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DOUBLE-PULSE STIMULATION USED TO PROBE THE 

ANATOMY OF THE SELF-STIMULATION 

SYSTEM OF THE RAT

CHAPTER I 

INTRODUCTION

The double-pulse stim ulation technique has been used for some 

tim e as a neurophysiological probe to explore the poststim ulation ex

c ita to ry  cycle of axons and synapses in the peripheral nervous system  

(Helmholtz, 1854; Sherrington, 1906). This technique u tilizes a p a ir of 

lim inal pulses, one being the conditioning or C pulse whose onset is 

followed at a pa ram etrica lly  varied in terval by another, the te s t o r T 

pulse. The double-pulse o r C-T technique has been used to demon

s tra te  such axonal phenomena as neural re frac to rin ess  (E rlanger and 

G asser, 1937; Grundfest, 1940; Hursh, 1939) and latent addition (Lucas, 

1910; E rlanger and G asser, 1937). At the synaptic level, th is technique 

has been used to dem onstrate such things as inhibitory effects (Eccles, 

1964), and homosynaptic (E ccles, 1946; Li and Chou, 1962; Hubbard and 

Schmidt, 1963) and heterosynaptic tem poral summation (Lloyd, 1946;



A lbe-F essard  and Chagas, 1954; Fadiga and Brookhart, 1962).

The above axonal and synaptic phenomena have generally 

been dem onstrated using electrophysiological response m easures on 

acute p reparations of single neurons or fiber system s. F or exam 

ple, if one w ere m easuring synaptic inhibition, the C pulse could be 

delivered to an inhibitory presynaptic neuron, and at a p a ra m e tric 

ally  varied in terval the T pulse would be delivered to an excitatory 

presynaptic neuron. The response m easured as a function of the C- 

T in terval is usually the electrophysiological behavior of the post- 

synaptic neurons converged upon by the inhibitory and excitatory f i

b e rs . The stim ulation-response function thus determ ined indicates 

that the sh o rte r the C-T in terval, the le s s  likely it is that the T 

pulse will f ire  the postsynaptic neuron since the inhibitory effect will 

have had le ss  tim e to decay. A lternatively, if axonal conduction phe

nomena a re  being analyzed, e lec trica l responsiveness is recorded 

from  the sam e neuron o r fiber system  that is being e lec trica lly  s tim 

ulated.

O vert behavior can a lso  be used, in place of electrophysio

logical m easures, to analyze neurophysiological p roperties . Various 

operant behaviors, such as instrum ental escape (Kestenbaum et ^  , 

1970), se lf-s tim u lâ tion (Deutsch, 1964; Rolls, 1971a; Smith and Coons 

1970; T erry , 1971; U ngerleider and Coons, 1970) and runway p erfo rm 

ance (G allistel et a l . , 1969), have been shown to vary system atically



when anim als w ere stim ulated in tracran ia lly  with tra in s  of p a ram et

r ica lly  varied C-T pulse p a irs . F igure  1 illu s tra te s  the c h a ra c te r

is tic s  of the C-T pulse tra in . Such stim ulation p a ram ete rs  as pulse 

duration and intensity, C-C in terval, and tra in  duration a re  typically 

held constant and the overt behavioral change is recorded as a func

tion of changes in the C-T in terval. Such overt behaviors have p rov 

en to be re liab le  m easu res of underlying cen tra l neural p ro cesses  

and they have dem onstrated a ll of the sam e p roperties  observed c la s 

sically  by m eans of d irec t electrophysiological m easu res ( i . e . ,  l a 

tent addition, re fra c to ry  periods, tem poral sum m ation, and inhibi

to ry  effects).

Num erous species have been shown to lea rn  various re  - 

sponses which a re  positively reinforced  by e lec trica l stim ulation of 

diencephalic s tru c tu re s  (fish, Boyd and G ardner, 1962; chick, An

drew s, 1967; rabbit, B runer, 1967; cat, Wilkenson and Peele , 1963; 

dog. S tark and Boyd, 1963; goat, P ersson , 1962; monkey , B ursten 

and Delgado, 1958; dolphin, L illy  and M iller, 1962; ra t, Olds and 

M ilner, 1954; human. Bishop et a l . , 1963). The m edial fo rebrain  

bundle (MFB) and the s tru c tu re s  it in terconnects m ost frequently p ro 

duce the strongest positive reinforcing  effects (Olds and Olds, 1962, 

1963; Battig, 1969). Self-s tim u lâ tion of M FB -related s tru c tu re s  is 

the behavior to be learned  in the p resen t experim ent, and it involves 

an anim al learn ing  to p re s s  a lever to e lec trica lly  stim ulate  his own



T R A I N  D U R A T I O N

I— j  P U L S E  D U R A T I O N

■1 C - T  I N T E R V A L

4 C - C  I N T E R V A L

F ig u re  1. Schem atic rep resen ta tio n  of a tra in  of negative- 
going C -T  pulse p a irs . The pulse duration, C -T  in terval, and C-C 
in te rva l c h a ra c te r is tic s  of the tra in  a re  illu stra ted .



brain . While various electrode placem ents re su lt in different ra te s  

of se lf-stim ulation  behavior (Olds and Olds, 1962, 1963; Battig, 1969), 

a t any p a rticu la r site  the effectiveness is re la ted  to such stim ulation 

pa ram ete rs  as pulse frequency, tra in  duration, and stim ulus in ten

sity  (Kessey, 1962; M clntire and W right, 1965; Su et , 1966; De

utsch, 1964; W etzel, 1971). Since se lf-s tim u lâ tion ra te  is a  function 

of the stim ulation p a ram ete rs , it is  possible to use th is behavior for 

studying the neurophysiological p roperties of se lf-stim u lâ tion a re as  of 

the brain and th e ir possible re la tion  to  o ther neuronal s tru c tu res  

which may m ediate th is behavior.

