DCN er LCN, ata

ebservedla dic preseníalud>’ ¡ix Pleurodeles.

Thesedata shaw dial un uredelesa dorsal

caluma-mediallemniacussyalemvía che DCN ata well

as a spinocervicodialamicayaíem via dic LCN are

presenl.
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CONCLUSIONS

In diccaudalrhombenccpitalicalarpialeof tite

nibbednewi, Pleurodeleswalt!, aDCN andmi LCN can

bediatinguisitedlateral loaninflen periventricularzane

cemposedal dic nucleusel lite solitar>’ trací and dic

aucleusel dic desccndingIrigeminal tracÉ.NADPH-

diapiterase histochemisír>’ and calbiadia D-28k

immunehiatecitemistrysiMa aaly neuronala dic inner

campad ccli layen.Traciag expenimenlsshewedchal

dic dorsalcalumais somatelapicail>’arranged:lumbar

primar>’ aflercaislerminaleeamedial DCN neurona,

whereatacervicalprimar>’ aflerenialerminaleen laleral

DCN neurona.Tite LCN is densel>’innenvatedby che

apinecervicaltracípreseal¡ix dic dorsolatenalluniculus.

Retrogradetraciagsitewcd extenaivepredeminanll>’

coatralaleralprejeclionaal bachdic DCN mid LCN lo

tite tornasemicireularisand¡beventraltitalamus.
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¡al

Pigure 6: Schemnadcdrawingsof aseriesof transversasectionathrougbtIte brainstemasidrostral spinalcondel
Pleurodeleswalt! shewing<hedistributiceoflumbar (A) asid brachial <E) dorsal root afferents.
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ABBREVIATIONS

DCN dorsalcalumaaucleus
dorsalluniculus
dorsalbara

dlf dersolaleralfuniculus
LCN laleralcervicalnucleus
Nael nucleuseldic selilar>’ trací
nV trigeminalnerve
nVds nucleuselchedcscending¡mcl el ¡be

trigeminalnerve
Ri nucleusreticulatrisinleuior
Vds deaceadiagtrací el¡be tnigeminalnerve
vit ventralhora
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El lemniscomedial,formadoeaparlepor las

proyeccionesascendentesprocedentesdc lesnúcleosde

lacolumnadorsaly cervical laleral, constituyeunede

les principalessistemasascendentesde transmisióndc

informaciónsamatasensonialacentrossupraespinalea,

en vertebradosterrestres.Los núcleosde la columna

dorsal reciben alereaciasespinalesprimarias y no

primarias,a travésdel funículo dorsal, mientrasqueel

núcleo cervical laleral se encuentrainervadopor el

tracto espinocervicalque asciendepor el funículo

dersalaleral(Willis y Caggesitall,1991). En anurosse

ita demostradorecientementela preaenciadel núcleode

lacolumnadorsal(DCN) y cervical laleral (LCN) enla

placaalarde laregióndel óbex, así camadel lemnisco

medial (capItulo 5 de la presentememoria). Sin

embargo,en urodelosno existen bastacl momento

evidenciasexperimentalesquedemuestrenlapresencia

deestesistema.

El sistemanerviosocentralde urodelosse ha

consideradomenos evolucionadoque cl de otros

anfibios, debida a su escasa diferenciación

ciloarquitecténica.y emigraciónde lasmasascelulares,

que, por ejemplo ea el trencecerebral (Opdam y

Nieuweabuys, 1976) se disponen, densamente

agrupadas,en una zonacontinuadc austanciagris

periventricuiar.Herrick (1948), sin embargo,sugirió

que dentro de la simple disposición de neuronasy

fibras,el cerebrodc lasalamandraAmbystoniatigrinum

presentauna organización similar a la dc otros

vertebrados.Estudiesposterioresitan demostradaqueal

menos algunos sisíemasdel cerebrode urodelos

presentancaracterísticasanalómicasy funcionales

similaresalas dc anuros,lo queconduceauapatrónde

comportamientocomparable(RoíIt, 1987, Roíit y

cela., 1993), por la que se ita sugerido una

sirnpl~ficación secundaria (Nonthcuíí, 1987; Redi y

cais., 1992, 1993), segúnla cual el cerebrode este

grupode vertebradosaparcatasermásprimitivo de¡o

quecabríaesperar,segúnsuposición filegénica(Rotit y

cola., 1992).

