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I. INTRODUCTION 

A. Statement of the Probl em 

The development of techniques for recording neural activity from pre

ganglionic white rami communicantes has furnished an approach for the analysis 

of the organ ization of sympathetic efferent activity in the spinal cord. 

Studies of the spontaneous activity and reflex activation of sympathetic pre

ganglionic neurons isolated from supraspinal control have demonstrated the 

integrity of sympathetic reflex arcs and have provided insight into the integra

tive capabil ity of spinal mechanisms control I ing the sympathetic outflow. 

Comparison of the reflex activity of sympathetic preganglionic neurons with 

that of somatic motoneurons reveals both similarities and differences in the 

central organ ization of these distinctly separate efferent systems. 

Information concerning the effects of pharmacological agents on sympathetic 

pregangl ionic neurons and their central reflex pathways is almost non-existent, 

in marked contrast to the exponential accumulation of knowledge and the pro-

I iferation of research pertain ing to the pharmacology of the peripheral sympathetic 

nervous system. The real ization that pregangl ion ic neurons represent "the 

"final common path II of the sympathetic nervous system serves to emphas ize 

the importance of this gap in information. The vulnerability of spinal somatic 

reflex connections to metabolic modification or pharmacologic intervention is 

well known. Likewise, preganglionic neurons and their reflex connections 

should be readily accessible to the influence of drugs; functional alteration 

at these sites remains an unexplored mechanism whereby pharmacological 
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agents may alter sympathetic activity. 

Therefore, the present investigation represents an in itial study of the 

neuropharmacology of sympathetic pregangl ion ic neurons. Th is thes is describes 

the effects of several selected drugs on the spontaneous and reflex activity of 

sympathetic preganglionic neurons in the unanesthetized spinal cat. The 

selection of drugs for study was made in consideration of the several aims of 

the investigation: (i) to expand present understand ing of the bas ic phys iology 

of sympathetic reflex arcs, (ii) to compare the effects of drugs on spinal 

sympathetic reflexes with their recognized effects on spinal somatic reflexes, 

(iii) to gain insight into potential transmitter agents involved in the activa-

tion or inhibition of preganglionic neurons, (iv) to describe the pharmacological 

activity of agents that produce sympathetic effects by an action on sympathetic 

mechan isms in the spinal cord. 

In keeping with the proposed goals, the selection of mephenesin, strych

nine, and picrotoxin were made for several reasons. The recognized effects 

of each of these drugs on somatic synaptic transmission in the spinal cord 

provide a basis of comparison for the present study. In addition, their 

mechanisms of action are at least partially understood. Their use as pharma

cological tools, especially strychnine and picrotoxin, has been instrumental 

in establ ishing current concepts of central synaptic transmission, particu larly 

in regard to inhibitory mechanisms. Furthermore, additional insight regarding 

the mechanism of vasopressor effects of analeptic agents may be gained by 

correlation of the peripheral sympathetic response with the neural activity of 

spinal sympathetic centers. 
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The re~ent histological demonstrations of monoamine-containing neurons 

in the central nervous system has aroused new speculation regarding the possible 

transmitter function of monoamines. In particu lar, a prominent convergence 

of descending axons containing monoamines has been found to terminate in 

the intermediolateral columns of the spinal cord, that is, in the vicinity of 

sympathetic pregangl ionic neurons {Carlsson et al., 1964; Dahlstr8m and 

Fuxe, 1965}. The possibility of adrenergic transmission to sympathetic 

pregangl ionic neurons prompted the present studies of the effects of the mono

amine precursors, dihydroxyphenylalanine and 5-hydroxytryptophan, on 

pregangl ionic neural activity. 

B. Physiology of Spinal Sympathetic Reflexes 

The capabi I ity of the isolated spinal cord to mediate sympathetic reflexes 

has been demonstrated repeatedly. For example, vasomotor changes in acute 

or chronic spinal animals have been observed following electrical stimulation 

of peripheral nerves (Sherrington, 1906; Langley, 1924; Brooks, 1933), mechani

cal stimulation of the viscera (Downman and McSwiney, 1946; Mukherjee, 

1957), and thermal or mechanical stimulation of the skin (Sahs and Fulton, 

1940; Kuntz, 1945; Richins and Brizzee, 1949). Reflex sudomotor adjustments 

in spinal animals have also been described 0/'Jang and Brown, 1956; Wang, 

1964}. Similar vasomotor and sudomotor reflexes have been demonstrated 

in spinal man (Riddoch, 1917; Leriche and Fontaine, 1927; Guttmann and 

Wh itteridge, 1947; Pollock et a!., 1951). Such observations of peripheral 

sympathetic activity indicate the existence of sympathetic reflexes at the 
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spinal level and provide some evidence for their segmental arrangement; 

however, this indirect approach can contribute only limited knowledge of 

the neurogenic mechanisms involved. 

Most electrophysiological approaches to the study of sympathetic efferent 

mechanisms have emphasized supraspinal control to the neglect of purely 

spinal contributions. The few,previous studies in which spinal mechan-

isms have received attention are not very eluc idating. AI exander (1945) 

noted that the spontaneous activity of spinal sympathetic centers of the cat 

varied inversely with blood flow or oxygen supply in the spinal cord. Post

ganglionic recordings from the deafferented spinal cord led to the conclusion 

that the p02 in the cord may affect the central excitatory state of preganglionic 

neurons. Subsequently, Alexander (1946) reported a loss of reflex responses 

evoked by sc iatic nerve stimulation and recorded from the inferior cardiac nerve 

when the spinal cord was transected, although irregular tonic activity persisted. 

Likewise, Schaefer (1960) found no evidence of reflex pathways between skin 

or musc leafferents and pregangl ion ic neurons except by way of medu !lary 

centers; segmental connections apparently did not exist. Such evidence is 

contrary to the numerous examples of peripheral vasomotor and sudomotor ad

justments in spinal animals and man. 

Recently, definitive neurophysiological studies of sympathetic pre

ganglionic neurons by Perl and associates have resolved much of the contro

versysurrounding their functional capabilities in the isolated spinal cord 

(Beacham and Perl, 1964a,b; Fernandez de Molina, Kuno, and Perl, 1965; 

Fernandez de Molina and Perl, 1965; Franz, Evans, and Perl, 1966). 
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Conventional electrophysiological recordings from upper thoracic and upper 

lumbar sympathetic preganglionic rami or extracellular and intracellular 

microelectrode recordings from preganglionic neurons in the functionally 

decerebrate cat provided the results of these studies. These results will be 

discussed in some detail as essential background for the present investigation. 

Preganglionic fibers regularly exhibited a background discharge that could 

often be modified by noxious as well as mild thermal or mechanical stimuli. 

Such stimuli could increase or decrease the resting discharge and could be 

either specific in type and localization or relatively nonspecific. Long-term 

(25-60 sec), cyclic increases in background discharge were often directly and 

temporally related to periodic fluctuations in the systemic blood pressure; 

increments in blood pressure lagged the increased neural discharge, and both 

patterns could be altered by hemodynamic changes. This relationship indicates 

a basic mode of vasomotor control at the spinal level. 

A reflex discharge of pregangl ionic neurons was commonly evoked by 

excitation of small myel inated afferent fibers (conduction velocity, 10-35 

m/sec) in dorsal roots or spinal, limb, or visceral nerves. Reflexes were 

localized within several segments of afferent entry to the spinal cord. 

Responses involved a few or many units and could be graded according to the 

strength of the afferent volley. The duration of reflex latency and its variabil ity 

excluded the possibil ity of monosynaptic connections between primary afferent 

fibers and pregangl ion ic neurons; ,the greater latency of viscerosympathetic 

reflexes indicated that they have a more complex central pathway than do 

somatosympathetic reflexes. Excitatory convergence of afferent fibers in 
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different nerves upon a limited pool of excitable neurons was demonstrated 

by common excitation of single preganglionic units and by mutual occlusion 

of the evoked discharge. 

The frequent failure of spontaneously active units to engage in the reflex 

discharge or to be affected by it and the intense mass discharge during temporary 

asphyxia indicated that the number of preganglionic neurons available to 

spinal reflexes inc luded only a portion of the sympathetic outflow. Further

more, although local ized changes in blood flow and transient increases in 

systemic arterial pressure could be reflexly induced, reflex changes in heart 

rate either directly or through adrenal medullary secretion could not be 

demonstrated; evidence of reflex piloerection is similarly absent. Thus, 

reflex or background discharges have been related only to vasomotor control; 

the possibil ity that a portion of the reflexly-activated sympathetic outflow 

may be sudomotor appears I ikel y on the bas is of el ectrodermal stud ies 0Nang, 

1964). 

Maximal reflex responses were usually obtained at stimulus intensities 

that were 1.5 to 2 times the reflex threshold. However, stimulus intensities 

sufficient to include nonmyelinated afferent fibers frequently produced an 

intense, prolonged after-discharge following the initial, low-threshold response 

in lumbar rami. Splanchnic stimulation was more effective than stimulation 

of lumbar spinal nerves in producing an after-discharge. Although after

discharge could be evoked in the midthoracic region by splanchnic stimulation, 

it was not seen in upper thoracic rami or in response to stimulation of intercostal 

nerves. 
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The excitability of sympathetic reflexes following a maximal response 

recovered rapidly, so that a large fraction of the pool could be discharged 

again after 20-30 msec. The recovery of reflex responsiveness was variable 

for different units; one single unit studied was re-excitable after 4 msec, but 

others were depressed for over 40 msec. Usually, the size of population reflex 

responses decl ined when frequencies of afferent stimulation exceeded O. 5/sec, 

but some pregangl ionic units would follow up to 20/sec before failing. 

Results of extracellular and intracellular microelectrode recordings from pre

ganglionic neurons during antidromic invasion substantiated their rapid re

covery of excitability. The absence of recurrent inhibition by axon collaterals 

and a small, post-spike hyperpolarization of 20-60 msec duration were consistent 

with recovery times for spinal reflexes. 

Fac iI itation of sympathetic spinal reflexes was difficul t to demonstrate 

and rarely recruited additional preganglionic neurons into a maximal reflex 

response. Short trains of tetanic stimulation also failed to facilitate the response, 

and post-tetanic potentiation was rare and never large. The absence of 

faci! itation indicated a virtual lack of subliminal fringe available for discharge 

in a reflex response. 

Usually, spinal sympathetic reflexes were markedly depressed for several 

hundred mill iseconds by a prior conditioning volley in the same nerve or in a 

different nerve that also evoked a reflex response upon stimulation. In some 

experiments, the comparatively small size of the conditioning reflex indicated 

that the depress ion was due to inh ibition rather than to refractoriness of common 

units. In one experiment, a single unit was re-excitable in less than 4 msec 
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by the second of two afferent volleys in a spinal nerve but was inhibited for 

200 msec by a conditioning volley in the splanchn ic nerve that evoked a 

discharge of the same, single unit. 

Inhibition required 20-30 msec for onset and reached a maximum 10-30 

msec later. Complete recovery 'required up to 400 msec. The rapid recovery 

of reflex excitability discussed above was frequently obscured by this type of 

afferent inhibition. In such cases, recovery was often biphasic: an initial 

steep recovery phase corresponded to determinations of reflex recovery in the 

absence of inhibition, whereas the second phase was similar to the prolonged 

inhibition where failure of recovery in common preganglionic units could 

not have been a significant factor. In other experiments, separation into two 

phases was less obvious. Division of afferent fibers into two types, excitatory 

and inhibitory, on the basis of differences in conduction velocity was un

successful; the possibility of mixed influences from one afferent nerve has not 

been el iminated. The mechanism and the central site of inh ibition of sympathetic 

preganglionic neurons remain completely obscure. 

C. Spinal Cord Pharmacology 

Since the recognized effects of selected drugs (mephenesin, strychnine, 

picrotoxin) on spinal somatic mechanisms are to serve as a basis of comparison 

for the present study of the effects of these drugs on spinal sympathetic mechanisms, 

a succinct review of the pertinent pharmacology of each drug is necessary. rn 

addition, the rationare for their inclusion as pharmacological tools in the present 

experimentar approach may become more apparent. According Iy, discussions 
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are limited to effects of the drugs on the spinal cord, except where reference 

to other neuronal systems may contribute to an understanding of their spinal 

effects. The interpretation of the effects of dihydroxyphenylalanine and 5-

hydroxy tryptophan on the spinal cord is less secure than that of the other 

three drugs. However, a brief summary of relevant observations concerning 

their effects on somatic transmission and the central distribution of mono

amines should explain their use in the present investigation. 

1. Mephenesin 

Mephenesin is the prototype of a series of drugs that selectively depress 

certain neuronal systems controll ing musc Ie tone and movement, thereby 

producing relaxation of skeletal muscle without loss of consciousness by an 

action on the central nervous system. The problems surrounding interpretations 

of the mechanism of muscle relaxation by these drugs have recently been reviewed 

by Smith (1965); in short, the mechanism of their relaxant action has not 

been elucidated. Nevertheless, efforts to define this mechanism have dis-

closed prominent effects on synaptic transmission in the central nervous system. 

A preferential depression of polysynaptic reflexes over monosynaptic reflexes 

in the spinal cord and in some supraspinal pathways has led to their characteriza

tion as Ilinterneuronal block ing agents ". However, not all polysynaptic path

ways are selectively depressed (King and Unna, 1954), and depression of 

monosynaptic reflexes can be demonstrated, although reduction of polysynaptic 

reflexes is clearly greater (Henneman, Kaplan, and Unna, 1949; Kaada, 1950; 

Taverner, 1952; Latimer, 1956). 
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Longo (1961) found sign ificant depress ion of repetitive firing in some 

interneurons by mephenesin, but a prototype interneuron, the Renshaw 

cell, was only slightly affected (Mcintyre, Mark, and Steiner, 1956; 

Longo, Martin, and Unna, 1960). The marked depression of synaptic re

covery of spinal reflexes exhibited by mephenesin provides a basis for the 

reduction of repetitive activity and may underl ie its mechan ism of action 

(Espl in, 1963). If repetitive activity is necessary for synaptic transm iss ion 

through interneurons, its depression could account for selective failure 

of polysynaptic reflexes. 

2. Strychn i ne 

No drug affecting the central nervous system has been investigated more 

intensively than strychnine. Although a" portions of the central nervous system 

are affected, its predominant effects are generated within the spinal cord. 