H eterosynaptic tem poral sum m ation has been dem onstrated 

in the MFB se lf-stim ulation  system  by adm inistering  C pulses to the 

MFB on one side of the b ra in  and T pulses to a homologous s ite  on 

the opposite side of the b ra in  (U ngerleider and Coons, 1970). As 

the C-T in terval was decreased , se lf-stim ulation  perform ance in 

c reased  in a lin e a r fashion. Such data indicated that MFB im pulses 

from  opposite sides of the b ra in  converge upon a common neuronal 

pool, since heterosynaptic tem poral sum m ation effects could not be 

dem onstrated unless neuronal convergence existed. Since the MFB 

is  known to converge at s ite s  upstream  as well as downstream  from  

the stim ulating e lectrodes, however, it was not possible to d ifferen

tia te  between the possible convergence s ites . In the presen t exper

im ent ra ts  w ere b ila te ra lly  implanted with MFB se lf-stim u lâ tion e lec 
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trodes. However, ra th e r  than placing the electrodes in homologous 

MFB site s  on opposite sides of the b rain , the electrodes were im 

planted in M FB -related an te rio r and con tra la te ra l poste rio r se lf

stim ulation a reas . With each lever p re ss  delivering a tra in  of pulse 

p a irs  through a single electrode (stim ulation p aram eters  as in F ig 

u re  1), it was postulated that the ra te  of self-stim ulation , as a func

tion of changes in the C-T in terval, would reveal the tim e constants 

ch arac te ris tic  of such p ro p erties  as latent addition, neural re f ra c t

o riness, and tem poral sum m ation for both an te rio r and poste rio r 

self-stim ulation  a re a s . And secondly, it was postulated that by a d 

m in istering  C pulses through the an te rio r electrode and p a ram etric 

ally  delayed T pulses through the con tra la te ra l poste rio r electrode 

(and vice versa), predictably different stim ulation-response functions 

would re su lt depending upon whether se lf -s tim u lâ tion im pulses a s 

cend o r descend within the complex MFB system .

The rem ainder of the Introduction is divided into four parts . 

Section A contains a discussion of p rio r  studies in which the C-T 

technique was used to reveal stim ulation-response relationships b e 

tween the e lec trica l stim ulation of neurons and the e lec trica l r e  - 

sponses recorded (a) from  the axons of the sam e neurons and (b) 

from  the postsynaptic neurons onto which the stim ulated neurons p ro 

ject. Section B d iscusses the ways in which the sam e stim ulation- 

response functions have been revealed using the C-T technique with



overt behavior as the dependent variable instead of the e lec trica l r e 

sponses of the neural tissue . Section C is concerned with se lf -s tim 

ulation behavior and the anatom ical interconnections within the MFB 

system . F inally , Section D describes  the general s tra tegy  of the 

presen t experim ent and m akes predictions concerning the different 

stim ulation-response functions that might be found depending upon 

whether the ascending or descending MFB fib ers  a re  functional in 

se lf-stim ulation  behavior,

A. D ouble-Pulse Stim ulation with E lec trica l Response M easures 

Helmholtz (1854), and la te r  Sherrington (1906), w ere among 

the f irs t  to  use the double-pulse technique (C-T technique) to study 

the changes in neural excitab ility  which follow the generation of an 

action potential. In the c la ss ica l Sherringtonian application of the 

technique, an e lec trica l m easure  of neural excitation is taken as a 

function of the C-T stim ulation in terval. Any num ber of response 

m easures m ay be taken, such as; (a) the level of cu rren t requ ired  

to m aintain a predeterm ined ra te  o r probability  of firing  o r m agni

tude of response; (b) the ra te  of firing  o r probability  of firing, in 

the case  of single neurons; (c) the magnitude of the g ro ss  evoked r e 

sponse in the case of m ultifibered nerve; and (d) the in trace llu la r r e 

corded magnitude of the change in m em brane potential, in studies of 

certa in  synaptic p ro cesses . Since Helmholtz f ir s t  introduced th is 

technique, it has been used extensively to  explore the various aspec ts
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of both axonal conduction and synaptic transm ission .

The study of axonal conduction is accom plished by applying 

both the C and T pulses to the sam e neuron o r nerve fiber from  

which the excitability changes a re  m easured. The axonal phenome

non of neural re frac to rin ess  has been dem onstrated in th is  m anner 

(E rlanger and G asser, 1937; Grundfest, 1940; Hursh, 1939). The abso 

lute re fra c to ry  period rep re se n ts  an inexcitability of a nerve fiber 

during and for a short period of tim e a fte r the action potential. Abso

lute re fra c to ry  period values range from  0. 4 m sec, to 2. 0 m sec, for 

m am m alian fib ers  depending p rim arily  upon fiber d iam eter (0. 4 to 

1. 0 m sec, for A type fibers; 1. 2 m sec, for B type fibers; and 2. 0 

m sec, for C type fibers; Grundfest, 1940). Thus, at C -T  in tervals 

of th is size  o r sm alle r, the T pulse, no m atter how intense, is un

able to induce firing. During the succeeding re la tive  re fra c to ry  p e r i

od ( i .e . ,  at slightly longer C-T in tervals) the probability that the T 

pulse w ill induce firing  increases as the excitation threshold  re tu rn s 

to its re s tin g  level.

The C-T technique has a lso  been used to investigate the ax 

onal phenomenon of sublim inal sum m ation, o r as it was som etim es 

called, la ten t addition (Lucas, 1910; E rlanger and G asser, 1937).

This p roperty  was believed to be the re su lt of the neuron 's ability  

to sto re  and sum m ate charge capacitively on its m em brane for up 

to 0. 2 m sec. With the advent of in trace llu la r recording  techniques.
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however, the te rm  'latent addition' was abandoned since it tended to 

oversim plify  the various excitability  changes which re su lt from  neu

ra l  stim ulation. Today th is  p roperty  is  subsumed under the head

ing of "cable p ro p ertie s"  which takes into account not only m em brane 

capacitance, but a lso  m em brane and p lasm a res is tan ce  as well (Ruch 

et _aT , 1961). Neurophysiologically, th is  effect m anifests itse lf  in 

the combined ability  of sublim inal C and T pulses to fire  the neu

ron at C -T  in te rvals sh o rte r  than 0, 2 m sec. The te rm  latent addi

tion continues to be used in the psychological l i te ra tu re  only as a 

descrip tive  label fo r the behavioral changes at C -T  in tervals le ss  

than 0, 2 m sec.