Citoaranitectura

En elpresenteestudioseitan caracterizado,en

el urodeloPleurodeles walt!, les distintoscamponesilea

neurosialca relacionadoscon el procesamientode

informaciónsomática,presentesen la placaalarde la

región del óbex, cilearquileclónica y

quimioarquitectónicamenle,asícomasuconectividad.

Debidoa laescasadiferenciacióneaestudios

citearquiteclónicesen urodelos(Herrick, 1930, 1944,

1948; ¡<rehí, 1940; Opdamy Nieuwenituys, 1976)no

se itan desailoel DCN ni el núcleodel tractosolitario

(Nael), cama centros diferenciabiesde las masas

celularesadyacentes,y existendalescontrovertidosea

cuantoalapresenciadel núcleodel tractodeaceadcntc

del nervio trigémino (nVda) como entidad

citearquitectónica(Hernick, 1930; Woadburne, ¡936,

Opdam y Nieuwenhuys, 1976; Gonzálezy Muñoz,

1988). Hernick (1944), en Atnbystoma tigrinum, en

estudioscon lénicasde Gelgi sugirió ¡a presenciadel

nucleusfuniculusdorsalis. en laplacaalarde lanegión

delóbex, relacionadoconfibrasdel funículodorsaly en

menorgradocon fibrasvestibularea,trigeminalesy de

la línea laleral; escasamentesegregadadel nucleus

comisuralis,cl cual representalaprolongacióncaudal

del núcleo del tracto solitaria y recibe alerencias

visceralesdcl tracto solitario. La presenciadel DCN ha

sido consideradaca estudiosposteriores,en baseal

patrón de terminación de las aferenciasprimarias

espinalesen esta región (Nieuwenituysy Corneliaz,

1971; Rodx y Wake, 1985). Sin embargo,itasta el

momentoen uodelesno seita sugeridolaexistenciadel

LCN ennivelesdetransiciónespinorombeneelállces.
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Ea el presentetrabajese itan identificadaen

Pleurodeleswalt!, elDCN y el LCN en laplacaalara

nivel del óbcx mediantetécnicasde Nisal. En dicita

regiónhemosobservada,ademásde unabandacelular

internapeniventricular,gruesay concélulasdensamente

empaquetadas,una banda celular externa,delgaday

separadade la anterior par una estrecitalámina de

sustanciablanca.El DCN consisteen unaagrupación

celularlocalizadaen la regióndorsamedialde labanda

celularexterna,en relacióncon lasustanciablancadel

funículo dorsal. Dicite núcleo se extiendedesdelos

primerossegmentosespinalesrostraleshastanivelesdel

núcleometerdel nervio vaga, y en él no se distingue

una segregaciónmediolateral de los componentes

gracilis y cuneatus. El LCN, situadaventrolateralmenle

enlabandacelularexterna,estáformadoparneuronas,

agrupadasmenosdensamentequeenel casodel DCN,

queseentremezclanconlasustanciablancadel funículo

derselaleral,y se extiende desdeel óbex hastalos

primeros segmentosespinales. Esta organización

ciloarquilectónicaita sidocorroboradacanexperimentes

inmunohistoqulmicosy medianteel estudio de las

conexionesaferentesy eferentesde ambosnúcleos(ver

másadelante).

El Nael y el nVds, identificadosen basea

resultadositodelógices e inmunoitistoqulmicos,se

localizanen la bandacelular interna en posiciones

darsemedialy ventrelateralrespectivamente,si bienno

estáncitearquitectónicamentesegregadosentresi, ni dc

aírascelulasventromedialesa elles,par lo que no

pudierenseridentificadasmediantetincienesdeNiasí.