Strychnine and related substances have been found to depress all types of post

synaptic inhibition in the spinal cord, and their convulsant properties have 

been ascribed to this mechanism. Bradley, Easton, and Eccles (1953) initially 

demonstrated that postsynaptic inhibition of monosynaptic reflexes is markedly 

depressed by subconvulsive doses of strychnine. Subsequently, intracellular 

recording from motoneurons revealed that this effect is due to depression of 

the inhibitory postsynaptic potential (lPSP) (Coombs, Eccles, and Fatt, 1955). 

These observations have been confirmed for all spinal postsynaptic inhibitory 

mechanisms on which strychnine has been tested (Curtis, 1959, 1963; Eccles, 

1964) with the exception of one type wh ich appears to be resistant to strych

nine (Green and Kellerth, 1966). The ability to block postsynaptic inhibition 
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selectively has provided a valuable research tool for the study of synaptic 

transmission in the central nervous system. Some large and prolonged IPSPs 

and postsynaptic inhibition of neurons located in the higher centers of the 

brain are markedly resistant even to large doses of strychnine. However, 

topical strychninization has been reported to depress postsynaptic inhibition 

and IPSPs in some cortical neurons (Pollen and Marsan, 1965). 

Although unconditioned monosynaptic reflexes are variably affected by 

strychnine, depending on the dose and the type preparation used, the ampl itude 

of polysynaptic reflexes is markedly increased in all types of preparation 

(Kaada, 1950; Bernhard, Taverner, and Widen, 1951; Brooks and Fourtes, 

1952). The increase in polysynaptic refl exes has been attributed to strychnine 

depression of inhibitory synapses along the polyneuronal pathways, thereby 

recruiting additional neurons from the subliminal fringe (Bradley, et al., 

1953). Alteration of monosynaptic reflexes may depend on the balance of 

background inhibition and facil itation in the particu lar preparation. 

Wall and Horwitz (1951) reported that strychnine did not evoke spontaneous, 

synchronous firing in sympathetic pregangl ionic neurons but that stimulation 

in the presence of strychn ine produced repetitive firing. On the other hand, 

langley (1924) obtained marked, spontaneous increases in the systemic blood 

pressure of spinal cats with strychn ine. Stimulation of peripheral nerves pro

duced a much greater vasomotor response after strychn ine than before, suggesting 

increased excitability of sympathetic centers in the spinal cord. Significantly, 

strychnine appeared to increase the excitability of only the vasomotor and 

somatic mechanisms of the spinal cord; reflex or spontaneous effects on 
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piloerection, sweating, intestinal motif ity, or cardioacceleration were 

notably absent. Likewise, higher centers of autonomic integration appeared 

to be stimulated only weakly by strychnine. Langley's studies of the effects 

of strychnine on spinal autonomic centers stand very much alone. 

3. Picrotoxin 

Picrotoxin, unlike strychnine, produces convulsions more readily in the 

intact animal than in the spinal preparation. On this basis, the primary site 

of action of picrotoxin has been ascribed to supraspinal centers, and the marked 

stimulation of medu Ilary resp iratoryand vasomotor centers, espec ially when 

these are depressed, has contributed to its reputation as a medu lIary analeptic. 

Interest in the effects of picrotoxin on the spinal cord has been aroused 

by its demonstrated effect on presynaptic inh ib ition. In presynaptic inh ibition 

the exc itatory presynaptic term ina Is of primary afferent fibers are depolarized, 

thereby diminishing the afferent spike potential and the amount of transmitter 

released; consequently, the motoneuron may be insuffic iently depolarized to 

generate an impulse. Eccles, Schmidt, and Willis (1963) found that picrotoxin 

depresses and shortens both the dorsal root potential (DRP), wh ich is used as 

a conven ient, indirect measure of the presynaptic depolarization of primary 

afferent fjbers (PAD), and the resulting presynaptic inhibition of monosynaptic 

reflexes in cats. Similar effects on the isolated toad spinal cord were demon

strated by Schmidt (1963). The depression of presynaptic inhibition by 

picrotoxin is less complete than the blockade of postsynaptic inhibition by 

strychnine. The convulsive activity of picrotoxin is not attributed solely to 

its depressant action on presynaptic inhibition (Eccles, 1964). Strychnine does 
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not depress presynaptic inhibition or the DRP; rather, it may enhance them, 

possibly by increasing the activity of interneurons in the presynaptic inhibitory 

pathway. The enhancement of presynaptic inh ibition by strychnine and its 

depression by picrotoxin in subconvulsive doses argue against occlusion of 

interneurons to account for the depressed PAD. 

The,spec ific ity of picrotoxin as a depressant of presynaptic inhibition may 

be suspect, since two other convulsant drugs which do not block postsynaptic 

inh ibition, pentyl enetetrazol and beta-methyl-beta-ethylg lutarim ide, were 

also found to depress presynaptic inhibition (Eccles et al., 1963). On the 

basis of only a few experiments these observations were not considered sig

nificant, because the doses required were considered to be excessive and some 

of the results were inconsistent. These discrediting observations have been 

ignored in subsequent discussions of presynaptic inhibition (Curtis, 1963; 

Eccles, 1964, 1965; Schmidt, 1964, 1965). Furthermore, the powerful pre

synaptic inhibition of polysynaptic pathways such as the flexor reflexes 

(Eccles, Kostyuk, and Schmidt, 1962) has not been examined pharmacologically. 

The failure to examine the effects of picrotoxin on the presynaptic inhibition 

of polysynaptic reflexes is surprising in view of the thorough study of its 

depression of presynaptic inhibition of monosynaptic reflexes (Eccles et al., 

1963). Thus far I the demonstration of selective depression of presynaptic 

inhibition by picrotoxin is less convincing than that of selective blockade of 

postsynaptic inhibition by strychnine. 
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4. Dihydroxyphenylalanine (DOPA) and 5-hydroxytryptophan (5-HTP) 

The uneven distribution in the central nervous system of chol ine acetylase, 

the enzyme responsible for the synthesis of acetylcholine, led to the proposal 

by Feldberg and Vogt ('1948) that in some central pathways cholinergic 

neurons alternated with non-cholinergic neurons. Familiarity with peripheral 

synaptic junctions between cholinergic preganglionic neurons and adrenergic 

postgangl ionic neurons in sympathetic gangl ia provided impetus for investiga

tions designed to elucidate possible adrenergic systems in the central nervous 

system. Formerly, measurements of the concentrations of norepinephrine and 

other catecholamines in various parts of the central nervous system could not 

define their possible functional significance because discrete neuronal localiza-

tion was impossible with the available techn iques. 

More recently, a specific and sensitive histochemical fluorescence method 

for the cellular local ization of catecholamines and 5-hydroxytryptamine has 

been developed (Carlsson et al., 1962; Falck et al., 1962) and applied 

to studies of their discrete localization in the central nervous system (Fuxe, 

1965; Hillarp, Fuxe, and Dahlstr8m, 1966). A large number of neuronal 

systems in the central nervous system have been demonstrated to store and form 

dopam ine, norepinephrine (N E), or 5-hydroxytryptam ine (5-HT). The highest 

concentration of such amines are found in the varicosities of the synaptic 

terminals, but low concentrations also exist in the cell bodies and non

terminal axons. Pharmacological methods have been used to increase or 

decrease the concentrations of amines in all parts of these central neurons and 

have aided in tracing their location and pathways. The central monoamine-
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containing neurons display the same basic properties and pharmacological 

reactions as the peripheral adrenergic neurons, which provides strong evidence 

for the existence of neurotransmission by monoamines in the central nervous 

system. This evidence has recently been reviewed by Hillarp et al. ('1966). 

Particularly relevant to the present investigation is the discovery that 

sympathetic pregangl ionic neurons receive a direct and very dense, terminal 

innervation from NE- and 5-HT -containing fibers that descend from medullary 

neurons by 'relatively discrete bulbospinal tracts (Carlsson et al., 1964; 

Dahlstr8m and Fuxe, 1965). Quantitatively, the majority of such descending 

fibers terminate in the dorsal and, especially, in the ventral horns of the 

spinal cord, but their distribution is much more diffuse than those that con

verge on the intermed iolateral col umns. Retrograde cell changes follow ing 

spinal root transections have assisted demonstrations that terminals containing 

NE or 5-HT make intimate contacts with cell bodies of sympathetic preganglionic 

neurons and alpha-motoneurons, and possibly, with interneurons. The location 

of ceJ I bodies and fiber tracts of neurons that contain N E or 5-HT and 

terminate in the sympathetic columns has led to suggestions that they serve 

inhibitory, vasodepressor, or vasodilator functions; however, the evidence 

for any of these roles is scanty. 

Although NE and 5-HT do not readily cross the blood-brain barrier, their 

central actions may be studied after intravenous injection of precursors that 

cross the barrier. Fuxe (1965) demonstrated that DOPA and 5-HTP are 

decarboxylated and converted to NE and 5-HT, which accumulate with a 

high degree of specificity in their respective neurons; pretreatment with 
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monoamine oxidase inh ibitors greatly fac ilitates th is accumu lation. 

The effects of DOPA or 5-HTP on spinal reflexes have been attributed to 

increased synthesis and overflow of NE or 5-HT from their particular neurons, 

wh ich suggest poss ible transmitter functions. Carlsson, Magnusson, and 

Rosengren (1963) reported facilita'tion of flexor reflexes by the administration 

of DOPA or 5-HTP to spinal rabbits. Subsequent studies in spinal cats by 

Lundberg (1965) add support to the view that these precursors modify spinal 

reflexes by the formation and release of NE and 5-HT from descending pathways. 

Both DOPA and 5-HTP depress short latency transmission from the flexor 

reflex afferents to primary afferents, motoneurons, and to ascending pathways; 

a secondary, long-latency discharge of flexor motoneurons evoked by tetanic 

stimulation of flexor reflex afferents is then revealed. In addition, 5-HTP 

increases excitability of flexor and extensor motoneurons so that monosynaptic 

reflexes are increased and spontaneous discharges appear in ventral roots. 

Inhibition of decarboxylase, an enzyme necessary for the formation of N E 

and 5-HT, prevents the effects of DOPA and 5-HTP, which indicates that the 

precursors act only after conversion to N E and 5-HT and not directly. In

hibition of monoamine oxidase potentiates the effects of both DOPA and 5-HTP 

on spinal reflexes. Phenoxybenzamine blocks the effects of DOPA but not 

those of 5-HTP wh ich, however, are partially blocked by an antagonist of 

5-HT; evidently, the NE and 5-HT act on different receptors. 

Although the effects of DOPA and 5-HTP on spinal reflexes are poorly 

understood, the evidence supports the view that they are mediated byN E 

and 5-HT, respectively. Additionar support has been obtained by Weight 
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and Salmoiraghi (1965, 1966) who demonstrated facilitation or depression of 

activity in a variety of spinal cord units by electrophoretically applied NE 

or 5-HT; in some motoneurons, NE depressed injury discharge and blocked 

antidromic spike invasion. Only depression of spinal neurons by NE and, 

to a lesser extent, by 5-HT was found in similar experiments by Engberg 

and Ryall (1965). 

In view of the dense convergence of monoamine-containing terminals 

that make intimate contact with sympathetic preganglionic neurons and the 

demonstrated activity of monoamine precursors on spinal somatic reflexes, 

it seemed particularly important to examine the effects of DOPA and 5-HTP 

on spinal sympathetic reflexes in the present investigation. 
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II. METHODS 

A. Surgical Preparation 

Experiments were conducted on unanesthetized, adult cats, between 1 .7 and 

4 kg body weight. Under ether anesthesia, the trachea was cannulated for sub

sequent connection to a pos itive-pressure respirator. Both carotid arteries were ligated 

in the neck, and one was cannulated and connected to an aneroid manometer for 

continuous visual monitoring of blood pressure. Under deep ether anesthesia the 

spinal cord was transected at the atlanto-occipital junction by blunt dissection. 

Ether administration was then discontinued, and respiratory rate and depth were 

regulated to maintain end-tidal CO2 at4.0 toS.S°;h (monitored continuously by 

an infrared Beckman C02 detector I Spinco, LB-1) by an Ensco positive-pressure 

respirator. The vertebral blood supply to the head was occluded, producing complete 

pupillary dilatation and loss of reflex movements of the head. An indwell ing 

polyethylene cannula was tied into a radial vein for the intravenous administration 

of drugs. Deep body temperature was maintained between 36 and 380 C by an 

external heating plate regulated by a Thermistemp Temperature Controller that 

monitored rectal temperature through a termistor probe. Gallamine triethiodide 

was injected intravenously as needed to produce skeletal muscle paralysis through-

out the dissection and experimental procedures. 

A dorsal midline incision in the upper thoracic or upper lumbar region provided 

entrance to the dissecting field. Gross dissection and removal of muscle covering 

the dorsal aspect of the vertebrae and the adjacent I lateral areas of the left 

side were accompl ished with the aid of cautery. Preparations were routinely 
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placed on their right side and held by metal clamps grasping the dorsal thoracic 

or transverse lumbar spinal processes. The clamps were rigidly attached to the 

slotted, metal, animal board (Figure 1A). Upper thoracic sympathetic rami 

entering the stellate ganglion were partially exposed retropleurally after removal 

of sufficient intercostal muscle and the heads of ribs 2, 3, and 4. Although care 

was taken to keep the pleura intact, occasional tears occurred; these were repaired 

by fine suture, methylcellulose sponge, and fat tissue. Lumbar rami were par

tially exposed retroperitoneally after removal of muscle and the first three trans

verse lumbar spinal processes. Adjacent intercostal or lumbar spinal nerves were 

dissected free and wrapped in Ringer-soaked cotton for subsequent stimu lation or 

recording. Major blood vessels in the operative field were I igated before cutting. 

Exposed tissues were covered with mineral oil in a pool formed by tying skin flaps 

to a rigidly supported metal ring. 

Final dissection of sympathetic white rami communicantes was performed 

under mineral oil with the aid of a binocular dissecting microscope (3.5 to 15 

X magnification). Preganglionic white rami could be identified by their appear

ance and location and by their entry into the appropriate sympathetic gangl ia and 

juncture with the appropriate spinal nerve (Figure 1 B). Rami were sectioned at 

the ganglia and were carefully dissected free and cleaned of connective tissue 

with the aid of knives made from razor blade ch ips. The presence of persistent 

background activity and reflexly-evoked discharge provided final identification 

of preganglionic elements. 