The stim ula tion-response  re la tionsh ips described  above hold 

fo r both the single fiber and the m ultifiber nerve preparation . In 

the la tte r  case , the C-T technique can be used to d ifferentiate  the 

various fiber groups which constitute the nerve. B ecause la rg e r  d i

am ete r fib e rs  reco v er from  re fra c to ry  periods sooner, as the C-T 

in terval is gradually  increased , sudden in creases  in firing  level will 

m ark  the end of re fra c to ry  periods of different fiber groups. E r 

langer and G asser (1937) used th is  technique to  sep ara te  alpha and 

beta  subgroups of m am m alian A fib ers . In th is  situation, however, 

it is im perative that the cu rren t levels of the C and T pulses be at 

m axim al strength , since at le s s  than m axim al strength  the sm a lle r 

sized fib e rs  in the mixed nerve will not be fired  due to th e ir higher
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spike threshold.

E xcitability  changes have been observed m ainly in isolated 

periphera l nerve p reparations, aé mentioned above. However, nu

m erous studies have dem onstrated various excitability  dynamics of 

intact human nerve preparations. F o r example, G illia tt and W illison 

(1962) have dem onstrated excitability  changes in the intact human m e

dian nerve by applying C-T pulse p a irs  at the w rist and record ing  

the resu lting  action potentials fa r th e r  along the nerve at the elbow. 

This nerve was shown to have an absolute re fra c to ry  period of 0. 6 

m sec.

A slight a lte ra tion  in the C -T  technique allows an exam ina

tion of synaptic stim ula tion-response  functions. Homosynaptic te m 

poral sum m ation can be dem onstrated when both C and T pu lses a re  

delivered to a single presynaptic neuron, and the e lec trica l response  

is recorded from  the postsynaptic neuron. T his phenomenon is  evi

denced by the fact that the sm a lle r  the C-T in terval, the m ore e f 

fective is the T pulse in generating a response, except for those C- 

T in tervals within the re fra c to ry  period range of the stim ulated p re 

synaptic fib e rs  (E ccles, 1946; Li and Chou, 1962; Hubbard and Sch

midt, 1963). This effect is due to the in teraction of the n eu ro tran s

m itte r with the postsynaptic m em brane such that the duration of the 

postsynaptic potential is a  function of the tra n sm itte r  inactivation 

ra te  and the amount of n eu ro tran sm itte r re leased  p e r pulse. When
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c  and T pulses a re  applied to different presynaptic neurons, and the 

response is recorded from  the postsynaptic neurons onto which they 

converge, evidence for heterosynaptic tem poral summation is obtain

ed (Lloyd, 1946; A lbe-F essard  and Chagas, 1954; Fadiga and Brook

hart, 1962), This phenomenon differs from  homosynaptic tem poral 

sum m ation mainly because the r is e  in response level with in c re a s

ingly sh o rte r  C-T in tervals is not lim ited by the re frac to ry  period 

of the stim ulated presynaptic neuron. The duration of heterosynaptic 

tem poral summation is a lso  a function of the duration of the p o st

synaptic potential, as described above, Lloyd (1946) observed a 14, 0 

m sec, tem poral sum m ation decay tim e in spinal reflexes, while E c

cles (1946 ) found th is in terval to be 10, 0 m sec, for spinal motoneu

rons, Much longer tem poral summation values w ere found for c o r

tica l pyram idal ce lls  (Li and Chou, 1962) and thalam ic neurons (Phil

lips, 1961) where excitatory  postsynaptic potentials lasted  for up to 

80. 0 m sec.

Synaptic inhibition has also been studied with the C-T tech 

nique, In th is case, the C pulse is delivered to an inhibitory neu

ron and the T pulse is delivered e ither (a) to the postsynaptic neu

ron onto which the inhibitory neuron pro jec ts , or (b) to an excitato

ry  presynaptic neuron projecting to the sam e neuron as does the in

hibitory presynaptic neuron. The tim e course of the inhibitory effect 

is traced  by taking the e lec trica l response of the postsynaptic neu
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ron as a function of the C-T in terval. The m ore closely the T pulse 

follows the C pulse, the le ss  effective it is in generating a response, 

evidently because m ore of the inhibitory neu ro transm itter is s till  a c 

tive at the synapse (Eccles, 1964). This type of inhibition is known 

as postsynaptic inhib ition , and the duration of its  effect includes 8. 0 

m sec, for spinal m otoneurons (Araki et , 1960), 100. 0 m sec, for 

thalam ic neurons (Purpura and Cohen, 1962), 100, 0 to 200, 0 m sec, 

for co rtica l cells (Phillips, 1956), and over 200. 0 m sec, for hippo

cam pal neurons (Kandel and Spencer, 1961).

The type of inhibition just described d iffers from  the phenom

enon known as presynaptic inhibition. This inhibitory effect is also 

charac terized  by decreased  effectiveness of the T pulse at sh o rte r  

C-T in tervals, however, the tim e course  is frequently  longer than 

for postsynaptic inhibition. The depression  of excitability, as m ea

sured in the spinal motoneuron, does not reach  a maximum until about 

20. 0 m sec, and la s ts  for over 200. 0 m s e c ., as opposed to 8. 0 m sec, 

for postsynaptic inhibition (Eccles et a l . , 1961). P resynap tic  inhibi

tion is thought to act on the axon term ina ls of presynaptic excitatory  

neurons in a way which decreases  th e ir ability to stim ulate the p o st

synaptic neuron (E ccles, 1964).

To sum m arize, the following neural p ro p erties  have been 

dem onstrated using the C-T stim ulation technique with e lec trica l 

response m easures: (a) latent addition; (b) re fra c to ry  periods; (c) ho -
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mo synaptic and heterosynaptic tem poral summation; and (d) postsyn

aptic and presynaptic inhibition,

B. D ouble-Pulse Stimulation with Behavioral Response M easures

Many of the early  experim ents employing the C-T technique 

used behavioral m easures for the study of stim ulation-response r e 

lationships in axons and synapses. Since much of this work focused 

on the study of neurom uscular phenomena and spinal reflexes, how

ever, the "behavior" often consisted of nothing m ore than m uscle 

fiber contractions (Helmholtz, 1854; Sherrington, 1906), F o r example, 

Lloyd (1946) used the spinal reflex  to study the tim e course of h e te ro 

synaptic tem poral summation, A sublim inal stim ulus (C pulse) de

livered  to one branch of a biceps nerve was followed at a varied in

te rv a l by a second stim ulus (T pulse) delivered to the other branch 

of th is nerve. The magnitude of the resu lting  reflex  showed an ex

ponential decay of tem poral summation as the C-T in terval was 

lengthened up to 14, 0 m sec.