Ou¡m¡oprau¡tectura

En mamíferosla sintasadel óxido nítrico

(NOS), cl cual probablementedesempeñaun papel

importantecomomensajeroneuranal(Bredíy Snyder,

1992; Meiler y Gebitart,1993; Schumany Madison,

1994).seexpresaen neuronasde núcleosrelacionados

con el procesamientode informaciónsomática,come

los núcleosde la columnadorsal,el nVds y el Nael,

presentesenla placaalardela regióndelóbex (Leigití y

cola., 1990; Vincent y ¡<imura, 1992; Valtschanoffy

cola., 1993; Deitra y cola., 1994; Takcmunay cola.,

1994).Debidoaquela NOS tieneactividadNADPH-d

(Dawsen el al., 1991; Hope el al., 1991), la

distribuciónde ambasson idénticas(Bredí y Snyder,

1992),por lo quela NADPHd puedeusarsecomoun

marcadorparaNOS.

En nuestrasexperimentosen Pleurodeles

walt!, con lincienes tanto itisíequlmicas frente a

NADPHd comeinmunohisloqufmicesfrente a NOS,

hemos observadouna población muy patentede

neuronaspositivaseala regióndelóbex,localizadasen

la mitadexternay ventrolateralmentedentrodc labanda

celularinterna.Lasdendritasdc estascélulassedirigen

donsolateralmentee invaden la suatanciablanca

dersolateral,correspondienteal tracto descendentedel

nervio trigémino (Vda), por lo que dicha población

neuronalse ita consideradocomeunaparle del nVds,

coincidiendocon las datos descritosen mamíferos

(Leigití y cola., el 1990; Vincent y Kimura, 1992;

Doitrn y cola., 1994; Takemuray cola., 1994).

En Pleurodeles walt! únicamentehemos

observadaun escasonúmerodc neuronaspositivaspara

NADPHdeNOS en elDCNoel Nael a nivel deóbex,

contrastandocon las datos descritosen anuros(A.

Muñoz y cola., 1995: M. Muñoz y cela., 1996) y en

mamíferos(Leigití y cola., 1990; Vincent y ¡<imura,

1992; Valtscitaneffy cola., 1993; Doitrn y cela, 1994;

Takcmuray cola., 1994).La mayor concentraciónde

neuronaspositivas paraNADPHd o NOS en el Nael

está presenteen los niveles rembencelálicosmás
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rostrales.En experimentesen les que se combinaren

las tinciones para NADPHd o NOS con la

inmunodetecciónde la tiresinaitydroxilaaa<TE), se

comprobóque la población neuronalpositiva para

NADPHd-NOS en estos niveles, se dispone

ventraimenteal tractosolitarioy estáentremezcladacon

neuronascatecolaminérgicas(positivasparaTE> del

Nael, por lo queconsideramosqueperteneceadicita

núcleo. Ea la región del óbex las neuronas

catecalaminérgicasdel Nael se disponenen la zona

dersomedialde la banda celular interna, y sus

prolongacionesse dirigen lateraly ventrolateralmenle

hastael funículo dersolateral.En su recorridodichas

prolongacionesse cruzan con las dendritas de las

neuronasdcl nVda, positivasparaNOS-NADPHd y

dirigidashaciael Vda.

En mamíferos la proteínaligante de calcio,

calbindina D28k (Calb), se expresaen algunas

estructurassomalosensoriales(Celio, 1990; Rauseily

Iones, 199la,b; Rauselí y cola., 1992; Menétrey y

cola., 1992a,b; Maslanyy cola., 1992; Ren y Ruda,

1994).En la rata, existen neuronaspositivasparaCalb

en determinadasláminas del astadorsal de la médula

espinal(Antal y cols., 1990; Menémreyy cois., 1992b;

Ren y Ruda, 1994), en les núcleos sensitivas

trigeminalesy enmenornúmeroen losnúcleosgracilis

y cuneatus(Celio, 1990; Maslany y cola., 1992). En

distintasespeciesde mamíferosse ita demostradaque

las neuronaspositivasparaCalb, constituyenunaparte

importantede los sistemasde proyeccióntrigeminales.

del núcleo del tracto solitario y de las proyecciones

espinalesascendentes(Rauseil y Janes, 1991a,b;

Rauscil y cola., 1992; Menétreyy cola., 1992a).