In some of the experiments conducted in the lumbar region, a segment of the 

ipsilateral splanchnic nerve crossing the dorsal crus of the diaphragm was dissected 
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free and sectioned distally for subsequent stimu lotion of visceral afferent fibers. 

B. Recording Techniques 

A block diaphragm of the stimulating and recording equ ipment is shown in 

Figure 2. Afferent volleys in spinal and splanchnic nerves were del ivered by 

pairs of fine, platinum-iridium, wire electrodes. Rectangu lor pulses, 0.25 msec 

in duration, were appl ied through a stimu Ius isolation transformer from a dual 

stimulator (Ramey-Bosler, Model 58) which also suppl ied triggering pulses for a 

cathode-ray oscilloscope and a digital averaging computer. 

Efferent electrical activity in preganglionic rami and spinal nerves was led 

from the central end with pairs of fine platinum-iridium leads and ampl ified by 

Tektronix Type 122 low-level preamplifiers. The band pass of the preamplifiers 

was adjusted within the range of 8 cycle/sec to 1 kc/sec to obtain optimum 

recording conditions for each experiment. Amplified signals were displayed on 

a Tektronix 502 Dual-beam Oscilloscope and were photographed by a Grass Model 

C-4 Kymograph Camera that was triggered manually. Neural activity was con

tinuously monitored by an audio unit. Respiratory movement artifact in the thoracic 

region was minimized by partially occluding the respiratory hoses and by restricting 

the movement of disconnected ribs with a blunt retainer that was rigidly attached 

to the an imal board. In addition, rotation of the vertebral clamps allowed partial 

suspension of the animal, thereby eliminating significant contact with the animal 

board. Ipsilateral pneumothorax was performed in several experiments where 

necessary . 

The reflexly-evoked, preganglionic discharge was small in amplitude, seldom 
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greater than 60pV, and often only slightly greater than background noise. 

Furthermore, consecutive reflex responses underwent fluctuations in size indica

tive of phasic changes in neuronal excitability that did not correlate with re

spiratory movements or heart rate. In order to obtain meaningful quantitative 

data in many of the experiments, it was necessary to average 25 to 100 evoked 

responses by a signal-averaging digital computer (Enhancetron 1024, Model ND-

800, Nuc lear Data, Inc.). The use of this instrument greatly improved the s ignal

to-noise ra1"io and fac i I itated quantitative comparisons of seri es of evoked refl ex 

responses. The mu I tiscal ing mode of the computer was used for two types of 

measurements: (i) at single, slow sweep speeds (minutes), to detect changes 

in spontaneous activity; and (ii) at repetitive, fast sweep speeds (mi II iseconds), 

to measure changes in the relative firing frequency of un its comprising an evoked 

reflex response. The mul tiscal ing mode of operation was used on Iy when time

frequency data were of interest. Response ampl itude was always measured by the 

averaging mode. Input for the Enhancetron was led from the vertical amplifier 

output of either beam of the osc illoscope. Enhancetron output was displayed on 

the other beam of the oscilloscope and photographed. Enlarged (6.5X) film

reader projections of photographic records were measured for quantitative evalua

tion of the data. 

The reproduc ibil ity of computer measurements in the present experiments was 

usually within .!, 50/0 and never exceeded .!,100A>. Deviations beyond these limits 

were attributable to the effect of drugs or to noteworthy changes in the con

dition of the preparation. 
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C ~ Experimental Procedures 

Recording of preganglionic activity prior to five or six hours following spinal 

cord transection was prevented by the time requ ired for the extensive operative 

procedures. An additional period of one to two hours was routinely allowed to 

insure stable recording conditions ~ Consequently, at least seven or eight hours 

elapsed between spinal transection and the start of experimental procedures ~ 

Depending upon the stability of reflex responses and the condition of the 

preparation, experimental procedures were frequently continued for up to 18 

hours after spinal transection. Continuous, visual monitors of blood pressure and 

end-tidal CO
2 

provided rei iable indicators of the stabi I ity of a preparation. 

Drug-induced changes in blood pressure were also monitored visually and recorded 

in the protocol. Blood pressure usually became stabil ized near 70 mm Hg, which 

appeared to ma inta in the an ima Is in satisfactory cond ition for pro longed periods. 

When necessary, a small volume (5-10 ml) of 6% dextran in saline was injected 

intravenously to maintain this homeostatic condition. The use of cautery, ligation 

of cut. blood vessels, and care to avoid infus ion of heparin solution from the 

blood pressure recording apparatus prevented significant blood loss. 

In general, drug-induced blood pressure changes were allowed to subside 

before reflex testing procedures were continued. When experimental data were 

collected during marked blood pressure alterations, e.g ., pressor effects during 

intense, drug-induced activity, such changes were recorded in the protocol at 

frequent intervals. 

When stabi I ity of the preparation and brevity of drug effect perm itted, the 

effect of a drug on an experimental parameter was tested periodically unti I partial 
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reversal of the effect. Th is procedure confirmed impress ions that observed changes 

were drug-induced. 

During refl ex testing procedures, responses were evoked at rates of O. 2/sec 

or 0.5/sec. During long-term testing above 0.5/sec, responses became progressively 

smaller with increasing rates. The averaging technique required at least 25 evoked 

responses to provide averages of sufficient ampl itude for accurate measurement. 

Consequently, several minutes were required to obtain a single measurement. 

In interaction studies, measurements were routinely taken at 6 or 7 intervals 

between 20 and 200 msec. Measurements at shorter intervals were often impractical 

because of the duration of the condition ing reflex and its positive after-potential. 

Such series with appropriate control measurements required 20-30 minutes to complete. 

It was felt that the accuracy of results obtained during more prolonged series of 

measurements would be adversely affected by changing drug levels, since the 

duration of action of most of the drugs studied was relatively short. 

Stable solutions of mephenesin, strychnine sulfate, or picrotoxin in 

isotonic saline were injected intravenously and followed by a l-ml saline wash. 

The concentrations of strychn ine and picrotoxin solutions was such that no more 

than 1 ml/kg of the solution was injected during a single administration. The low 

solubil ity of mephenesin requ ired a larger in jection volume (up to 5 ml/kg) to 

obtain effective drug levels. d,I-DOPA and d,I-5-HTP were dissolved in warm 

saline at pH 4, and up to 2 ml/kg of freshly prepared solution was required for 

injection at higher dose levels. 
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III. RESULTS 

A. Mephenesin 

1. Spontaneous activity 

The spontaneous activity recorded from sympathetic preganglion ic ram i in 

different preparations ranged from its complete absence to vigorous firing that 

involved many pregangl ionic un its. Vigorous, spontaneous activity was routinely 

depressed within several minutes by 25 mg/kg of mephenesin. Larger doses 

produced proportionately greater depression. 

Figure 3A illustrates the depression of spontaneous activity in a T3 pre

gangl ionic ramus by two, consecutive 25 mg/kg doses of mephenesin. The de

pression of a high level of spontaneous activity in an L 1 ramus by 50 mg/kg of 

mephenesin is illustrated by the single traces in Figure 3B. 

Depression of spontaneous sympathetic activity by mephenesin was not 

accompanied by a decrease in blood pressure as might be anticipated from the 

demonstrated vasomotor influences of the sympathetic outflow. Since the volume 

of mephenesin solutions injected was necessarily large (7-15 ml), a small vaso

motor depress ion, if present, may have been offset by the increased c ircu lating 

blood volume from the in jection. 

Immediately following the administration of mephenesin, a transient vaso

depressor response occurred; th is was then supplanted by ami Id vasopressor 

effect for several minutes. The fall in blood pressure was probably due to a 

direct effect of mephenesin on vascular smooth muscle, and the subsequent rise 

was probably due to blood volume expansion by the injection, since it was 



-25-

duplicated by injection of equivalent amounts of saline. In two of three ex

periments inwh ich spontaneous sympathetic activity was brisk, the depressor 

effects produced a sharp increase in neural activity, and the subsequent pressor 

effects produced an equivalent decrease. However, changes in blood pressure 

induced by mephenesin did not significantly alter low levels of spontaneous 

sympathetic activity. The reciprocal influence of blood pressure on spontaneous 

activity has been ascribed (Alexander, 1945) to changes in blood flow and oxygen 

supply to the spinal cord. 

2. Evoked refl ex responses 

Mephenesin markedly depressed the amplitude of sympathetic reflex responses 

evoked by stimu lation of afferent fibers in visceral or somatic nerves. Evoked 

responses were reduced by doses of mephenesin (25-50 mg/kg) that have liUle 

effect on monosynaptic reflex pathways. Submaximal responses were almost 

completely blocked, and maximal responses were usually reduced to less than 500k. 

Changes in size were clearly defined by measuring the average of 25 to 50 evoked 

reflex responses. Examples of response averages of depressed reflexes are shown in 

Figure 4A. Large decrements were also evident in single traces (Figure 48). 

Depression of evoked responses by successive doses of mephenesin was additive, 

and the degree of depression was dose-dependent. In keeping with the short 

duration of action of mephenesin, its effect was reversible within one to two hours. 

The graded depress ion and the partial recovery of two responses from two, succes

sive doses of mephenesin (25 mg/kg,each) are illustrated graphically with sample 

reproductions of response averages in Figure 4A. 
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In several preparations, an apparent prolongation of reflex latency by 

mephenesin was found to stem from the loss of small, early components of the reflex 

response. The latency of remaining, large-amplitude components did not change. 

However, the loss of small, early and late components from depressed responses 

tended to shorten their duration. Otherwise, the latency and duration were 

not significantly altered despite an appreciable depression of amplitude. 

When latency of two reflex responses in the same preparation differed sig

n ificantly, the one having the longer latency was more severely depressed by 

mephenesin. Consequently, the viscerosympathetic reflex pathway was more 

susceptible to mephenesin than the shorter-latency, somatosympathetic reflex 

pathway. 

3. After-d ischarge 

The after-discharge recorded from lumbar pregangl ionic neurons in response 

to activation of nonmyel inated afferent fibers was moderate Iy depressed by 

50 mg/kg of mephenesin. The depression was detected on the audio monitor 

and was recorded by the computer as a decrease in total frequency of discharge 

during successively evoked responses, as shown in Figure 3C. After-discharges 

were less sensitive than the initial, low-threshold responses to the depressant 

effect of mephenesin .. 

4. Interaction 

The effect of mephenesin on the inhibition of sympathetic test reflex responses 

by a conditioning volley in the same or in a different nerve was determined in six 

experiments at intervals from 25 to 200 msec. Figure 5 illustrates two such 

experiments.. In A, the reflex response evoked in a T3 ramus by stimulation of 
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the T4 spinal nerve was inhibited by prior stimulation of the T3 spinal nerve. 

In B, both conditioning and test stimuli were applied to the T4 spinal nerve. De

spite significant depression of evoked responses, mephenesin did not alter the 

degree or the recovery of inh ibition. Smal', random deviations from control 

curves were with in the I imits of accu racy of measurement. Therefore, it appears 

that the inhibitory pathways do not differ from the excitatory pathways in their 

susceptibil ityto the depressant effect of mephenes in. In th is series of experi

ments' no examples of rapid reflex recovery in the absence of inhibition were 

encoun tered . 

B. Strychn ine 

1. Spontaneous activity 

Doses of strychnine sufficient to induce spontaneous discharge of motoneurons 

always induced spontaneous discharge of sympathetic pregangl ion ic neurons 

as well. Initiation of intense preganglionic discharges by rapid injection of strych

nine required a definite threshold dose which differed among preparations. This 

dose ranged from 0.06 to O. 1 mg/kg. The onset of paroxysmal activity was 

characterized by an abrupt, intense discharge that was in itially continuous. The 

continuous discharge gradually diminished in intensity for several minutes until 

it was replaced by periodic bursts which decreased in intensity, frequency, and 

regularity during the next 15-30 minutes. Occasional, intense discharges were 

followed by variable periods of relative inactivity. Suprathreshold doses of strych

nine produced a similar but more prolonged pattern of paroxysmal activity. The 

onset was more gradual when strychnine was injected slowly during 10 to 15 
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minutes. The time-frequency records shown in Figure 6A and B illustrate typical 

discharge patterns. 

Simultaneous recordings of activity in both preganglionic rami and adjacent 

segmental nerves showed a close correlation of their respective discharges. Pro

longed bursts of activity in motoneurons were accompanied by prolonged bursts 

of preganglionic activity; sympathetic activity was proportional to somatic activity 

in intensity and duration. Brief, rhythmic "strychnine spikes" of motoneurons 

were sometimes joined by brief "strychnine spikes" of pre gang I ionic neurons; 

however, small, transient bursts were often obscured by the general increase in 

activity of the sympathetic fibers. Intense discharges of both efferent systems 

were easily evoked by mild stimuli such as limb flexion, touching, or light pinch

ing of the preparation. These discharges were simi lar in form to those occurring 

spontaneously. Examples of simultaneously recorded somatic and preganglionic 

paroxysms after strychnine are shown in Figure 7. The possibility of collateral 

innervation by recurrent, cholinergic axons between motoneurons and preganglionic 

neurons to account for the coincidence of discharges was considered; however, 

the cholinergic blocking agent, dihydro-beta-erythroidine (OHE, 4 mg/kg) 

failed to alter the synchrony of their respective discharges. 

Strychnine-induced discharges of preganglionic neurons were always followed 

by sharp increases in blood pressure, The ampl itude and duration of vasopressor 

responses were proportional to the severity and duration of these discharges. The 

onset of pressor effects followed bursts of activity in pregangl ionic rami by at 

least 5 seconds, and maximum elevation of blood pressure was reached within 

an additional 5 to 20 seconds. Following brief, isolated preganglionic discharges, 
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the blood pressure often rose 50-80 mm Hg and returned to the pre-existing level 

with in 30 seconds. In most instances the neural event ceased before the brief 

pressor cycle began. Where the initial discharges were intense, as in Figure 6A, 

bursts recurred too continuously to permit fluctuations in blood pressure between 

isolated discharges. Nevertheless, Figure 6A illustrates the close correlation 

between the pregangl ion ic discharge rate the peripheral vasomotor consequences. 

The pressor effect of short bursts of activity is shown in Figure 68. The brevity 

of such pressor effects indicated their mediation by the vasomotor outflow rather 

than bysympathoadrenal discharge or by the ensuing cardioacceleration. 

Following prolonged, severe paroxysmal activity, blood pressure often re

mained lower than before strychnine injection, which suggested some postictal 

depression of central vasomotor tone. 