More recently , higher o rder behaviors have been used to 

m easure  underlying neural p rocesses . Because single pulse pa irs  

will not elicit behavior from  cen tra l motivational system s, however, 

the C-T technique required  modification for use in these instances. 

Instead of a single pa ir of pulses, tra in s  of equally spaced pulse 

p a irs  (i, e , , C-C in terval held constant) a re  employed with the s tim 

ulation pa ram ete rs  as rep resen ted  in F igure 1, Such a modification of
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the C-T technique has resu lted  in the se lf-stim ulation  behavioral de

m onstration of la ten t addition, neura l re fra c to rin ess , homosynaptic 

and heterosynaptic tem poral sum m ation, and synaptic inhibition,

Deutsch (1964) was the f ir s t  to use the C-T technique to be- 

haviorally  m easure  re fra c to ry  periods of " s e lf -s tim u lâ tion fibers" . 

R ats w ere trained  to p re s s  a lever for positively reinforcing  e le c tr i

cal stim ulation of the b ra in  consisting  of tra in s  of pa ram etrica lly  v a r

ied C-T pulse p a irs  delivered via chronically  implanted e lectrodes. 

With a 10. 0 m sec. C-C in terval, and depending upon the behavioral 

effect being m easured  (drive or rew ard), the ra te  of lever p ressing  

was found to undergo a sudden increase  a fte r C-T in tervals of 0. 5 to 

0 .6  m sec, and 0 .8  to 1.1 m sec. T his was a ttributed  to the reco v 

e ry  from  re fra c to rin e ss  of two sep ara te  fiber groups having different 

axon d iam eters. In o ther words, a t very sho rt C-T in tervals, the 

T pulses a rr iv e  during the re fra c to ry  period of the C -stim ulated f i 

b e rs  and thus do not influence behavior. As the C-T interval is 

lengthened, the T pulses eventually s ta r t a rriv in g  outside the r e f ra c 

to ry  period and becom e effective in fiber excitation. This point is 

reflected  at the behavioral level by the sudden increase  in lever 

p ressing . The duration of the in itia l period of low responding is 

thus a m easure  of the re fra c to ry  period of the fibers activated by 

the stim ulating e lectrode. S im ilar re fra c to ry  periods (0, 5 to 0. 6 m sec, 

for "rew ard" fib ers , and 0. 9 to 1.1 m sec, fo r "drive" fibers) have
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subsequently been found using a runway behavioral m easure  and C-T 

manipulated hypothalamic stim ulation (G allistel et al. , 1969).

An analogous experim ent in which self-stim ulation  was taken 

as the m easure  of poststim ulation excitatory  changes yielded very  s im 

ila r  re su lts  and extended the above findings somewhat (Smith and 

Coons, 1970). The dependent variable  in th is study was the minimum 

curren t intensity  requ ired  to m aintain a fixed num ber of lev e r  p re s s 

es per m inute, and the C-C in terval was 400. 0 m sec. Evidence of 

latent addition was found at the 0.1 m sec. C-T in terval since at this 

in terval the cu rren t intensity required  to e lic it lever p ressin g  was 

le ss  than that for e ither the control condition (where only C pulses 

w ere given in the train) or fo r C-T in tervals within the re fra c to ry  

period range of the stim ulated fibers. Absolute re fra c to rin e ss  oc

curred  at C-T in tervals up to 1. 2 m s e c ., and re la tive  re fra c to rin e ss  

from  1. 2 to 5 .0  m sec. F inally , as the C-T in terval was lengthened 

from  5. 0 to  200. 0 m s e c ., a  gradual increase  in cu rren t was required  

to m aintain c rite rio n  lev er p ressing . The g rea te r cu rren t intensity 

requ ired  to e lic it behavior at these longer C-T in tervals was thought 

to re flec t synaptic ra th e r  than axonal events, since recovery  from  

re fra c to rin ess  should be com plete and both pulses should generate 

action potentials which a re  conducted to the synapse. Thus, the in

c rease  in se lf-stim ulation  threshold  is probably due to the d e c re a s 

ing ability  of the C and T pulses to sum m ate tem porally  at the syn
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apse as they becom e separated by increasingly  g rea ter tem poral in

te rv a ls .

A methodological point seem s to be in o rder here. The 

data of Deutsch (1964), G allistel et , (1969), and Smith and Coons 

(1970) a ll show evidence of latent addition which Rolls (1971a) believes 

casts  some doubt on the validity of the ir re frac to ry  period findings. 

The higher the cu rren t level (within lim its), it is argued, the g rea t

e r  is the probability that the C pulses will f ire  all of the fibers in 

the electrode vicinity and thus ru le  out the possibility  that any sub- 

lim inally  depolarized fringe of axons will be able to b riefly  sto re  this 

charge (Lucas, 1910) and be fired  by the closely succeeding T pulses. 

It is believed that if the cu rren t is twice the self-stim ulation  th re sh 

old then latent addition should not appear at le s s  than a 0 .2  msec. 

C-T in terval. It is fu rther suggested that the presence of latent 

addition indicates that what appears to be the absolute re frac to ry  

period is  only the re la tiv e  re fra c to ry  period since a twice threshold 

stim ulating cu rren t would have resu lted  in a sh o rte r re frac to ry  period 

value. T his argum ent is based on the assum ed contribution of ju st- 

threshold  fibers activated at the electrode fringe by a less  than twice 

threshold stim ulating curren t. Such a sub maximal stim ulus would 

re su lt in fewer fibers  firing  at sh o rte r C-T in tervals than would be 

fired  by the twice threshold stim ulus since the rela tive  re frac to ry  

sta te  of the peripheral fibers  would be overcome by the supram axi-
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mal stim ulus and thus add to the num ber of fibers activated to elicit 

the self-stim ulation  behavior. T herefore , at a given re la tive  r e f ra c 

to ry  period the sub m axim al stim ulus should indicate absolute r e f ra c 

to rin ess , w hereas the supram axim al stim ulus should resu lt in a high

e r level of self-stim ulation  perform ance and thus indicate the actual 

re la tive  re fra c to ry  sta te  of a ll of the stim ulated fibers. Equally 

susceptible to th is c ritic ism  is the following C-T escape study.