Nuestrasresultadosen Pleurodeleswalt!, de

acuerdacon lasobservacionesrealizadasen anuros(A.

Muñoz y cola., 1995),demuestranla existenciade das

poblacionesneuronalespositivasparaCalbenla placa

alarde la regióndel óbex.Se localizandorsomedialy

ventrelateralmenteen la banda celular interna y

pertenecenal Nael y aVda respectivamente.Las

prolongacionesde las neuronaspositivasparaCalbdel

Nael y nVds seentremezclanen susrecorridoshaciael

DLF y el Vdsrespectivamente.

En experimentosinmunoitislequímicoshemos

pedido comprobar la presencia de fibras

inmunereactivasparasustanciaP y Leu-eacefalisia,en

el DLF y en menor grado en el DF y el Vds.

Igualmentese observóqueexistenterminalespositivos

de suslanciaP y Lcu-eacefalina,así como para

seretonina,quealcanzancl DCN, LCN, Nael ynVds.

El patróndemarcajeparaneurepéptidoY en estaregión

es más restringido y se ¡imita a fibras positivasque

abandonanel DLF, parainervar la región lateralde la

placa alar. Esta inervación peptidérgica y

acroloninérgicaestádeacuerdoconleadatesobtenidos

en anuros(capItulo 5 dc la presentememoria; Ueday

cola., 1984; Adli y cola., 1988; Mercheadialery cola.,

1989; LAzAr y cola., 1990; Pctkó y SAnta, 1992; A.

Muñoz y cola., 1995) y con resultadasdescritosen

mamíferos(Steinbusch,1981; Westmany cois., 1984;

Halliday y cola., 1988; Ibuki y cola., 1989; Tamataniy

caía., 1989; Conli y cola., 1990; Fabniy Coati, 1990;

Blomqvisty Broman, 1993).

Conectividad

Ademásde las criterios ciloarquitectónicose

inmuneitislaquimices,en el presentetrabajo se han

caracterizadolas distintaspoblacionesneuronalesde la

placaalardc la regióndel óbex,medianteel estudiode

algunasde sus conexiones tanto aferentescoma

eferentes.
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Anlicaciones del trazadorea las raíces dorsales

En experimentoscon aplicacionesde dextrano

aminacombinadaconbietina(EDA) en raícesespinales

cervicalesy lumbaresen Pleurodeleswaltl, hemos

observadoque las afereaciasprimariasespinales,al

entrar en la médula espinal, se dividen en un

componentemedial y aíro laleral (tracto de Liasauer)

cuyasfibras asciendeny desciendenen el DF y DLF

respectivamente.En niveles espinales ambos

componentesinervan distintas regiones, si bien la

aleación dcl presente trabaje se ceníró,

fundamentalmente,en el estudiode los componentes

ascendentesquealcanzanla regióndel óbex.

Fibrasdel tractode Lissaucrcorrespondientesa

la segundaraíz espinal,asciendeneael DLF hastael

polo rostral del complejomotor de los núcleosde las

nervioscranealesVII, IX y X, atravesandopor le tanto

regida del dbex. En su recorrido, algunas fibras

alcanzanla bandacelularexternadondeselocaliza el

LCN, y enmenormedidalabandacelularinlerna,donde

se sitúael aVda.Igualmenteobservamosquelas fibras

del componentemedialasciendenenelDF, organizadas

samalelópicamente,confirmando datos previos

aislados,basadosen lincienes argénticas(Herrick,

1914; 1930; 1944>, y de degeneraciónanlerógrada

(Nicuwcnliuyay Carneliaz,1971),y coincidiendocon

el patrón de organizaciónpresenteen anuros (ver

capitulo 5 de la presentememoria). Las aferencias

primariasprocedentesdesegmentoslumbaresascienden

en la partemedial del DF, mientrasquelas aferencias

braquialeslo hacenen posición más lateral. De la

misma manera terminan en la región del óbcx,

principalmenteen cl DCN situadoen la bandacelular

extrena, si bien un pequeñacomponentede fibras

varicosaspodría alcanzaral Nael, aVda y LCN.