2. Evoked reflex responses 

The effects of strychn ine on evoked sympathetic reflex responses were com

plex and variabl e. These effects can best be described under three categories: 

(a) Occlusion, (b) Enhancement or no change, and (c) Depression. 

a) Occlusion. During intense, preganglionic discharges induced by strych

nine, evoked sympathetic reflex responses were a Iways depressed. Attempts to 

evoke responses during bursts of activity invariably failed, and responses that 

could be evoked between bursts were usually much smaller than control responses. 

As the interval between consecutive, spontaneous discharges expanded during 

their declining stage, interposed reflex responses that were equal to or greater 

than (see below) the size of pre-drug responses could be evoked several seconds 

after the preceding burst. Although no accurate measurements were made, the 
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duration and degree of depression following a paroxysm were directly proportional 

to the intensity of the burst. 

The depression of evoked reflex responses during paroxysmal activity was 

attributed to occlusion or post-activation depression of preganglionic neurons. 

The complete occlusion or marked depression of units comprising an evoked response 

indicated their inclusion in the population of preganglionic neurons activated by 

strychn ine. 

The average of successive reflex responses evoked during paroxysmal activity 

was always smaller than control averages due to the occlusion or depression of 

many of the individual responses. Figure 8A illustrates the graded depression of 

two reflex responses during intense activity induced by three successive doses 

of strychnine. As shown in Figure 8B, somatic reflex responses were also par

tially occluded by intense, spontaneous activity of motoneurons, but this occlu

sion was less complete than that of sympathetic responses evoked at the same time. 

During the occlusion period, bursts of sympathetic activity were more readily 

precipitated by the second of two afferent volleys in close succession than by a 

single afferent volley. 

b) Enhancement or no change. Following termination of occlusive activity, 

8 of the 23 evoked pregangl ion ic reflex responses studied were enhanced by 

strychn ine; 8 other responses rema ined unchanged. Submaxima I responses were 

more regu larly and more marked Iy enhanced by strychn ine than were responses 

evoked by maximal or supramaximal stimuli. Figure 9A shows the averages of 

submaximal and maximal responses in the same sympathetic reflex pathway and 

their alteration by two consecutive doses of s'trychnine. The enhancement of the 
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submaximal response was apprec iably greater than that of the maximal response. 

Subtle changes were revealed only by the averaging technique, but marked 

enhancement of reflex responses could also be detected in single traces (Figure 98 

and C). When compared with the increase of polysynaptic somatic reflex responses 

by strychnine, the augmentation of sympathetic reflex responses was clearly less 

(Figure 9C). 

The frequent failure of strychnine to recruit additional preganglionic units 

into a maximal reflex response provides further evidence that the reflexly excitable 

pool of preganglionic neurons is limited by the absence or insignificance of a 

subliminal fringe. In 2 of 3 experiments in which it was possible to record from 

single units, the units occasionally discharged twice to a single afferent volley .. 

Although the effect of strychnine on single unit discharge was not examined, an 

increased tendency for multiple firing would account for increases in the size of 

even maximal reflexes. Evidence for the induction of repetitive activity by strych

nine is discussed in the next section which deals with after-discharge. 

c) Decrease. The remaining 7 (of 23) sympathetic reflex responses studied 

were sl ightly decreased in size after strychnine paroxysms terminated. The response 

decrement could not be attributed to deterioration of the preparation or to changes 

in blood pressure or venti lation. Depression of sympathetic reflexes after paroxysmal 

activity may reflect a postictal reduction in exc itabi I ity of pregangl ion ic neurons. 

Activation of previously dormant interneuronal inhibitory mechanisms by strych-

nine could also account for diminished reflex responses, but interaction studies 

did not support this possibility. 
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3. After-discharge 

The large after-discharges regularly evoked in lumbar rami by activation of 

nonmyel inated afferent fibers were prolonged by strychn ine, but the intensity of 

these discharges was not detectably altered. 

Although after-discharge of pregangl ion ic neurons in the upper thorac ic 

region is normally absent , brief, secondary discharges were sometimes evoked 

during mild, spontaneous activity induced by strychn ine (Figure lOA and B). 

This type of after-discharge revealed by strychnine was evoked at stimulus intensi

ties that were presumably too weak to activate nonmyel inated fibers. Some of the 

more prom inent un its compris ing such low-thresho Id discharges appeared to fire 

repetitively (Figure lOA), which suggests that strychnine may induce or enhance 

repetitive discharges or reflexly-activated pregangl ionic un its, thereby prolonging 

the duration of the evoked response. Alternatively, strychn ine may reveal a small, 

late component that is normally depressed by a mechanism that is not readi Iy 

apparent, or ,the after-discharge may be a sma II, strychn ine paroxysm evoked 

by the afferent volley. 

4. Interaction 

Studies of the effects of strychnine on recovery of reflex excitabil ity and 

inhibition were compl icated by several factors. First, as described in the intro

duction, it was virtually impossible in most experiments to make a clear dis

tinction between reflex recovery and inh ibition. Previous studies (Beacham and 

Perl, 1964b; Fernandez de Mol ina et a!., 1965) have indicated that refl ex ex

citability recovered rapidly in the absence of inhibition. However, rapid recovery 

is usually obscured by prolonged intrasegmental or intersegmental inhibition. 
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The two processes become interwoven because of mixed exc itatory and inh ibitory 

influences from one ·afferent trunk and extensive convergence of afferent fibers 

from different nerve trunks. In some experiments, convergence was min imized 

by the comparatively small size of the conditioning reflex. Nevertheless, at 

brief intervals between conditioning and test stimuli, the respective contributions 

of post-activation depression and frank inhibition could not be estimated with any 

certainty. 

Second, the changes induced in the size of the conditioning or the test 

response by strychnine were occasionally not parallel, which indicated a greater 

change in excitability of one central pathway than the other. For example, if 

the conditioning reflex response was increased by strychnine and the test reflex 

response was not, inhibition was generally increased. If the converse occurred, 

inh ibition was decreased. Such changes are not unexpected if it is assumed 

that both inhibitory and excitatory central pathways are similarly affected by drugs. 

Third, reliable interaction data could not be obtained during intense spon

taneous discharges because of pronounced and irregular occlusion of the reflex 

responses. However, two responses evoked at short intervals (12 to 100 msec) 

by stimulation of the same afferent trunk were often affected differently by occlu

s ion. Normally, the second response was much small er than the first; if the fi rst 

response was partially occluded, the second response was often equal to or larger 

than the first, but never greater than the singly-evoked control response before 

strychnine. The first afferent volley may have inhibited spontaneous activity 

sufficiently to allow the second volley to evoke a greater reflex. 

Since postsynaptic inhibition is depressed for severa I hours by subconvu Is ive 
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doses of strychnine (Curtis, 1959), studies of its effect upon inhibition of sympathetic 

reflexes in the absence of paroxysms appeared val id. Doses of strychnine used in 

these studies were equal to or greater than those reported to block postsynaptic 

inhibition of motoneurons. Routinely, sufficient strychnine was given to elicit 

a period of spontaneous paroxysms and consequent pressor effects, which were 

allowed to subs ide before interaction experiments were begun. The resu Its of 

such trials were always compared with control trials obtained just prior to drug 

administration. Following small doses of strychnine, no more than 15 to 30 min 

separated control and drug trials. Measurements of 25 to 50 averaged responses 

provided quantitative data for comparisons. 

The effect of strychnine on the intersegmental inhibition of sympathetic 

reflexes is illustrated in Figure 11. Part A shows the marked inhibition of a 

reflex response in a T3 ramus evoked by the T4 spinal nerve when it was preceded 

by a conditioning volley in the T2 spinal nerve. The small size of the condition

ing reflex response relative to the unconditioned test reflex response is illustrated 

in the inset at the right of the figure. Such experiments indicated that the pro

longed depression of sympathetic reflexes is due to inhibition rather than to 

refractoriness of common preganglionic units. Strychnine (0.07 mg/kg) failed 

to alter the degree or the temporal recovery of the inhibition. 

The inhibition of a reflex evoked from a somatic nerve (L2) by a conditioning 

volley in a visceral nerve (splanchnic) is shown in Figure 11 B. Although the 

conditioning reflex is much larger than the unconditioned test reflex in this 

experiment, the recovery curves do not differ significantly from those in A 

except that their biphasic nature is more apparent. The sl ightly decreased 
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inhibition after strychnine (0.08 mg/kg) cannot be considered significant, since 

it may have resulted indirectly from the slight depression of both reflexes. 

Figure 12 depicts the effect of strychnine on the inhibition of a reflex 

response evoked by the second of two afferent volleys in the same spinal nerve. 

In A, the recovery of excitability of a reflex response in the T3 preganglionic 

ramus resembles the responses in Figure 11, which indicates that the depression 

is primarily due to inhibition. In order to test the possibility of collateral inhi

bition of preganglionic neurons by recurrent cholinergic axons, this preparation 

was treated with dihydro-beta-erythroidine (5 mg/kg) which blocks central 

cholinergic transmission from recurrent axons of motoneurons to Renshaw cells. 

As shown, the drug did not affect inhibition. Strychnine (0. 1 mg/kg) was 

similarly 'without effect on early inhibition but appeared to intensify its later 

stages; this unexplained effect was not seen in any other experiment and no 

significance is attached to it. 

The rapid recovery of excitability of the lumbar sympathetic reflex response 

i tlustrated in Figure 12B indicates that an unusually small amount of intra

segmental inhibition was present. Recovery was about 5CPk in 10 msec and was 

almost complete in an additional 100 msec. As in the other experiments, strychn ine 

did not induce any significant change in recovery. 

From the foregoing examples, which are typical of this series of experiments, 

it must be concluded that strychnine has no effect on the central segmental 

mechanisms by which sympathetic preganglionic neurons are inhibited. This 

provides strong evidence that the classical postsynaptic inhibition in the spinal 

cord is not involved in spinal sympathetic reflexes. 
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C. Picrotoxin 

1. Spontaneous activity 

The onset of action of systemically administered picrotoxin is quite slow, in 

contrast to that of strychnine and mephenesin. Within 15 to 30 min after in

jection of picrotoxin, spontaneous activity in preganglionic neurons began to 

increase markedly. The intensity of this spontaneous activity then gradually in

creased to a peak of intense paroxysmal discharges about one hour after in iection. 

The discharges were intermittent, and their frequency and duration declined 

slowly during the next 2 to 3 hours. Although the spinal preparations varied 

considerably in their sensitivity to the drug, doses of 1 to 1.5 mg/kg were usually 

sufficient to produce paroxysmal activity of pregangl ionic neurons. 

The general level of spontaneous pregangl ion ic activity was also increased 

by picrotoxin. Spontaneous discharges occurred irregularly and varied in in

tensity and duration (Figure 13A)i recurrent bursts of activity were less rhythmic 

than those induced by strychnine. Intense discharges often could be evoked by 

touching or pinching the extremities. 

Increased spontaneous activity of motoneurons usually appeared earl ier 

and lasted longer than that of preganglionic neurons. However, intense, spon

taneous discharges of both efferent systems usually coincided, as shown in Figure 

13B. Shortly after prolonged or severe, coincident bursts of activity, a second 

burst of motoneuronal activity often occurred without a corresponding burst of 

preganglionic activity; preganglionic neurons appeared to be more susceptible than 

motoneurons to short-term, post-activation depression. 
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During the general increase in spontaneous pregangl ionic activity induced by 

picrotoxin, blood pressure was increased by 5 to 10 mm Hg. Following spontaneous 

bursts of activity, blood pressure always rose rapidly, the increment being pro

portional to the intensity and duration of the burst. The short latency and brief 

duration of such pressor effects indicated that they were directly induced by a 

prominent vasomotor component of the discharge. The brevity of the pressor 

effect would rule against significant sympathoadrenal involvement; piloerection 

was never seen. As the exc itatory effect of picrotoxin on pregangl ionic neurons 

declined, systemic blood pressure usually stabilized at a level below that existing 

before picrotoxin. The extent of this vasodepression appeared to be causally 

related to the intensity and duration of paroxysmal activity, which indicated 

a decrement of vasomotor tone due, probab Iy, to postictal depress ion of sympathetic 

pregangl ion ic neurons. Some recovery of blood pressure was noted several hours 

after intense, spontaneous activity subsided. 

2. Evoked reflex response 

Picrotoxin, in doses sufficient to increase spontaneous activity of preganglionic 

neurons, regularly increased the size of evoked sympathetic reflex responses. 

Figure 14 illustrates the time courses and representative response averages of two 

evoked reflexes that were enhanced by picrotoxin. The series depicted in A shows 

the effect of two successive doses of picrotoxin. In this experiment, the response 

remained above control size for more than one hour after the first dose and was 

further increased by the second dose, which enhanced it for almost three hours. 

In Figure 148 the response was increased for more than two hours by a single 

dose of picrotoxin, after which it became smaller than the initial control. Such 
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late depress ion was observed in severa I experiments and may reflect a degree of 

postictal depress ion of pregang I ion ic neurons. Since postictal depress ion of refl ex 

responses in two preparations occurred in the absence of postictal depression of 

blood pressure, the depression of responses could not be attributed to hemodynamic 

deterioration. A significant increase in the size of evoked responses was evident 

in records of single responses as well as in their response averages (Figure 15A). 

The enhancement of submaximal responses was usually greater than that of 

maximal responses, and threshold stimuli frequently evoked an appreciable response 

where none could be detected before picrotoxin. Significantly, all reflex responses 

studied were increased by picrotoxin. Although the increase of some maximal 

responses was small and relatively brief, an equal number were markedly enhanced. 

Responses were variably occluded during and shortly after intense preganglionic 

paroxysms, which made experimentdl procedures impractical. However, many of 

the reported measurements were made during brisk background activity, at which 

time responses were not occluded but were generally enhanced. 

The latency and duration of reflex discharges were not altered by picrotoxin, 

except as discussed in the following section on after-discharge. 

3, After-discharge 

The effect of picrotoxin on the after-discharge evoked in lumbar rami by 

activation of nonmyel inated afferent fibers was not studied. However, a brief 

after-discharge of upper tho roc ic reflex responses was often induced by picrotoxin 

at stimulus intensities that were too low to activatenonmyelinated fibers (Figure 

158). Such secondary responses appeared during the decl ining phase of paroxysmal 

activity and were more prominent when a reflex response was evoked infrequently. 
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This effect of picrotoxin may be attributable to a brief paroxysm evoked by the 

afferent volley, an increased tendency of pregangl ion ic neurons to fire repetitively, 

or to the depress ion of an inh ibitory infl uence that is norma lIy operative. 