The instrum ental escape behavior of ra ts  in response to C-T 

stim ulation of the m esencephalic "pain" system  has also  been shown, to 

reflec t underlying neural p ro cesses (Kestenbaum et , 1970). Rats 

were taught to p ress  a lever to obtain short re s t  periods from  an on

going tra in  of pulse p a irs  adm inistered to the m edial lem niscus or to 

the m esencephalic portion of the spinothalam ic trac t. With a C-C in 

te rv a l of 100. 0 m sec. , a plot of the ra te  of lever p ressing  as a func

tion of the C-T in terval showed evidence of latent addition at 0. 2 

m sec. , re fra c to ry  periods at 0. 4 to 0. 9 m sec. , 0 .9  to 1.0 m sec. , 

and 1. 0 to 2. 5 m s e c ., and tem poral sum m ation declining in effect 

from  2. 5 to 50. 0 m sec. The re fra c to ry  period data suggested the 

recovery  from  re frac to rin ess  of th ree  different fiber groups, and 

the values correspond well with the known re frac to ry  periods of m am 

m alian fibers 10 to 20 m icrons in d iam eter, 1 to 10 m icrons in d iam 

e te r, and poorly m yelinated fibers, respectively  (Grundfest, 1940) . 

The tem poral summation findings w ere also  found to closely reflect



18

the decay of tem poral sum m ation m easured e lec trica lly  in peripheral 

preparations (Hursh, 1939; Grundfest, 1940; Lloyd, 1946).

In each of the previous experim ents, the effects of tem poral 

summation were obscured at the sh o rte r  C-T in tervals by the re f ra c 

to ry  periods of the neurons stim ulated. Since both C and T pulses 

w ere delivered via the sam e electrode, a ll the im pulses a rriv in g  at 

the synapse w ere conducted along the sam e set of fibers. Thus, a 

T pulse following a C pulse by an in terval of tim e sm aller than the 

f ib e r 's  re fra c to ry  period would fail to generate an action potential.

The response strength  m easured in these p rio r studies, therefo re , 

declined sharply when the C-T in terval was shortened beyond a c e r 

tain  point, ra th e r  than continuing to show the perform ance increase  

ch a rac te ris tic  of tem poral summation. When excitatory im pulses con

verge upon the postsynaptic neuron from  separa te  presynaptic fibers, 

however, the en tire  tim e course of tem poral summation is apparent. 

T em poral sum m ation has been investigated under these  conditions by 

having the C and T pulses delivered via separa te  electrodes (i. e. , C 

pulses through one electrode, and T pulses through another) implanted 

b ila tera lly  in the la te ra l hypothalamic a rm s of the MFB which a re  

believed to converge upon a common neuronal pool in the m idbrain 

ventral tegm ental a re a  (U ngerleider and Coons, 1970). When the 

strength of se lf-s tim u lâ tion behavior, m easured as the latency to the 

f irs t  lev er p re ss , was plotted as a function of the C-T in terval ,
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a curve was obtained which, as  in the e lec trica l studies of h e te ro - 

synaptic tem poral sum m ation, showed an uninterrupted increase  in 

response strength  for p ro g ressiv e ly  sh o rte r  C-T in tervals down to 

0.1 m sec.

Self-stim ulation behavior a lso  lends itse lf to the study of in

hibitory  p ro ce sse s  since it is subject to inhibition deriving from  the 

activation of the ventrom edial hypothalam ic nucleus (VMN)(01ds and 

O lds, 1962; O om ura at , 1964; Hoebel, 1968; M organe, 1969), With 

C pulses delivered to the VMN, and T pulses delivered to the ipsi- 

la te ra l  la te ra l  hypothalam ic MFB, the se lf-s tim u lâ tion response ra te  

as a function of the C-T in terval revealed  a bimodal inhibitory in te r 

action between these  two b ra in  a re a s  (T erry , 1971). One possible 

explanation given for the bim odal re la tionsh ip  was that the inhibitory 

synapses could be d ifferen tially  re la ted  to the two types of neurons 

in the se lf -s tim u lâ tion system  - the so -called  rew ard and drive  neu

rons (Deutsch, 1963; G alliste l et al, , 1969).

C. S e lf-Stim ulât ion Behavior and A natom ical Connections within the MFB

The phenomenon of se lf-stim ulation  re fe rs  to the fact that 

when e lectrodes a re  chronically  implanted in certa in  subcortical s ites 

in the brain , an im als w ill repeated ly  pe rfo rm  a response  to e le c tr i

cally  stim ulate  these  a re a s . Self-s tim u lâ tion behavior has been found 

for variously  placed stim ulating  e lectrodes in a varie ty  of anim als , 

however, it has been m ost extensively studied in the ra t. A com 
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prehensive review  of the anatom ical data l is ts  the following as some 

of the s ites  for se lf-s tim u lâ tion; gyrus dentatus, a rea  amygdaloidae 

an te rio r, nucleus caudatus, nucleus anterom edialis thalam i, nucleus 

ven tra lis  thalam i, nucleus paraven tricu la r is thalam i, nucleus re tic u 

la r is  thalam i, a re a  sup ram am m illa ris , nucleus m am m illaris la te ra lis , 

nucleus ven tra lis  tegm enti (Tsai), substantia g risea  p e riv en tricu la ris , 

and chiasm a opticum, with the m ost effective and re liab le  s ite s  being 

in the septal region and in the la te ra l to p o ste rio r hypothalamic 

course of the MFB. Topographic maps of se lf-stim u lâ tion s ites  in 

the ra t b rain  place m ost of the s tru c tu re s  within the tra je c to ry  of 

the MFB (Olds and Olds, 1963; Battig, 1969).

The MFB is a phylogenetically old, heterogeneous fiber sy s 

tem  which follows a p arasag itta l path ventrally  through the brain, 

connecting m ost of the telencephalon and diencephalon with a complex 

of brain  stem  nuclei (Nauta, 1958, 1960). As the MFB p asses  between 

these  regions, the la te ra l  zone of the hypothalamus and preoptic r e 

gions a re  trav e rsed . The ascending MFB elem ents, com prising cho

linerg ic  (Shute and Lewis, 1966), and noradrenergic, dopam inergic and 

sero tonerg ic  axons (U ngerstedt, 1971), in ter a l i a , seem  to se rve  gen

eralized  a rousal and sleep functions. The descending MFB elem ents 

se rve  as pa rt of the control m echanism s for the b rain  stem  nuclei. 