Rostralmenteal óbex, el componentemedial de las

afenenciasbraquialesasciendea travésdel rombencéfalo,

hastalacapagranulardel cerebelo.

Anuicacionesdel trazadorenelnervio lri2émino

En experimentescon aplicacionesde BDA e

de perexidasade rábano(HRP) en la raíz del nervio

trigemine, se observóel recorrido descendentede

algunasdesusafenenciasprimariasatravésdel Vds. En

la placa alarde la región del óbcx algunasfibras

varicosasabandonandicho tractoveníromedialmesite,

paradar terminalesen las bandascelularesexternae

interna, mayoritariamenteen el nVds y en menor

númeroenlas zonasdel DCN, Nael y LCN.

Anlicacionesdel trazadorenel astadorsalcervical

En nuestrosexperimentoscon aplicacionesdc

BDA en nivelesespinalescervicales,semarcaronfibras

quediscurrenenel DF, DLF y Vds.

En el DF se observarondescomponentes:1)

El localizadoen su porciónmedial,un tracto de fibras

gruesasy agrupadasde maneramuy compacta,quc

atraviesala región del dbex sin dar ramasterminales,y

termina en el lóbulo de la línea lateral. Dicito

componentecorrespondeal tracto A de Kingsbury

(1895), formadoprincipalmenteporaferenciasprimarias

de la segundaraíz del complejode les nerviosIX-X

(Rodi y Wake,1985),queinervanel sistemade la línea

lateral (Kreitt, 1930) y desciendenhasta la médula

espinal, donde se incorporan al DF (¡<rehí, 1930;

Herrick, 1944; 1948; Rodi y Wake, 1985). Herrick

(1944; 1948) sugirió que el DCN podría recibir

informacióndel tracto A de Kingabury, sin embargo,

segunnuestrosresultados,esteparecepocaprobable,

debidoaqueanivel del¿ibasus fibras,muy gruesas,
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sedisponenmuy empaquetadasy no emitencolaterales.

Además,enalgunasespeciesde anuros,comoXenopus

lae vis, que retienenel sistemade la línea laleral en

estadiosadultos,susaferenciasno terminanen laregión

del DCN (Lowe y Ruaseil, 1982; Altmany Dawes,

1983; Fritzschy cola., 1984; Will y cola., 1985a). 2)

El segundocomponenteocupaunaposiciónlaleral en

el DF y estáformada pon un sistemaascendentede

fibrasque terminan fundamentalmenteen el DCN, si

bien un menornúmerocontinúarostralmenteitasta la

capa granular del cerebelo. Dicho sistemaestá

constituidopor aferenciasprimariasespinales,ya que

las característicasde sus fibras coincidencon las que

presentanlas fibras marcadasennuestrosexperimentes

con aplicacionesen las raícesprimariasespinales;

aunque ademáspodría incluir proyeccionesno

primarias,como las del sistemapesísinápticede la

columna dorsal, cuya presencia,aunque no se ita

descrito hasta el mementoen urodelos, ita sido

demostradaen otrosvertebrados,incluyendolos anuros

(Rustioni, 1973; Angaut-Pelit, 1975a,b; Uddenbeng,

1968; Rustioni y Kaufman, 1977; Bensietíy cols.,

1984; GiesLer y cola., 1974; Kamogaway Bennetí,

1986; Funke, 1988; ten Denkelaary de Baer-van

Huizen, 1991; Pnitz y Sírilzel, 1994; A. Muñoz y

cola., 1995).

Existen muy pocosdalesen la bibliografía

sobrelas conexioneseferentesdel DCN en urodelos,y

están basadosúnicamenteen estudias realizados

medianteUncionesargénticas.Herrick (1944; 1948)y

Hernick y Bishop (1958) negaronla existenciadel

lemnisco medial en Ambystoma tigrinuin, y

compararonel DCN de urodeloscon elnúcleocuneado

externo, y no con los núcleosgracilis y cuneatus de

mamíferos. Los citados autores decnibieron

proyeccionesque se originanen la región del óbex y

asciendena travésde los lemniscosespinaly general

bulbar, a la formación reticular, cerebelo, techo

mesencefálico y al tálamo dorsal; así como

proyeccionesipailateralesque alcanzanel cerebelo

mezcladasconfibrasde lastractosA y E de Kíngsbury.