4. Interaction 

Studies of the effects of picrotoxin on interactions between reflex responses 

were subject to the same compl ications that were described in connection with 

strychnine (II. C. 4.): (a) uncertain separation of reflex recovery and inhibition, 

(b) unequal changes in the size of conditioning and test reflexes, and (c) occlu

sion of reflexes by intense spontaneous activity. In addition, the slow onset of 

action by picrotoxin made dose titration more difficult, since dosages that produced 

some paroxysmal activity were required to produce an effect on interactions. 

Consequently, 1 to 2 hr separated control and drug tridls to ensure adequate drug 

activity and to allow the period of occlus ion to subside. Averages of 25 to 50 

consecutive, evoked responses were used for analyses of the effect of picrotoxin 

on interactions between sympathetic reflexes. 

In Figure 16, the reflex response in the T3 ramus evoked by stimulation of 

the T4 spinal nerve was conditioned by one (A) or four (B) volleys in the T2 

spinal nerve. The greater degree of inh ibition produced by four cond ition ing 

volleys is apparent. Stimul i were maximal for the respective responses. Changes 

in the reflex ratio ~onditioning response average:test response average) appeared 

to be an important determinant of the effect of picrotoxin on inhibition, as 

will become evident in connection wah Figure 17B. 

In the Qxperiments illustrated in Figure 16, inhibition was not altered by a 

dose of 1 .6 mg/kg of picrotoxin. However, an additional 1 mg/kg did produce 
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a sign ificant reduction of inh ibition. Unfortunately, the response at the 200-msec 

test interval in A was occluded by intense paroxysms; the broken I ine is an estimate 

based on the other intervals at which rei iable data were obtained. In 8, where 

four conditioning pulses preceded the test reflex, failure to after inhibition at 

short intervals was probably due to the predominance of depressed reflex recovery 

of common preganglionic units. The fourth conditioning pulse occurred 12 msec 

after the first, and the depression of recovery after four volleys was probably 

greater and more prolonged than after one volley. However, at the longer 

intervals where depression is due to inhibitory mechanisms, the inhibition was 

notably reduced. It will be noted that the reflex ratio did not change appreciably 

in these experiments. 

The reflex ratio remained almost constant throughout the experiment depicted 

in Figure 17 A, and i nh ib i tion was depressed at 2 and 4 hr after 1 .5 mg/kg of 

picrotoxin. Unusually severe and prolonged, spontaneous activity prevented earlier 

trials in this preparation. Inhibition had returned to control levels by 5 hr,desp'ite 

postictal depression of both reflex responses. Conditioning and test stimul i were 

both maximal for their respective reflex responses in this experiment. The failure 

of picrotoxin to alter depression at the shortest interval (25 msec) indicates a 

predominance of post-activation depression of preganglionic neurons common to 

both reflexes. Inhibition is generally weak at short intervals but becomes maximal 

at 40 to 60 msec, whereas depression of reflex recovery is maximal at short intervals 

and weak by 40 to 60 msec. The failure to alter reflex recovery in this experiment 

is consistent with such observations and is comparable to results of the experiment 

illustrated in Figure 168. 
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In 8 of 9 experiments, inhibition of test reflexes by a volley in the same or 

in a different nerve was decidedly depressed by picrotoxin. The single exception 

is instructive and requires description. The importance of considering the reflex 

ratio becomes apparent in the experiment illustrated in Figure 17B. The condi

tion ing reflex response was about one-fourth maximal, and the test reflex response 

was maximal. Picrotoxin enhanced the conditioning response much more than the 

test response, as reflected in the 500k increase in reflex ratio. As a consequence, 

instead of partially blocking the inhibition, picrotoxin in doses of 1.2 and 2.2 

mg/kg actually produced a graded increase of inhibition. Two and one-half hours 

after the larger dose, the increased inhibition as well as the reflex ratio had 

partially declined toward control levels. If it can be assumed that the inhibitory 

mechan isms of the conditioning reflex response were increased in proportion to 

the increase of its excitatory mechanisms, then an increase in inhibition of the 

test response could also be expected. It follows that any blockade of inhibition 

produced by picrotoxin might be obscured by concurrent recruitment of additional 

inhibitory mechanisms by the conditioning volley. The configuration of the re

covery curves indicates almost pure inhibition, which is accountable to the 

comparatively small pool of preganglionic neurons discharged by the conditioning 

reflex and minimal convergence by the two afferent pathways. 

Picrotoxin appeared to depress the inhibition of sympathetic reflexes in a 

consistent manner provided that simultaneous changes in the conditioning and test 

reflex responses were eq\.livalent, .!.:..:.:.., the reflex ratio did not change. On the 

other hand recovery of reflex excitabi lity was unaffected by picrotoxin. 
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D. Dihydroxyphenylalanine (DOPA) and 5-Hydroxytryptophan (5-HTP) 

Only the effects of DOPA and 5-HTP on the spontaneous activity and evoked 

reflex responses of sympathetic pregangl ion ic neurons and somatic motoneurons 

were examined in this series of experiments. Basic understanding of the effects 

of these agents on interactions between somatic reflex responses was considered 

insuffic ient to provide insight into potential effects on interactions between 

sympathetic reflexes. 

1. Spontaneous activity 

a. DOPA. - The spontaneous activity of sympathetic pregangl ionic neurons 

was regularly increased by DOPA. In four experiments, doses between 50 and 

100 mgjkg increased the frequency of discharge within 10 to 20 min. The activity 

increased gradually for up to 1 hr, after which it slowly declined to near control 

levels by 2 hr. DOPA did not induce spontaneous activity in the normally quiescent 

motoneurons. Figure 18 illustrates the increase of sympathetic but not of somatic 

activity by DOPA; a second dose given two hours after the first shows thereproduci

bility of this effect. Enhancement of spontaneous activity by DOPA was less than 

that by strychnine or picrotoxin and was not characterized by intense bursts of 

activity. 

Immediately following injection of DOPA, blood pressure was markedly in

creased and remained so for 15 min to 2 hr depend ing on the dose and on unknown 

variables of the preparation. The increment ranged from 35 mm Hg after a dose 

of 50 mgjkg to 145 mm Hg after 200 mgjkg. The dose response relationship was 

not constant among four preparations in which DOPA was tested. A ganglionic 

blocking agent, hexamethonium (8 mgfog), did not alter the pressor effect of 
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DOPA, which supported the impression gained from preganglionic recordings that 

the pressor effect'was exerted on peripheral receptors. The subsequent mild in

crease in spontaneous pregangl ion ic activity did not sign ificantly influence blood 

pressure. 

b. 5-HTP. - The spontaneous activity of pregangl ionic neurons was not 

apprec iably affected by 5-HTP (50 mgjkg). However, bursts of spontaneous 

activity in motoneurons were induced after a latency of about 20 min and were 

still maintained after 3 hr. Occasionally, the larger and more prolonged bursts 

of activity in motoneurons were accompanied by brief bursts of activity in pre

ganglionic neurons as illustrated in the records of Figure 19. 

Like DOPA, 5-HTP produced a prolonged vasopressor effect. In one prepara.,. 

tion, 50 mgjkg doubled the normal blood pressure of 70 mm Hg, which was not 

re-establ ished for more than 1 hr. The pressor effect of 5-HTP is probably a direct 

one on periphera I structures. 

2. Evoked reflex response 

a. DOPA. - Administration of DOPA in doses of 50-100 mgjkg routinely 

enhanced the size of evoked, sympathetic reflex responses. During the in itially 

marked, peripheral vasopressor effect of DOPA, both sympathetic and somatic 

reflex responses were severely depressed. It is not known whether the initial 

depression is a direct effect of DOPA or an indirect effect of the increased blood 

pressure. However, in several experiments, pressor doses of norepinephrine en

hanced sympathetic reflex responses for a short time after its administration, which 

suggests the former possibility. When the pressor effect of DOPA had diminished, 

the enhancement of sympathetic reflex responses became apparent. Such responses 



-44-

were progressively enhanced for up to 3 hr after administration of DOPA. The 

complete time course of enhancement has not been determined, but there appeared 

to be a sl ight decl ine after 2.5 to 3 hr in three preparations in wh ich the effect 

was followed for these periods. The progressive enhancement of response averages 

for two, evoked sympathetic responses is shown in Figure 20; A shows the effect 

of a single dose of DOPA, and C shows the effect of two doses spaced one hour 

apart. 

The enhancement of pregangl ionic reflex responses by DOPA is apparently 

not due to a general increase in neuronal excitabil ity, because somatic responses 

evoked at the same time were notably depressed. Somatic reflex responses evoked 

by stimulation of intercostal nerves are also mediated by polysynaptic reflex 

pathways (Downman, 1955) which are, however, less complex than those mediating 

sympathet ic refl exes. Concu rrent sympathet ic and somat ic refl ex responses evok ed 

by stimulation of the same spinal nerve before and at several intervals after the 

administration of DOPA are shown in Figure 208 and D. Depression of somatic 

responses during enhancement of sympathetic responses by DOPA was a consistent 

observation. 

b. 5 ... HTP. - Doses of 50 mg/kg of 5-HTP produced severe depression of 

sympathetic reflex responses. Although responses were not tested during the early, 

acute vasopressor phase, trials between 35 min and 3.5 hr indicated that depression 

of sympathetic reflex responses by5-HTP was progressive with time, at least up 

to 3.5 hr. The effect of the drug was not followed for longer periods. Figure 21 

illustrates the progressive depression of a submaximal response (A) and of a 

maximal response (8) by 5-HTP. 
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Short-latency somatic reflex responses were also severely depressed by 5-HTP, 

but some recovery was noted within 3 hr. The depression of simultaneously

evoked sympathetic and somatic responses by 5-HTP and the partial recovery of 

the somatic response is shown in Figure 21 C; the onset of sympathetic depression 

was more gradual than that of somatic depression. The effect of 5-HTP on refl ex 

responsiveness could not be attributed to changes in cardiovascular or respiratory 

conditions which remained optimal throughout these experiments. 
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IV. DISCUSSION 

The use of the functionally decerebrate preparation in the present study 

confined the anatomical site of action of centrally acting drugs to the spinal 

cord and eliminated the effect of drugs on supraspinal structures that regulate 

spinal neurons and parasympathetically innervated effector organs. Regulation 

of end-tidal pC02 and of body temperature within approximate physiological 

limits, and continuous, visual monitoring of blood pressure provided reasonable 

assurance of the stabi I ity of refl ex responses and the state of preparations during 

experiments. The few preparations in obviously poor hemodynamic conditions 

were not included in the results. 

The signal-averaging technique greatly facilitated analyses of the experi

mental data, which significantly expanded the scope and enhanced the quality 

of this investigation. The complexity and the irregularity of evoked signals 

were simplified by averaging a sufficient number of responses to overcome most 

of their variabil ity. In addition, improvement in the signal-to-noise ratio 

enabled analyses of small responses that would otherwise have been obi iterated 

by amplifier noise. The stability of control response averages apparent in Figure 

14 demonstrates the reproducibility of the computer during periods of less than 

one hour; repeated testing of control responses for periods of several hours has 

verified the rei iabil ity of th is techn ique for detecting changes in the average 

size or pattern of evoked responses. 

The activity of several agents that produce sympathetic effects by an action 

on the spinal cord was described with the RESULTS. The most significant 
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observation in th is regard deal t with the spontaneous paroxysms that wereel ic ited 

in pregang I ion ic neurons by both strychn ine and picrotoxin and that were in

variably followed by sudden and prominent elevations of blood pressure. The 

close correlation between the intensity and duration of the vasopressor effect 

and that of the neural discharge demonstrates the interdependence of the central 

and the peripheral events. The short latency and brief duration of elevations 

in blood pressure following isolated bursts of pregangl ionic activity ind icate 

negl igible contributions from sympathoadrenal discharge; the pressor effect 

from sympathoadrenal discharge is slower in onset and much more prolonged, 

especially in the absence of compensatory reflexes, than was seen in the present 

study. Furthermore, efferent fibers in upper thoracic rami from which preganglionic 

activity was usually sampled are not distributed to the adrenal medulla. Cardio

acceleration, which often followed intense neural discharges, occurred only 

secondarily to the vasopressor response and is attributable to the effect of 

circulating pressor am ines. Consequently, the vasopressor effects of strychnine 

and picrotoxin in the spinal animal are undoubtedly mediated by discharges of 

pregangl ion ic neurons with predom inant vasomotor distribution and function. 

A similar conclusion was reached by Langley (l924) on the basis of purely 

peripheral observations of the effects of strychnine on spinal autonomic centers. 

The major influence of the vasomotor outflow in the maintenance of blood 

pressure during hypoxia in rabbits has also been recently demonstrated by Korner 

and Wh ite (1966). 

In contrast with the prominent vasomotor responses and in agreement with 

Langley's studies with strychnine, intense spontaneous paroxysms elicited by 
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strychnine or picrotoxin never induced detectable piloerection. Even the pro

longed, intense spontaneous pregang I ion ic activity accompanying temporary 

or terminal asphyxia (lggo and Vogt, 1960; Franz et a!. I 1966) produces only 

mild piloerection (Langley, 1924; Franz, unpublished observations). Pilo

motor neurons may require longer than vasomotor neurons to recover from the 

effects of spinal transection or they may depend upon supraspinal structures for 

maximal activation. 

Incidental observation of the foot pads provided no evidence of sudomotor 

responses to strychn ine or picrotoxin. Ladpl i (1962) found that el ectrodermal 

reflexes began to return only after a period of days following spinal transection, 

which suggests unresponsiveness of sudomotor neurons during the present acute 

experiments. Nevertheless, the possibility of sudomotor components in the 

intense spontaneous discharges cannot be el iminated; el ectroderma I record ing 

in acute and chronic spinal preparations would provide an additional approach 

to the pharmacological study of spinal sympathetic centers, since the distribution 

of sudomotor neurons in cats appears to be more restricted than that of vasomotor 

neurons 0/Vang, 1964). 

The depression of blood pressure following cessation of prolonged or severe, 

drug-induced sympathetic activity suggests postictal depression of vasomotor 

neurons similar to that seen after intense stimulation of motoneurons by an analeptic 

drug. Postictal depression of sympathetic reflexes provides additional support 

for such a conclusion. Postictal depression of blood pressure or reflexes after 

strong stimulation by drugs and its absence after mi Id stimulation serve to em

phasize the advisabil ity of a conservative approach to analeptic therapy. In 
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addition, the failure to elicit spinal vasomotor and somatic discharges independently 

indicates a lack of selectivity for strychnine and picrotoxin at the spinal level. 