Thus, the MFB consists of sev era l p a ra lle l interm ingling pathways, 

which behavioral analysis has shown to be functionally d isc re te , and
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which degeneration studies and electrophysiological analyses have 

shown to be anatom ically d issociable with respect to origin, t ra je c 

tory, num ber of synapses interposed, and fields or influence (M or

gane, 1969).

Axonal degeneration studies have been perform ed to trace  

the course  of the MFB fibers in the brain. Such studies, however, 

have proven difficult for two reasons: (1) the MFB courses through 

the la te ra l hypothalamic a re a  (LHA) which is a "bed nucleus" (Gurd- 

jian, 1927) for many diencephalic fiber tra c ts . Thus, lesions placed 

in the LHA may nondifferentially affect many fibers which a re  not 

re la ted  to the MFB system ; and (2) the fibers of the MFB a re  poorly 

myelinated, and of sm all d iam eter which causes them  to stain  poorly 

and m akes degeneration studies difficult to perform  and ambiguous to 

in terp ret. This la tte r  problem  has been partia lly  solved by the use 

of the Nauta s ilv er staining techniques and th e ir derivatives (Nauta 

and Gygax, 1951, 1954; Fink and Heim er, 1967).

Studies of fiber degeneration following lesions of the MFB 

have been done by Guillery (1957) and Wolf and Sut in (1966) in the ra t, 

and by Nauta (1958) and M cClure and C lark (1968) in the cat. Their 

resu lts  can be described in te rm s of ascending and descending degen

eration from  the LHA. O ther tissue  staining techniques have shown 

the course  of ascending cholinergic (Shute and Lewis, 1966) and mono- 

am inergic (Ungerstedt, 1971) pathways in the MFB,
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Ascending P rojections 

F rom  the LHA, fiber degeneration has been traced  to the 

la te ra l preoptic a rea , the diagonal band of Broca, and the medial, 

and to a le s s e r  extent, the la te ra l septal nucleus. Some fibers pass 

through the m edial septal nucleus and enter the medial p a rt of the 

cingulate cortex. A dorsom edial MFB pathway can be traced  into 

num erous thalam ic nuclear groups ( i . e . ,  nucleus re ticu la ris , ven tralis 

an terio r, para taen ia lis , an te rodo rsa lis , and dorsom edialis), with r e 

sidual fibers reaching the la te ra l habenular nucleus via the s tr ia  m ed

u lla r is. The degenerating fibers which join the s tr ia  term inal is 

follow the bundle to the amygdaloid complex , as well as degenerating 

fibers which exit from  the preoptic a re a  and en ter the amygdaloid 

complex medially. G uillery 's  (1957) data suggest that the ascending 

fibers which term inate  in the m edial septal nucleus have a m idbrain 

origin, w hereas those ending in the la te ra l septal nucleus a rise  from  

cells in the LHA. Degeneration has been followed con tra la tera lly  in 

both the m edial and la te ra l septal nuclei, with c ro ssover occurring  

in the supraoptic com m issures and perhaps also  in the septum.

The histochem ical studies dem onstrate  that cholinergic and 

m onoam inergic fibers also  ascend in the MFB. The noradrenergic  

fibers a r is e  from  various b rain  stem  nuclei and term inate  in lim bic 

forebrain  regions. The locus coeruleus is one of the noradrenergic  

brain  stem  nuclei, and it has been im portantly  linked to se lf-s tim 
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ulation behavior (R itter and Stein, 1972). Dopaminergic fibers a rise  

from  the substantia n igra  and term ina te  in the caudate-putam en com 

plex. Serotonergic neurons, originating in the raphe nuclei, te rm i

nate in num erous telencephalic and diencephalic regions as do the 

cholinergic fibers which originate in nucleus cuneiform is re ticu la ris  

and in a re a s  near the substantia n igra.

Descending P ro jections 

The m ajority  of the descending MFB fibers pass through the 

LHA and reach  the m idbrain ventral tegm ental a re a  of T sai. P r io r  

to reaching the a rea  of T sai, som e fibers  leave the bundle m edially 

and som e en ter both m edial m am m illary  body nuclei and som e enter 

the la te ra l m am m illary  nucleus ip sila tera lly . Residual fibers pass 

through the supram am m illary  decussation and extend caudally to the 

co n tra la te ra l a re a  of T sai. Of the two offshoots from  the MFB at 

the level of the caudal m am m illary  body, one group term ina tes in 

the cen tra l gray and the other te rm in a tes  in the ro s tra l  tip  of the 

in terpeduncular nucleus. A few fibers  can be traced  from  the a rea  

of T sa i into the raphe nucle i, the cen tral gray, and the nucleus mes- 

encephalicus profundus p a rs  la te ra lis . F o r the m ost part, however, 

descending MFB fibers seem  to term ina te  in the m idbrain ventral 

tegm ental a rea .

To sum m arize, the MFB is a diffuse and complex two-way
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fiber system  that (a) is rep resen ted  b ila te ra lly  in the b rain , (b) can 

be traced  from  the fo reb ra in  to the b ra in  stem , and (c) converges 

in the ven tra l tegm ental a re a  of the b ra in  stem  and also  in the sep 

ta l  nuclei and m am m illary  body,

Self-Stim ulation and MFB Anatomy 

Since the anatom ical evidence points to both upstream  and 

dow nstream  sites  of MFB convergence, s e lf - stim ulât ion behavioral 

studies have been perform ed to determ ine  which direction positively 

re in fo rcing  im pulses follow within the MFB, In general, the tech 

nique here  is to les ion  e ither an te rio r or p o ste rio r from  the e lec 

trode  which e lic its  se lf-stim ulation . A lo ss  or decline in se lf -s tim 

ulation resu lting  from  the lesion  suggests that the outflow of the s y s 

tem  has been in terrup ted  and presum ably  indicates at lea s t whether 

convergence of the MFB is upstream  in the septal a rea , fo r example, 

o r  dow nstream  perhaps in the ven tra l tegm ental a rea . M assive le 

sions of the sep tal nuclei (Ward, 1960) or of the amygdaloid nuclei 

(Ward, 1961) had litt le  effect on the ra te  of tegm ental se lf-s tim u la 

tion in ra ts . S im ilarly , M iller (1963) reported  that b ila te ra l septal 

lesions had no effect on se lf-stim u lation  of the hypothalamus. How

ever, b ila te ra l MFB lesions at the level of the hypothalamus abol

ished se lf-stim ulation  of the sep tal a rea . F u rth e r evidence from  

Olds and Olds (1964) showed that les ions an te rio r to MFB e lectrodes 

produced only slight effects with rapid  recovery  to p rio r se lf-s tim -
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ulation ra te s , w hereas p o ste rio r lesions produced a complete and 

ir re v e rs ib le  lo ss of se lf-s tim u lâ tion. Thus, these studies suggest 

that the outflow of the MFB se lf-s tim u lâ tion system  is in a down

s tre am  direction toward the b rain  stem . To localize where in the 

b ra in  stem  these fibers converge, Schiff (1964) studied the effects 

of both ventral and dorsa l tegm ental lesions on septal se lf-s tim u la 

tion ra te s  in ra ts . Self-stim ulation ra te s  w ere decreased  a fte r ven

t r a l  tegm ental lesions, but not affected a fte r  dorsal tegm ental le  - 

sions.