Sin embargo, no existen trabajos experimentales,

basadosen técnicasdc degeneracióne de trazado

neurenal,queconfirmen las sugerenciasde Herrick

(1944, 1948). Únicamente en un estudio con

aplicacionesde HE? en el taressemicircularisde

Salamandra salamandra se describierenneuronas

retógradamentemarcadasen la región rombencefálica

máscaudal (Manteulfely Naujoks-Maníeuffel;1990).

Por el contrarioen algunostrabajesse ita sugeridola

ausenciaen urodelosdel lemniscomedial (Ebbessony

cols., 1972;Naujoks-Manteuffely Maníeuffel, 1986;

Wicbl y Himsldet. 1988).

Lasfibrasascendentesmarcadasenel funículo

dorselateral,abandonanmedialmenteel tractoenniveles

cervicales superiores y organizan un campede

terminales que alcanzael LCN. Dichas fibras

correspondenaaferenciasespinalesprimariasdel tracto

de Lissauerasícomoaproyeccionesnoprimarias,que

podríanincluir el tracto espinocervical,presenteen

anuros(vercapítulos3 y 5 dc lapresentememoria).

Lcfl~m~Jia1

Anuicacionesen el tálamo ventral y en el lores

~miág¡1ÉL

En el presenteestudio se han realizado

aplicacionesde BDA enel tálamoventral y en el toma

semícircularis,con objetede comprobarla posible

existenciadel lemniscomedialenPleurodeleswalt!, e

identificar las neuronasque le originan. En ambos

casosseitan observadoen laplacaalarde la regióndel

dbex, neuronas retrégradamentemarcadas,
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mayoritariamenteen el lado coníralateral,en des

poblacionesneurenalesdiferenciables.La primera

correspondeal DCN y se lecaliza en posición

dorsomedialenla capacelularexterna,a nivel del óbex

y las primerossegmentosespinales.Dicha población

estáformadaporneuronasdediferentesmorfologíascosi

dendritasorientadashaciael funículodorsal,atravésdel

cual, presumiblemenle,reciben información espinal

ascendente.En les citadosexperimentosno seobservó

una división evidente entre componentesgracilis

(medial) y cuneatus(lateral). La segundapoblación

correspondealLCN y scsitúaenposiciónventrelateral

en lacapacelularexterna,y seextiendedesdeel óbex

hastaniveles ligeramentemáscaudalesqueel DCN.

Susneuronastienendendritasdirigidas lateralmente

haciael DLF, y en ocasionesalgunasde susneuronas

seencuentransegregadasdentrodc la propiasustancia

blancadel DLF. En algunoscasesseobservaroncélulas

retrógradamentemarcadasen posicionesintermedias

entreambaspoblaciones,en el lugardondesearborizan

las aferencias tnigeminales por lo que podrían

corresponderal nVds.Los axonesde ¡a neuronasdel

DCN y LCN cruzan la línea mediaveatraimenleal

canalcentral,parainarperarseal funículo ventrolateral

contralateral,y ascendera través del lemniscomedial

hastael Iowa semicircularisy el tálamo.

Manleuffel y Manteuffel, 1988; Herrick, 1914, 1942,

1948;Nieuwenituysy Corneliaz,1971;Jakwayy Risa,

1972; Gruberg, 1973; Oruberg y Solish. 1978;

Finkenstadty cels., 1983; Rettig, 1988, 1989; A.

Muñoz y cola, capitulo 3 de la presentememoria)

podrían recibirla a través de las aferencias

somatosensorialesprocedentesde la región dcl óbex,

como en anuros(capitule5 de la presentememoria>.

Cabe resaltar que Finkenstiídt y cola. (1983), en

experimentescon aplicacionesde HRP en el techo

óptico de Salamandrasalamandra,observaronneuronas

retrógradamenlemarcadasen los segmentesespinales

más rostrales,en unalocalizaciónsimilar ala descrita

enesteestudioparael DCN.