Despite significant depression of spontaneous sympathetic activity by 

mephenesin, vasodepressjon could not be demonstrated. Although expansion 

of plasma volume by the volume of fluid necessary to solubilize the drug may 

have offset a temporary vasodepression, several other possibilities could account 

for the lack of effect. First, a large portion of the spontaneous activity that 

was depressed may have served other than vasomotor functions. Second, the 

low resting blood pressure (about 70 mm Hg) may have been adequately maintained 

by relatively few discharging neurons, especially in combination with the ex

pansion of blood volume. Regardless of the cause, the fact that spontaneous 

activity could be depressed at all by small doses of mephenesin suggests that it 

is maintained by afferent impulses that drive pregangl ionic neurons through 

reflex pathways that are vulnerable to the depressant effects of the drug. If 

the spontaneous activity originates in the neuron itself, mephenesin should 

exert I ittl e effect, if any. 

The present understanding of the physiology of spinal sympathetic reflexes 

has been significantly expanded by the use of pharmacological agents with 

recognized effects on spinal somatic reflexes. Comparison of the effects of 

these drugs on each reflex system has fac i I itated interpretation of the experi

menta I observations. 

The spontaneous activation of pregangl ion ic neurons in un ison with moto

neurons by both strychnine and picrotoxin is difficult to resolve, considering 

the dissimilar mechanisms by which they are purported to act {Curtis, 1963; 
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Eccles, 1964, 1965). Activation of motoneurons by strychnine is attributed 

solely to blockade of postsynaptic inh ibition. However, no evidence of post

synaptic inhibition of pre gang I ionic neurons and their reflex pathways or de

pression of th is inh ibition by strychnine was found in the present study. Yet, 

preganglionic neurons were as vulnerable to the spontaneous hyperexcitability 

induced by strychn ine as were motoneurons. The s im i lar activation of both 

efferent systems by picrotoxin is more eas ilyresolved, because it seems to 

produce similar effects on presynaptic inh ibition of both systems (see below), 

and because its effect on somatic presynaptic inhibition does not entirely account 

for the convulsions it produces. Nevertheless, the parallel discharge of both 

systems, either spontaneously or in response to mild stimuli, suggests the activa

tion of a common pathway by a similar mechanism of action for both drugs. 

Common pathways appear to connect the same group of viscera I afferent fibers 

with both pregangl ion ic neurons and motoneurons (Franz et al., 1966); inter

polated interneurons common to both pathways provide a possible site of drug 

action that would account for the synchronous nature of spontaneous discharges. 

The possibility of excitatory cholinergic axon collaterals between motoneurons 

and preganglionic neurons seems unlikely -due to the failure of DHE, a central 

cholinergic blocking agent, to alter their discharge patterns. 

The depression of evoked reflex responses by mephenesin supports previous 

conclusions (Beacham and Perl, 1964a; Franz etal., 1966) that the reflex 

pathways for spinal sympathetic reflexes are polysynaptic. The doses of 

mephenesin required to demonstrate significant depression of sympathetic responses 

were too small to have affected somatic monosynaptic reflexes but were 
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sufficient to produce a prominent reduction of somatic polysynaptic reflexes 

{Henneman et a I., 1949; Taverner, 1952}. 

Frequent failure of strychnine to enhance the size of evoked sympathetic 

reflex responses may be related to the inability of previous workers to facilitate 

the response {Beacham and Perl, 1964b; Franz et al., 1966}. The lack of a 

significant subliminal fringe available for discharge was suggested by these 

workers to account for failure to recruit additional preganglionic neurons into 

a maximal reflex response. Likewise, the absence of a sign ificant subl iminal 

fringe may account for the small number of reflex responses that were signifi

cantly enhanced by strychnine. The facilitation or marked enhancement by 

strychnine of somatic polysynaptic reflexes is attributable to a large subl iminal 

fringe which can be recruited into a reflex response. The greater enhancement 

of submaximal than of maximal sympathetic responses by strychnine may also 

be due to the recru itment of norma Ily und ischarged pregang I ion ic neurons into 

the submaximal response. The ability of strychnine to produce significant 

enhancement of some maximal responses indicates that a subliminal fringe in 

the pregangl ionic reflex pool is not always absent. 

In contrqst to strychnine, picrotoxin consistently enhanced the size of even 

maximal sympathetic reflex responses. Although enhancement was small for 

about half of the responses, the larger increments were considerably greater than 

those produced by strychn ine. In view of the depressant effect of picrotoxin 

but not of strychnine on the inh ibition of sympathetic reflexes {see below}, 

reduction of a possible inhibitory influence in the preganglionic pool would 

enable more neurons to respond to the afferent volley. However, the inh ibition 
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that is depressed by picrotoxin reaches a maximum at least 20 to 30 msec after 

the height of the reflex discharge; it has not been possible to determine its 

earl iest onset, but some inh ibition may occur early enough to interfere with 

the response. The possibility of concurrently active inhibitory and excitatory 

$ffects of the afferent volley has been suggested to account for the sudden 

cessation of pre gang I ionic reflex discharges (Beacham and Perl, 1964b). 

Hongo and Ryall (1966) have recorded repetitive discharges of preganglionic 

neurons to single afferent vo Ileys. Responses recorded from pregang I ion ic ram i 

often suegest multiple discharges of some un its. In the present experiments, 

repetitive firing of single units after strychnine or picrotoxin appeared to con

tribute to the after-discharges in thoracic rami and to the spontaneous paroxysms 

(Figures 7 and lOA). Enhancement of repetitive activity during reflex discharge 

provides another means whereby strychnine or picrotoxin may increase the size 

of refl ex responses ~ 

The unsuccessful attempt to depress differentially the inhibitory and ex

citatory afferent pathways to pregangl ionic neurons with mephenesin indicates 

that the two pathways are similar in complexity. If the inhibitory pathway 

was the more complex of the two, then its depression by mephenesin should 

hav.e been greater in proportion to the depress ion of the exc itatory pathway, 

and inh ibition would have lessened. On the contrary, inh ibition of sympathetic 

responses was unchanged, despite significant depression of both conditioning 

and test responses. 

Strychnine was also without effect on inhibition of sympathetic reflexes 

provided that changes in the size of the condHioning and test reflexes were 
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proportionate. Sincestrychn ine blocks postsynaptic inh ibition of motoneurons 

in the spinal cord, its failure to affect sympathetic inhibition in any way provides 

strong evidence that the classical postsynaptic inh ibition plays no part in the 

inhibition of spinal sympathetic reflexes. Furthermore, the absence of recurrent 

inh ibition by pregangl ionic axon collaterals (Fernandez de Mol ina et 01., 1965) 

has now been demonstrated pharmacologically by the inefficacy of both strychnine 

and DHE on reflex recovery and inhibition. 

Several observations, both physiological and pharmacological, suggest 

that presynaptic inhibition may be largely responsible for the inhibition of 

spinal sympathetic reflexes. First, the temporal course of sympathetic inh ibition 

is very similar to that of presynaptic inh ibition (Frank and Fourtes, 1957; 

Eccles et 01., 1962; Eccles et a!., 1963; Eccles, 1964). Both are slow in 

onset (maximal at 40-60 msec) and long in duration (up to 1 sec). Second, in 

both systems, inhibition is increased by several conditioning volleys, but its 

time course is not altered significantly (Figure 16; Eccles, 1964). Third, pre

synaptic inh ibition of monosynaptic somatic reflexes is marked Iy depressed by 

picrotoxin but not by strychnine (Eccles et 01., 1963). likewise, inhibition of 

sympathe'tic reflexes in the present study was sign ificantly and cons istently de

pressed by picrotoxin, except where it was obscured by disporportionate changes 

in the conditioning and test reflexes (Figure 17B). The strong similarity of 

sympathetic inhibition to presynaptic inhibition with respect to time course, 

repetitive conditioning, and the effect of picrotoxin indicates that inhibition 

of spinal sympathetic reflexes is presynaptic. Unfortunately, the effect of 

picrotoxin on the presynaptic inhibition of polysynaptic somatic reflexes 
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(Eccles et 01.,1962) has not been reported, so that comparison with that 

more appropriate system cannot be made. 

The effects of DOPA and 5-HTP on the spontaneous and reflex activity of 

pregangl ionic neurons furnish additional evidence regarding the possible role 

of monoamines in synaptic transmission within the central nervous system. 

Relevant background material deal ing with monoamine-containing neurons in 

the central nervous system has been outl ined in the INTRODUCTION and 

need not be repeated . However, some additional consideration of the dense 

convergence of monoamine-containing axons upon preganglionic neurons is 

requisite to an interpretation of the observed effects of monoamine precursors. 

The details of the localization and pharmacology of monoamine-containing 

neurons that terminate in the spinal cord have been described by Carlsson 

et 01. (1964), Dahlstr8m and Fuxe (1965), and Hillarp et 01. (1966), Two 

types of terminals, one containing NE and the other containing 5-HT, separate 

and converge upon the intermediolateral columns where they form a dense 

plexus of both types of terminals in close proximity to preganglionic neurons. 

The terminals containing NE intimately enclose the cell bodies and may form 

axo-somatic synapses, but the 5-HT terminals lie between the cell bodies where 

they may contact cell processes. The cell bodies of neurons giving rise to these 

NE- and 5-HT-containing terminals are localized in relatively discrete areas 

of the medulla oblongata, and their axons descend in the lateral funicul i 

and terminate in the intermediolateral columns; about half the fibers cross at 

the spinal level. No cell bodies of such neurons are found in the spinal cord. 
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There is evidence that these neurons function by releasing their amines from 

the synaptic terminals . And~n et a I. (1964, 1965) found release of NE and 

5-HT from the isolated spinal cords of mice upon in vitro stimulation, and 

electrical stimulation of the medulla oblongata combined with synthesis inhibi

tion in vivo caused a marked depletion of NE and 5-HT in the spinal cord 

(Dahlstr8m ~., 1965). Lundberg1s neurophysiological studies (1965) also 

support the view that NE and 5-HT serve transmitter functions in the spinal 

cord. His pharmQcological evidence which was summarized in the INTRODUCTION 

and the enhancement of central stores of NE or 5-HT by DOPA or by 5-HTP, 

respectively (Fuxe, 1965), provide strong evidence that intraneuronal ami nes 

are formed from their precursors wh ich read ily penetrate the central nervous system. 

No previous descriptions of the effects of DOPA and 5-HTP on reflexes of 

sympathetic preganglionic neurons are available. However, the effect of 

these agents on somatic reflexes as described by Lundberg (1965) provide a 

basis of comparison for that portion of the present study. In agreement with his 

observations (depression of short-latency transmission from flexor reflex afferents 

to motoneurons by both DOPA and 5-HTP and enhancement of motoneuron ex

citability to the point of spontaneous discharge), short-latency somatic reflexes 

were depressed by the administration of DOPA (Figure 20) and 5-HTP (Figure 

21) and spontaneous discharge of motoneurons followed administration of 5-HTP 

(Figure 19) but not of DOPA (Figure 18). These effects were accompl ished 

with smaller doses than were used by Lundberg. The reflex connections between 

afferent fibers of body-wa II nerves and motoneurons appear to be of the flexor 

type (Downman, 1955), and are, therefore, similar to those examined by Lundberg. 
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It should be emphasized that the alterations of somatic and pregangl ionic reflex 

responses by DOPA and 5-HTP in the present experiments persisted long after 

the pressor effects had subsided and cannot be attributed to cardiovascular 

changes. 

The enhancement of sympathetic reflex responses and spontaneous activity 

after DOPA and the depression of reflex responses after 5-HTP strongly indicate 

mechanisms that are separate from those affecting somatic reflexes. Further

more, the progressive nature of the enhancement or depression indicates that 

. DOPA and 5-HTP do not act directly but only after sufficient time to allow for 

metabolic transformation. Their effects on spinal reflexes have been attributed 

to the synthesis and release of the respective monoamines, NE and 5-HT, by 

the appropriate type neurons (Dahlstr8m and Fuxe, 1965; Lundberg, 1965). 

The slow onset of effect on the spontaneous and reflex activity of preganglionic 

neurons by DOPA and 5-HTP is consistent with such a scheme, as is the relatively 

long duration of their action, which far outlasts their peripheral pressor effects. 

This neurophysiological evidence, combined with the histochemical localiza

tion of axon terminals and cell bodies and the pharmacological alteration 

of intraneuronal monoamines, suggests the following proposal: No ceJl bodies 

contain ing monoam ines are present in the sp ina I cord; therefore, such neurons 

are not interposed between afferent fibers and pregang I ion ic neurons. However, 

if the terminals ofaxons that descend from the medulla and converge upon pre

gangl ionic neurons take up circulating DOPA or 5-HTP and convert them to N E 

or 5-HT, these may be released spontaneously to act upon the pregangl ionic 

neurons. An increase in their excitability by the release of NE or a decrease 
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in excitability by5-HT would account for the observed enhancement or de

pression of sympathetic reflexes. Going one step further, it may be proposed 

that NE may act as an excitatory transmitter and 5-HT may act as an inhibitory 

transmitter for the supraspinal control of sympathetic pregangl ion ic neurons. 

According to this proposal, the excitatory pathway for sympathetic impulses 

from the medulla to the effector organs would be composed of three alternating 

neurons in series: bulbospinal adrenergic, preganglionic cholinergic, and post

ganglionic adrenergic. Such an alternating chain of adrenergic and cholinergic 

neurons is remin iscent of the alternating chol inergic-non-chol inergic centraJ 

pathways orig inally proposed by Feldberg and Vogt (1948). 

Studies designed to explore the effect of DOPA and 5-HTP on pregangl ionic 

activation by these direct bulbospinal pathways would largely resolve the 

credibi I ity of th is hypothesis. With the spinal preparation, additional 

pharmacological studies would also provide worthwhile substantiation of the 

present resu I ts . 
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v. SUMMARY 

The effects of severa I c lasses of pharmaco log ica I agents on the spontaneous 

and reflex activity of sympathetic pregangl ion ic neurons in spinal cats have 

been investigated by electrophysiological techn iques in combination with 

computer analysis. 