Although the dow nstream  site  of convergence of MFB "se lf

stim ulation fibers"  has received some degree of behavioral experi

m ental support, o ther behavioral evidence is  not compatible with such 

a notion. F o r example, Valenstein (1966), Boyd and G ardner (1967), 

and L orens (1966) found that extensive lesions of m ajor MFB a reas  

(preoptic a rea , m am m illothalam ic tra c t, ventral tegm ental a rea , an

te r io r  -p o ste rio r hypothalamus, etc, ) had little  effect on the ra te  of 

sep tal or la te ra l hypothalamic se lf-stim ulation  so long as sufficient 

post-operative  recovery  was allowed (som etim es as long as 2 months). 

Such re su lts  led these authors to conclude that the "self-stim ulation  

system " was characterized  by "redundancy" and "plasticity". On the 

other hand, Morgane (1964) has concluded that ablations anywhere a - 

long the MFB tra jec to ry , e ither an te rio r or poste rio r to the s tim 

ulating electrode, causes m arked self-stim ulation  suppression. Thus
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the data a re  by no means consistent with respec t to the effects of MFB 

lesions on se lf-s tim u lâ tion behavior, since data ex ists to suggest; (a) 

that the descending MFB fibers a re  c ritic a l for self-stim ulation; (b) 

that the MFB fibers  a re  not c ritic a l for self-stim ulation; and (c) that 

ascending and descending MFB fibers a re  im portant for se lf-s tim u la 

tion.

Stein (1968) s tre s se s  the im portance of the ascending norad

ren e rg ic  fibers found in the MFB for se lf-s tim u lâ tion behavior. He 

attem pts to resolve the d iscrepancies in the electro ly tic  lesion data 

by suggesting that when tim e is allowed to pass between lesion and 

testing , degeneration can occur. Thus, p o ste rio r lesions might be 

m ost debilitating since the degeneration would ascend beneath the 

stim ulating  e lectrode making self-stim ulation  ra te s  low at best. F u r 

th erm o re , since the MFB is compact p o ste rio rly  and fans out a n te ri

orly , p o ste rio r lesions would re su lt in a g rea te r amount of MFB 

damage sim ply due to the fiber geom etry. O ther changes, such as 

denervation supersensitiv ity , could also  occur during lesion recovery  

which could fac ilita te , as well as inhibit, se lf-s tim u lâ tion behavior. In 

o rd er to  avoid such problem s, Stein (1968) used "rev e rsib le  chem ical 

lesions" , e ither an te rio r or po ste rio r to the se lf -s tim u lâ tion electrode, 

and found that both ascending and descending MFB fibers  were involved 

in se lf-s tim u lâ tion. This conclusion is certain ly  consistent with the 

anatom ical data, and it a lso  explains the b idirectional deficits r e 
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ported in some of the previously mentioned experim ents. Thus p e r 

haps both ascending and descending MFB fibers a re  functional in se lf

stim ulation behavior, and the d irectionality  of reinforcing  im pulses 

m erely  depends upon the e lectrode location within the MFB.

D. E xperim ental Strategy and Predictions 

The presen t experim ent will address itse lf to two main i s 

sues. F ir s t ,  since most C-T studies of the neurophysiological p ro 

p e rties  of "se lf-stim ulation  fibers"  have been done in po ste rio r hypo

thalam ic MFB a re a s  (Deutsch, 1964; G allistel et , 1969; Rolls, 1971a, 

1971b; Smith and Coons, 1970; U ngerleider and Coons, 1970), the p re s 

ent experim ent w ill attem pt to study some of the neurophysiological 

p roperties of an te rio r MFB a re a  "self-stim ulation  fibers" . ' Since se lf

stim ulation response ra te s  a re  generally  lower as electrodes a re  

placed m ore an te rio r in the MFB (Olds and Olds, 1963; Battig, 1969), 

perhaps the neurophysiological p roperties of the "se lf-stim ulation  f i

bers"  in an te rio r MFB a re a s  w ill be different from  those in poste rio r 

MFB a reas . Second, since th e re  is considerable con troversy  as to 

the directionality  of positively reinforcing im pulses within the MFB 

system , as mentioned above, the presen t experim ent w ill attem pt to 

differentiate between the possib ilities  of ascending vs. descending 

s ites  of MFB se lf-stim ulation  convergence.

The C-T technique of e lec trica l stim ulation was used to
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study both axonal and synaptic stim ulation-response relationships in 

the MFB self-stim ulation  system  of the ra t. The stim ulation con

sisted  of tra in s  of p a ram etrica lly  varied C-T pulse pa irs  delivered 

at a constant in terval separating  the onsets of the C pulses (C-C i n 

terval), Thus, the frequency of stim ulation and therefore  the amount 

of cu rren t applied to the tissue  rem ained constant, with only the pa t

te rn  of stim ulation being manipulated. The response m easure was 

the num ber of lev er p re sse s  per m in u te -tria l as a function of the 

C-T in terval.