Así puesenel presentetrabajeseita demostradola

exialenciadel lemniscomedialen urodelos,medianteel

estudiodesusproyeccionesal tálamoventraly al tema

semicircularis. Sin embargo, resulta necesariala

aplicaciónde trazadoresanterógradosen la región dcl

DCN y del LCN, paraconocerla anatomíadetalladadel

lemniscomedial en urodelosasí como la totalidaddc

los centrosales qecpuedaproyectar.

Ademásdel tálamoy del tenissemicircularis,el

lemnisco medial de urodelospodría inervar otras

regionescerebralescomo ocurreen otros vertebrados

(ver capitule 5 de la presentememoria). Algunos

trabajoshandescrita,parejemple,el procesamientode

informaciónsomatesensonialen el neuropileprofunda

del tecite óptica en diversasespeciesde urodelos

(Odiaser-Cernehlsy Himatedí, 1973;Grubergy Solisit,

1978; Gruberg y Harris, 1981; Harria, 1982, 1989;

Stirling y Brandle, 1982; Rodi y cela., 1990>, que

ademásde mediantelasaferenciasespinales(Naujeks
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Sistemas somatesensorialesen anfibios CONCLUSIONES7

1- Se ha demostradola viabilidad de

preparaciones in vitro en las que el sistema

nerviosocentralde anfibios, completoy aisladodcl

cuerpodel animal, puedemantenersevivo durante

varios días en unas condicionesque permiten la

realización de experimentes anatómicos y

electrefisielógicos, cuyos resultados son

comparablesa les obtenidoscan preparacionesin

VIVO.

2- Mediante trazado neuronal así come

técnicashistoqulmicase inmunobistequimicas,schan

caracterizadoenanurosy urodelos,los núcleosde la

columna dorsal, cervical lateral, descendente

del nervio trigémino y del tracto solitario.

3- En anurosy en urodeloslasproyecciones

somatesensonialesespinalesascendentesseorganizan,

al igual que en vertebradasamniotas, en tres

componentes: funículo dorsal, funículo

dorsolateraly cuadrante ventral (funículos

dorsaly darselateral).

4- El funículo dorsal de anurosy urodelos

poseefibras primarias procedentesde las neuronas

ganglionaresespinales,en anuros incluye además

fibras no primariasdel sistema postsináptico

de la columna dorsal. Todos les componentes

presentanuna somatotopla mediolateraly

terminan mayoritariamenteen el núcleo de la

columna dorsal.

5- El funículo dorsolateral de los

anfibiosestudiadosestáformadoporfibrasprimarias

del tracto de Lissauer y fibras ascendentesno

primarias. En las últimas se incluyen el tracto

espinocervical, que termina en el núcleo

cervical lateral así como otras fibras que

restralmentealcanzanel cerebeloy distintoscentresdel

tronco cerebral come la formación reticular

lateral y elárea parabraquial.

6- Tantoen anuroscomoen urodelosseha

demostradola existencia,en el cuadranteventral,

de proyecciones espinotalámicas directas que

alcanzandiversosnúcleosdel tálamodorsaly ventral.

Así como proyeccionesque terminanen distintos

núcleosdel torus semicircularisque,junto con las

del lemniscomedial,constituyenel sustrateanatómico

por el que la información somatosensorialalcanza

dicho centre,en el que se ita descrito un mapa

somatotópicode representaciónde la superficie

corporal.

7- Las núcleos de la columna dorsal y

cervical lateralproyectan,en anurosy urodelos,a

través del lemnisco medial, al torus

semicircularis y al tálamo.

8- En Xenopuslaeviseldesarrollode las

aferenciasalnúcleodelacolumnadorsalprecedealde

suseferenciasalmesencéfaley al tálamo,por loquese

puede considerar que existe un patrón de

determinaciónperiférico-central en el sistema

columnadorsal-lemniscomedial.

9- Los datos bodológicos e

inmunehisíequimicasobtenidos demuestran¡a

existencia,tanto en anurascomeen urodelos,de los

sistemas columna dorsal-lemnisco medial y

espino-cervico-talámico, comparables a los

descritosenvertebradasamniotas.
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