Spontaneous and refl ex activity weres ign i ficantly depressed by mephenes in 

in doses known to depress polysynaptic reflex pathways. Its failure to alter the 

intersegmental inhibition of sympathetic reflexes indicated a similarity in the 

complexity of central inh ibitory and exc itatory pathways. 

Strychnine and picrotoxin produced intense, spontaneous bursts of coincident 

activity in pregangl ionic neurons and motoneurons. The temporal characteristics 

of the ensuing vasopressor effects indicated their mediation by vasomotor pre

gangl ionic neurons. No evidence for similar activation of pilomotor, sudomotor, 

cardioaccelerator, or sympathoadrenal preganglionic neurons was found. Although 

sympathetic reflex responses were consistently enhanced by picrotoxin, the fre

quent failure of strychnine to do so indicates that the preganglionic pool avail

able for reflex discharge is spatially limited. 

The inabil ityof strychnine to depress the inhibition of sympathetic reflexes 

provides strong evidence that classical postsynaptic inhibition is not involved 

in spinal sympathetic reflexes. Inhibition of sympathetic reflexes was sig

nificantly depressed by picrotoxin and was similar to presynaptic inhibition in time 

course and in response to repetitive"conditioning. Therefore, it was concluded 

thCJt sympathetic inhibition is mediated by a presynaptic mechanism. 
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Dihydroxyphenylalanine (DOPA) enhanced the spontaneous and reflex 

activity of sympathetic pregangl ionic neurons. Reflex activity was depressed 

by 5-hydroxytryptophan (5-HTP). The progress ive nature of these responses 

suggested that they did not act directly but through the formation of their 

metabolites, norepinephrine (NE) and 5-hydroxytryptamine (5-HT). The 

presence of NE or 5-HT in neurons that descend from the medulla and converge 

upon preganglionic neurons and the effects of their precursors on sympathetic 

activity has I eel to the proposal that N E serves an excitatory transmitter function 

and 5-HT serves an inhibitory transmitter function for the supraspinal control 

of pregangl ionic neurons. 
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Fig. 1. Experimental set-up. 

A. Thoracic preparation. The lower bar behind the cat supported the 

vertebral clamps, and the stimulating and recording electrodes were suspended 

from the upper bar. Each bar was secured to the slotted animal board. The 

dissecting microscope and auxiliary microscope light remained in place for 

periodic examination of the field during experiments. Electrode selector boxes 

{top, center} were mounted under a shelf at the rear of the table. Pre-amplifiers 

{right} were rigidly supported between the shelf and table. 

B. Operative field of preparation in A. Spinal nerves {sn} T2, T3, or 

T4 were stimulated to evoke thoracic sympathetic reflexes; T2 and T4 are shown 

mounted on stimulating electrodes. The T2 and the T3 white rami communicantes 

{r} from which sympathetic pregangl ion ic activity was recorded are mounted on 

recording electrodes. The prominent sympathetic trunk {ST} enters the stellate 

ganglion (SG) at the far left. The Tl ramus also enters the ganglion from the 

I eft just above the gang I ion. T3 ramus was unusually short in th is preparation 

because it entered an aberrant T3 gangl ion (below T3 ramus) instead of the 

stellate ganglion as it normally does. Magnification, 4 X actual size. 
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Fig. 2. Block diagram of stimulating and recording equipment. 

The function and type of equ ipment illustrated are expla ined in the text. 
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Fig. 3. Depression of spontaneous preganglionic activity and after

discharge by mephenesin. 

A. Relative frequency of spontaneous activity in T3 pregangl ion ic ramus 

was recorded during two, single, 1024-sec (17 min) sweeps by the multiscaling 

mode of the Enhancetron. At 5 min (arrows) after the start of each sweep , 

25 mg;1<g of mephenesin was administered. Approximately 5 minutes separated 

the two sweeps. The base I ine indicates 0 frequency. 

B. Spontaneous activity during single sweeps was recorded from an L 1 

pregangl ionic ramus before and 15 min after 50 mg/kg of mephenesin. Time 

marker: 100 msec. 

C. Depression of after-discharge {arrows} in L1 preganglionic ramus 10 

min after 50 mg;1<g of mephenesin. Relative frequency of evoked discharge 

was added by the Enhancetron during 25, 1-sec sweeps. Responses were evoked 

by stimulation of the splanchn ic nerve at an intens ity presumed to be suffic ient 

to activate nonmyel inated fibers. The initial, large peak is the sum of the low

threshold response frequency. 
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Fig. 4. Depression of sympathetic reflex responses by mephenesin. 

A. Ordinate, response average in arbitrary units; abscissa, time after 

first dose of mephenesin. Stimulation of the T2 or the T3 spinal nerve eyoked 

maximal reflex responses in the T3 pregangl ion ic ramus. Depress ion of responses 

was graded by two successive doses of mephenesin {arrows}. Each point represents 

the average of 25 evoked responses. Large symbols prior to the 0 time represent 

control averages several minutes before administration of mephenesin. Response 

averages from which the data were obtained are reproduced above or below the 

respective points; numbers below each record correspond to the times indicated 

on the· absc issa . 

B~ Same experiment as in A. Depression of single, maximal reflex responses 

(T2 to T3r) by 50 mg/kg of mephenesin (cumulative). Numbers below each 

record indicate times correspond ing to the absc issa in A. Arrows below records 

denote stimulus artifact. Time marker: 10 msec. 
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Fig. 5. Effect of mephenesin on interactions between sympathetic reflex 

responses. 

These and aJ I subsequent interaction graphs are constructed as follows: 

Left ordinate, conditioned reflex response average as percentage of the test 

reflex response average; absc issa, interval between conditioning and test 

stimuli; in the inset at the right, the filled circle (control symbol) indicates 

the ampl itude of the control test response average which is assigned a value of 

1 (right ordinate); the relative ampl itude of the test response average after 

drug treatment is indicated by the appropriate symbol (open symbol in these 

graphs); cross bars indicate the relative ampl itudes of the respective conditioning 

responses where different than the test response. 

A. Maximal reflex response in T3 preganglionic ramus was evoked by 

stimulation of T4 spinal nerve and conditioned by a maximal volley in T3 spinal 

nerve. Each point represents the average of 25 evoked responses. 

B. Same preparation as in A. Double pulses applied to T4 spinal nerve 

were maximal for the first reflex response in T3 preganglionic ramus. The response 

to the second stimulus is plotted as the percentage of the response to the first 

stimulus. Each point represents the average of 25 evoked responses. 
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Fig. 6. Enhancement of spontaneous preganglionic activity by strychnine, 

with accompanying blood pressure changes. 

A. Ordinate, mean carotid blood pressure; abscissa, time (min) after start 

of sweep. At 1 m in (arrow), 0.07 mg/kg of strychn ine was in jected. Blood 

pressure at 0.5 min intervals is indicated by filled triangles. Relative frequency 

of spontaneous activity in T4 preganglionic ramus during one 512-sec (8.5 min) 

sweep was recorded on the multiscaling mode of the Enhancetron. Each dot of 

the frequency record represents the recorded frequency for 0.5 sec (1024 points). 

Frequency is relative to ZERO at the abscissa. An ordinate for absolute, 

preganglionic firing frequency is not included because the number of contributing 

units could not be determined. 

B. Different preparation than in A. Relative frequency of spontaneous 

activity in T3 preganglionic ramus during one, 512-sec (8.5 min) sweep at 

0.4 the gain in A. Ordinate and abscissa are as in A, except the ordinate 

scale is proportionately smaller. At 1 min (arrow), 0.075 mg/kg of strychnine 

was injected. Blood pressure measurements at 1 min intervals and at maximum 

and minimum values are indicated by filled triangles. The broken line connecting 

the points is estimated. 
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Fig. 7. Spontaneous preganglionic and somatic paroxysms elicited by 

s trychn ine. 

Spontaneous activity in T3 preganglionic ramus and T3 spinal nerve was 

recorded simultaneously on moving film. The second and third records are 

continuous and show the onset and decay of a spontaneous paroxysm, about 1 

min after O. 1 mg/kg strychnine. The fourth record shows a brief paroxysm, 

about 5 min after strychnine. Gain of preganglionic records was twice that 

for somatic records. 
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Fig. 8. Occlusion of sympathetic reflex responses by paroxysmal activity 

elicited by strychnine. 

A. Graph constructed as in Figure 4. Stimulation of the L2 spinal or the 

splanchnic nerve evoked maximal reflex responses in the L2 preganglionic 

ramus. Occlusion of responses was graded by increasing paroxysms el icited 

by three successive doses (0.06 mg/kg, each) of strychnine (arrows). Each 

point represents the average of 50 evoked responses. The broken I ine indicates 

an estimate where no measurements were obtained. 

B. Different experiment than in A. Occlusion of single, maximal reflex 

responses in T3 preganglionic ramus and T3 spinal nerve 10 min after 0.1 mg/kg 

of strychnine. Responses were evoked simultaneously by stimulation of T4 

spinal nerve. Gain of preganglionic records was twice that for somatic records. 

Arrows below each pair of records denote stimulus artifact. Time marker: 

10 msec. 
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Fig. 9. Enhancement of sympathetic reflex responses by strychnine. 

A. Graph constructed as in Figure 4, Submaximal or maximal reflex 

responses in T3 preganglionic ramus were evoked by stimulation of T4 spinal 

nerve, Enhancement of responses was graded by two successive doses of strychnine 

(arrows). Each po int represents the average of 32 evoked responses, 

B. Enhancement of a single, submaximal response in A, 90 min after 0.07 

mg;Kg of strychnine. Arrows below records denote stimulus artifact. Time marker: 

10 msec. 

C. Different preparation than in A and B. Enhancement of single, maximal 

responses in T3 preganglionic ramus and T3 spinal nerve 20 min after 0.1 mg;Kg 

of strychnine. Responses were evoked by stimulation of T4 spinal nerve. Gain 

of pregangl ionic records was twice that for somatic records. Time marker: 

10 msec. 
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Fig. 10. Initiation of after-discharge by strychnine. 

A. After-discharge (arrow) of single, maximal reflex responses in T3 

pregangl ion ic ramus 30 min after 0.2 mg;Kg strychn ine. Responses were 

evoked by stimulation of T2 spinal nerve. Time marker: 10 msec. 

B. After-discharge (arrow) of maximal reflex responses in T3 preganglionic 

ramus 30 min after 0.06 mg;Kg of strychnine. Relative frequency of evoked 

discharge was added during 32, 250-msec sweeps. Responses were evoked 

by stimulation of the T4 spinal nerve. 
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Fig. 11. Effect of strychnine on interactions between two sympathetic 

reflex responses in different pathways. 

Graphs constructed as in Figure 5. 

A. Maximal reflex response in T3 preganglionic ramus was evoked by 

stimulation of T4 spinal nerve and conditioned by a submaximal volley in T2 

spinal nerve. Each point represents the average of 32 evoked responses. 

B. Maximal reflex response in L1 preganglionic ramus was evoked by 

stimulation of L2 spinal nerve and conditioned by a maximal volley in splanchnic 

nerve. Each point represents the average of 25 evoked responses. 
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Fig. 12. Effect of strychnine on interactions between sympathetic reflex 

responses in the same pathway. 

Graphs constructed as in Figure 5. 

A. Double pulses applied to the T2 spinal nerve were maximal for the 

first reflex response in T3 preganglionic ramus. The response to the second 

stimulus is plotted as the percentage of the response to the first stimulus. 

DHE: dihydro-beta-erythroidine. Each point represents the average of 40 

evoked responses. 

B. Same type of experiment as in A, but in a different preparation. 

L2 spinal nerve to L2 pregangl ionic ramus. Each point represents the average 

of 50 evoked responses. 
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Fig. 13. Enhancement of spontaneous preganglionic and somatic activity 

by picrotoxin. 

A. Relative frequency of spontaneous activity in T3 ramus during one, 

512-sec (8. 5 min) sweep. Sweep begins about 20 min after 1.5 mg/kg picrotoxin. 

The base line (Zero frequency) was established during the final 0.5 min of the 

sweep. 

S. Spontaneous activity in T3 pregangl ionic ramus and T3 spinal nerve 

was recorded simultaneously on moving film 20 and 40 min after 1.2 mg/kg of 

picrotoxin. Gains of preganglionic and somatic records were equal. 
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Fig. 14. Enhancement of sympathetic reflex responses by picrotoxin. 

Graphs constructed as in Figure 4. 

A. Stimulation of T4 spinal nerve evoked a maximal reflex response in 

T3 preganglionic ramus. Enhancement of responses was graded by two successive 

doses of picrotoxin {arrows}. The large symbols represent four control averages 

obtained intermittently during 50 min prior to the 0 time and illustrate the 

stability of the control reflex response and the reproducibility of the averaging 

technique. Each point represents the average of 32 evoked responses. 

B. Different preparation than in A. Stimulation of T2 spinal nerve 

evoked a maximal reflex response in T4 preganglionic ramus. The three control 

averages were obtained intermittently during 30 min prior to the 0 time. The 

response was enhanced by a single, 1.5 mgikg dose of picrotoxin. Some 

postictal depression is evident at the final two points. Each point represents 

the average of 25 evoked responses. 
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Fig. 15. Enhancement of sympathetic reflex responses and initiation of 

after-discharge by picrotoxin. 

A. Same experiment as in Figure 14A. Enhancement of single, maximal 

sympc;lthetic reflex responses in T3 preganglionic ramus 50 min after 1.2 mg/kg 

of picrotoxin and 30 min after an additional 1.0 mg/kg of picrotoxin. Re

sponses were evoked by stimulation of T4 spinal nerve. Arrows below each 

record denote stimulus artifact. Time marker: 10 msec. 

B. After-discharge {arrow} of maximal reflex response in T3 preganglionic 

ramus 60 min after 1.5 mg/kg of picrotoxin. Relative frequency of evoked 

discharge during 25, 500-msec sweeps. Responses were evoked by stimulation 

of T2 spinal nerve. 



A T4 ...... T3ramus 

PICROTOXI N 
1.2 mg/kg 

PICROTOXIN 
2.2 mg/kg 

B 
CONTROL 

~ .f 

,T2 ~T3 ramus , . 
'! , 
" . 
~~. 1M '~._''''e .. a'Srl veta 

, , 
PICROTOXIN ~ 

': I 1.5mg/kg t.' l ...... ·frjf ....... ~ 



Fig. 16. Effect of picrotoxin on interaction between two sympathetic 

reflex responses in different pathways. 

Graphs constructed as in Figure 5. The number above each symbol in 

the inset at the right is the respective reflex ratio: conditioning response 

average (cross bar) to test response average (symbol). 

A. Maximal reflex response in T3 preganglionic ramus was evoked by 

stimulation of T4 spinal nerve and conditioned by one maximal volley in T2 

spinal nerve. Two hours after the initial 1.6 mg;kg dose of picrotoxin, an 

additional 1 mg/kg was administered. Interactions were tested 1 hr after the 

first dose and 0.5 hr after the second dose. The broken line indicates anesti

mate at the 200 msec interval where responses were occluded. Each point 

represents the average of 50 evoked responses. 

B. Same preparation and type of experiment as in A, except that the test 

stimulus was preceded by four conditioning stimul i (200/sec) instead of one. 

Interactions were tested 1.5 hr after the first dose and 0.75 hr after the second 

dose of picrotoxin. Shaded area on abscissa indicates duration of the conditioning 

train (12 msec). Each point represents the average of 50 evoked responses. 
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Fig. 17. Differential effect of picrotoxin on interactions between two 

sympathet ic refl ex responses. 

Graphs constructed as in Figures 5 and 16. 

A. Depression of inhibition by picrotoxin . Maximal reflex response in 

T3 preganglionic ramus was evoked by stimulation of T4 spinal nerve and con

ditioned by one maximal volley in T2 spinal nerve. Interactions were tested 

at 2, 4, and 5 hr after a single, 1.5 mg/kg dose of picrotoxin. Each point 

represents the average of 25 evoked responses. 

B. Enhancement of inhibition by picrotoxin. Different experiment than 

in A. Maximal reflex response in T3 preganglionic ramus was evoked by stimula

tion of T4 spinal nerve and conditioned by one submaximal volley in T2 spinal 

nerve. An additional 1 mg/kg of picrotoxin was administered 1.25 hr after 

the in itial, 1.2 mg/kg dose. Interactions were tested 1 hr after the first dose 

and 0.5 and 2.5 hr after the second dose. Each point represents the average 

of 32 evoked responses. 
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Fig. 18. Enhancement of spontaneous preganglionic activity by DOPA. 

Spontaneous activity in T2 preganglionic ramus and T3 spinal nerve was 

recorded simultaneously on moving film. Separate doses of DOPA were 

administered 120 min apart. Time designations are relative to administration of 

the first dose. Gains of pregangl ionic and somatic records were equal. 
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Fig. 19. Effects of 5-HTP on spontaneous preganglionic and somatic activity. 

Spontaneous activity in T3 preganglionic ramus and T2 spinal nerve was 

recorded simultaneously on moving film. Gain of preganglionic records was 

ten times that of somatic records. 
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Fig. 20. Enhancement of sympathetic refl ex responses and depress ion of 

somatic refl ex responses by DOPA. 

A. Progressive enhancement of maximal responses in T2 pregangl ionic ramus 

at the indicated times after administration of 75 mg/kg of DOPA. Responses 

were evoked by stimulation of T4 spinal nerve. Each record is the average 

of 50 evoked responses. 

B. Same experiment as in A •. Enhancement of single, maximal reflex 

responses in T2 preganglionic ramus by 75 mg/kg of DOPA was accompanied by 

depression of single, maximal somatic responses in T3 spinal nerve. Responses 

were evoked simultaneously by stimulation of the T4 spinal nerve. Time designa

tions correspond to those in A. Gain of pregang I ion ic records was five times 

that of somatic records. Arrows below each record denote stimulus artifact. 

Time marker: 10 msec. 

C. Different preparation than in A. Enhancement of maximal responses in 

T3 preganglionic ramus by 60 mg/kg and by 40 mg/kg of DOPA administered 60 

minutes apart. Time designations are relative to administration of the first 

dose. Responses were evoked by stimulation of the T4 spinal nerve. Each record 

is the average of 50 evoked reflex responses. 

D. Enhancement of single, maximal reflex responses in L1 preganglionic 

ramus by 100 mg/kg of DOPA was accompanied by depression of single, maximal 

somatic responses in L1 spinal nerve. Responses were evoked by stimu lation of 

the L2 spinal nerve. Gain of preganglionic records was twenty times that of 

somatic records. Time marker: 10 msec. 
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Fig. 21. Depression of sympathetic and somatic reflex responses by 5-HTP. 

A. Progressive depression of submaximal sympathetic reflex responses in 

T3 preganglionic ramus at the indicated times after administration of 50 mg/kg 

of 5-HTP. Responses were evoked by stimulation of the T3 spinal nerve. Each 

record is the average of 96 evoked responses. 

B. Progressive depression of maximal sympathetic reflex responses in T3 

preganglionic ramus by 50 mg/kg of 5-HTP. Responses were evoked by stimula

tion of the T 4 spinal nerve. Each record is the average of 96 evoked responses . 

C. Same experiment as in B. Depression of single, maximal reflex 

responses in T3 pregang I ion ic ramus and T2 spina I nerve by 50 mg/kg of 5-HTP. 

Some recovery of the somatic response is evident in the last record. Gain of 

pregangl ionic records was ten times that of the somatic records. Arrows below 

each record denote stimulus artifact. Time marker: 10 msec. 
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FUTtJIlE RESEARO 1 PROPOSALS 

Donald N. ,Franz 

AUJ!ust, 1966 

It has recently been demonstrated that spinnl sympathetic reflexes are 
....... 

differentially influenced by the "monoamine precursors, OOPA and 5 ... tITP (Franz, 

1966)., Sympathetic reflex responses recorded froln preganglionic ra'ili and 

evoked by stimulation of spinal nerves were eManced by d,l-OOPA (50 .. 100 mg/kg) 

and were depressed by d,lmS·HTP (25-50 mg/kg)e In addition, spontaneous pro-

ganglionic activity was enhwlced py DOPA. These responses were slowly progro5sivc 

with time t,./hich suggested that these agents did not act directly but through 

the formation of tr,eir metabolites. norepinephrine (Nfl) or 5-hydroxytryptrunme 

(S",+IT) () 

In similar studies of somatic reflexes, Anden, Jukes and Lundberg (1964) 

and Lundberg (1965) found that both OOPA and 5 ... HTP depress short latency 

transmission from the flexor· reflex affcrents to primary affcrents, motoncurons, 

and to ascending pa.thways., In addition. 5-HTP increased excitability of flexor 

and extensor motoneurons so that monosynaptic reflexes are incl~cased and 

sponta."1COUS discharges appear in ventral roots e Inhibition of decarboxylase, 

an enzyme necessary for the conversion of tho precursors to the amincs, prevents 

the effects of OOPA and 5-I'ITP, which indicates that the precursors act only 

after conversion to NE and S .. +IT 3J'1d not directly. Inhibition of monoamine 

oxidase, an inactivating enzyme of NE & 5-Hf, potentiates the effect of both 

. DOPA a11.d 5-lifP on spinal somatic reflexes. Finally, the alpha adrencr!!ic 



blocking agent, phenoxybenzamine blocks the effects of roPA but not those of 

5-i-ITP. The latter's effects are, however, partially blocked by the S-l-IT 

antagonist, 2-bromo d-lysergic acid diethylamide (OOL). 

Dctennination of the ability of such agents (a decarboxylase inhibitor, 

a monoamine oxidase inhibitor, and phenoxybenzamine and BOL) to a1 tar the 

effects of IXJPA and 5 .. IiTP on spinal sympathetic reflexes would add support 

to the view that these effects arc mediated by NE or 5 .. l-IT" 
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The usc of a specific and sensitive histochemical fluorescence method 

for the cellular localization of catecholamines and 5 ... lfr has recently demon

strated that s~npathetic pl~ganglionic neurons receive a direct and very 

dense. tenninal innervation from NE ... and S..,.IJf ... containing fibers that descend 

from medullary neurons via bu1bospinal tracts (Carlsson ~):~,,~!,'! t 1964; I 

Dahlstrom and Fuxc, 1965)" The effects of the precursors of NE and S-IIT, 

OOPA and S .. HTP, respectively, on spontaneous and reflex activity of pre

ganglionic neurons in the spinal cat have led to the suggestion that NE serve! 
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an excitatory transmitter function and 5-I.IT serves an inhibitory transmitter 

function for the supraspinal control of pr()~3llJlionic neurons (Frtm.%, 1966). 

The purpose of this proposed investigation is to detcnnine the effect 

of OOP1\ and S-IITP on sympathetic reflexes evoked by discrete stLnulation of 

supraspinal centers in the medulla or of their descendin!~ tracts in the spinal 

cord.. TIlis approach is more direct than the one confined to sympathetic reflex 

arcs J since the bulbospmal pathways that contain NIl or 5-lrr 3i)pear to IHake 

synaptic contact with the preganglionic neurons. lloth v3scxle,)ressor an.d 

vasopressor areas in the meJ.ulla, where these neurbns orit~inatc, have ueen 

described repeatedly. 

J\s an extension of this stuc.ly, the effects of monoamine oxidase inhibitors, 

blocking agents of NE and S-HT, anti decarboxylase inhibitDrz on iJulbospinal ... 

pregannlionic transmission. with and. without the influence of lXlP1\ and S"UTP, 

would provide additional evic.lcncc to test the credibility of the proposal 

that NE and 5 .. IIT function as transmitters between l>ulbospinal and pregan~lionic 

neurons. 
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3. 1110 effects of stryclminc .. ,!llu picrotoxin on spinal sudomotor neurons. 

Stryciminc and picrotoxin produce intense. spontaneous discharges of 

vaSoulOtor neurons in the cat within several hours after spinal transection 

(r:ranz~ 1966). At this time, spontaneous and reflex activity of pre!~anglionic. 

neurons, at least a part of which is vasomotor, is also present. However, 

spontaneous and reflex activity of sudomotor neurons does not retum for 

several days after spinal transection, acc.ording to electroclcnnal sttKlics ill 

the cat (Wang, 1964). 

The purpose of this proposed investiHationlis to c.lctcnnillC tJle 

, sensitivity of sudomotor neurons to strychnine and picrotoxin within hours 

after spinal transection. Electrodermal recorc.lini~ froUl the four footpads 

would provide a reliable measurement of sudomotor activity and the syncron

ization of spontaneous discharges. The cat is iueally suited for this 

study because it has sweat glands only in the footpads, and the sudomotor 

neurons for the forelimbs are confined to the 4th to the 9th thoracic 

segments and those for tho hindlimbs, from the 11th thoracic to the 2nu 

lumbar segments. , 
If the drugs prove to be ineffective in causing spontaneous sudomotor 

discharges, the study can be extended to include chronic spinal cats. 

This study would detennine whether sudomotor neurons are involved ill the 

spontaneous preganglionic discharges elicited by strycimine and picrotoxin 

and, if so, would provide a technically simple measurement of the syncrony 

spontaneous preganglionic discharges throughout the thoracolumbar spinal 

cord.. A' lack of effect in acute preparations would indicate that sudomotor 

neurons or their central afferent connections are more severely depressed 

following spinal transection than are the vasomotor neurons. Simultaneous 

electrodermal and blood pressure recordings would furnish an estirrk~te of tile 
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relative spontaneous activity in two, functionally different types of 

preganglionic neurons. 
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40 l!!E!!!"Cl£t~l>!!W-=--o..!! nonml.e~linated nerve .f!..b~.:!. 

Nonmyelinatcd nerve fibers are contained within a tubular system of 

Schwann cell cytoplasm in which they are enveloped. The space between the 

means and Schl'lann cells is continuous with the extracellular space, although 

some impediment to free exchange between the periaxonal spaco and the bulk of 

extracellular space appears to exist. AI though a nunber of nxons may be 

enveloped by one Schwann cell tube, the individual fibers crisscross from one 

Schwann cell to another throughout their course. The devious course a fiber 

takes through the Schwann cell network reduces tile possibility of interaction 

(Gassert 1955; Douglas and Ritchie, 1962) 0 

The accumulation of potassium in ~le peiiaxonal space following activation 

of nonmyc1inatcd fibers is sufficient to account for their negative aftor

potentials which sumnate to increase the size of subsequent compoWld action 

potentials (Ritchie and Straub, 1956). The large surface-to-volumc of non

myelinated fibers accotmts for the relatively large potassium efflux during 

activity 0 

The recent demonstration that single or repetitive activity in non

myelinated fibers can cause an appreciable depolarization of adjacent neuroglia 

in the optic nerve of the mud puppy (Orkand, Nicholls, and Kuffler, 1966) 
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suggests that repetitive activity in one group of nOBuyelinated fibers may 

cause depolarization in a second group of nonmyeli.nated fibers by increasing 

tho potassiun concentration of periaxonal spaces canmon to both groups. 

To investigate this problem. a small bundle of nerve fibers containing 

many nonmyelinated fibers would be separated at one end of a relatively 

long segmento Stimulation of each bundle would evoke action potentials in 

separate groups of fibers, both of which could be recorded from the common 

nelVe bundle at the other endo Tetanization of one pathway should produce a 

decrease in the nonmyelinated action potentials Ot the other pathway if its 

axons were sufficiently depolarized by the increased potassium to prevent 

transmission. Demonstration of such an interaction may have iDplications in 

sane typos of inhibition in the Q\lSo 
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So Intra.c<!l~u!!t~d-basF .. !lIld el~ctrolytc devin.ations inducod by methanol. 

The severe metaboljc acidosis that is induced by methanol poisoning 

cannot be adequately explained by tho formation of fOl1lUC acid in the body • . 
If all the methanol in most poisoning cases were converted to fonnie acid, 

it should be easily buffered by the nonnal buffer systems of the body. 

Nevertheless. severe metabolic acidosis is produced in humans and primates 

by the ingestion of methanolCl The relationship of the acidosis to the pro ... 

duct ion of blindness is unknown. Laboratory investigation of this probl~n 

is complicated by the lack of acidosis production and retinal changes in 

subprimate laboratory animals (Cooper and Kini, 1962). 

~reasurement of.intracellular and extracellular acid-baso and electrolyte 

changes in primates may furnish some insight into the mechanism of methanol 

toxicity, especially tile severe acidosis disturbances that arc producedo 

Intracellular pH remains almost Wlchanged in other types of acid-base dis

turbancos, with the exception of increased pC0Z. Marked changes in colI pll 

by methanol or its metabolites would be tulusual q However, its occurrence 

would. provide a possible clue to the mechanism of methanol toxicity D In spite 

of the greater cost of using primates, relatively few animals would be requireu 

to establish the potential advantage of this experimental approach. 
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