T here w ere two stim ulation conditions employed: (1) un ila t

e ra l stim ulation - both C and T pulses applied to the MFB on the 

sam e side of the brain , once to the preoptic a re a  MFB (POA-MFB), 

and once to the p o ste rio r hypothalamic MFB (PH-MFB); and (2) b i

la te ra l stim ulation - the C pulses applied to the POA-MFB, and the 

T pulses applied to the co n tra la te ra l PH-M FB (condition Ca-Tp), and 

vice v ersa  (Cp-Ta), It was hypothesized that the following stim u la 

tion-response  rela tionsh ips reflecting  axonal and synaptic p rocesses 

would resu lt. F o r un ila tera l stim ulation, (a) if the C pulses a re  

too weak to fire  a ll of the fibers stim ulated, then, at C-T in tervals 

sh o rte r  than 0. 2 m s e c ., latent addition should occur. At these 

b rie f in tervals, an increase  in response ra te  should resu lt compared 

to the case in which the T pulses a re  om itted from  the stim ulation 

tra in  ( i .e . ,  C-C condition), and the case where the C-T in terval is
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longer than 0. 2 m sec, but s till  within the re fra c to ry  period range of 

the stim ulated fib ers , (b) Given C pulses that a re  sufficiently intense 

to f ire  all of the stim ulated fibers, then, at C-T in te rvals  sh o rte r 

than the absolute re fra c to ry  period, the behavior elicited should not 

d iffer from  the C-C condition. As the C-T in terval is increased  b e 

yond the absolute re fra c to ry  period, the se lf -s tim u lâ tion ra te  to dou

b le-pu lse  stim ulation should becom e p rog ressively  g rea te r  than that 

for C-C stim ulation. Such in creases  can be a ttributed  to e ither the 

re la tiv e  re fra c to ry  period, or the recovery  from  the absolute re fra c  - 

to ry  period of a sm a lle r  d iam eter second group of fibers, (c) Homo- 

synaptic tem poral sum m ation should be observed at C-T in tervals 

g rea te r than the re fra c to ry  period of the stim ulated fibers. Thus, 

as the C-T in te rval is lengthened beyond the re la tive  re fra c to ry  p e r 

iod, the se lf-stim ulation  ra te  should rapidly  increase .

F o r b ila te ra l stim ulation, (a) adm inistering  C pu lses through 

one e lectrode and T pu lses co n tra la te ra lly  through the other electrode 

should dem onstrate  heterosynaptic  tem poral sum m ation if th e re  is 

som e form  of convergence of these  fibers onto common postsynaptic 

neurons. Since separa te ly  stim ulated  pathways can only sum m ate 

tem porally  if th e re  is spatia l sum m ation as well, the p resence  of 

heterosynaptic tem poral sum m ation in such a situation is a physio

logical te s t for w hether o r not fiber system s converge in the brain. 

Such tem poral sum m ation would be m anifest by the fact that se lf-
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stim ulation ra te s  do not decline in the re fra c to ry  period range of C-T 

in te rvals as they do in the un ila teral stim ulation conditions, (b) The 

se lf-stim ulation  ra te  should vary predictably  when C pulses a re  given 

through the an te rio r electrode and param etrica lly  delayed T pulses 

a re  given through the po ste rio r electrode (and vice versa) depending 

upon whether the site  of se lf-s tim u lâ tion convergence is upstream  or 

dow nstream  in the MFB. If rein forcing  im pulses descend from  the 

b ila te ra l stim ulating e lectrodes and influence the activity  of a common 

neuronal pool in the b ra in  stem , for example, then the se lf-s tim u la 

tion ra te  should be highest; (1) at an in term ediate C-T in terval and 

drop off at longer and sh o rte r C-T in tervals when condition Ca-Tp 

is  adm inistered; and (2) at the sh o rtest C-T in terval and drop off as 

the C-T in terval is lengthened when the opposite condition is adm in

iste red , Cp-Ta. Likewise, in th is  la tte r  condition, the se lf-s tim u la 

tion ra te  at the sho rtest C-T in terval should approach that of the 

sho rtest C-T in terval under condition Ca-Tp. The opposite predic - 

tions would be made if the site  of se lf-stim ulation  convergence is 

upstream , for example, in the sep tal a rea .

The above predictions on the ra te  of se lf-stim ulation  behav

ior and thus the magnitude of heterosynaptic tem poral summation a re  

based on the fact that when stim ulating electrodes activate two sep 

a ra te  fiber system s which a re  equidistant from  the postsynaptic con

vergence neurons, the sho rte r the C-T in terval, the g rea te r the a -
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mount of tem poral sum m ation (U ngerleider and Coons, 1970), In the 

p resen t experim ent, where e lectrodes activate fibers at non-equidistant 

points from  the convergence neurons, m axim al tem poral summation 

would be expected at the C -T  in terval which re su lts  in the closest 

sim ultaneity  of action potentials from  the two activated system s. Thus, 

if the "se lf-s tim u la tion  convergence neurons" a re  located downstream  

in the MFB and condition Ca-Tp is adm inistered, then the C-T in 

terva l which allows for the c losest tem poral contiguity of action po

tentials at the convergence site  will re su lt in the g rea test s e lf-s tim 

ulation ra te . This in terval should not be at the sho rtest C-T in te r

val since the C -pu lse-action-po ten tia ls should presum ably a rr iv e  at 

the convergence site  a fte r the T -pulse-action-po ten tia ls , w hereas at 

slightly longer C -T  in tervals contiguity should occur. When condi

tion C p-Ta is adm in istered , since the poste rio r electrode is c lo ser 

to the dow nstream  convergence site , self-stim ulation  ra te s  should 

p rogressively  increase  as the C-T in terval is decreased since g rea t

e r  tem poral contiguity of im pulses at the convergence site  will be 

approached.



CHAPTER II  

METHODS AND PROCEDURES 

Subjects

Eleven adult male albino ra ts , weighing between 270 and 340 

gram s at the tim e of su rgery , w ere each chronically implanted with 

two indwelling monopolar electrodes. Six ra ts  had effective se lf-s tim 

ulation electrodes in the POA-MFB and in the con tra la te ra l PH-M FB, 

another th ree  ra ts  had effective self-stim ulation  e lectrodes only in 

the POA-MFB, and two ra ts  had effective se lf - stim ulât ion electrodes 

only in the PH-MFB.

Surgical P rocedures 

Each anim al was anesthetized with Nembutal and its head 

was secured in a  Kopf stereo tax ic  instrum ent adjusted so that the 

incisor b a r was ra ised  5, 0 mm above the in te rau ra l line. The fol

lowing DeGroot (1959) coordinates w ere employed for electrode im 

plantation: POA-MFB - -  AP = 7. 2 to 7. 8, LAT = +2. 3 to +2, 5. VENT = 

-2. 0 to -2. 2; PH-M FB - -  AP = 3. 8, LAT = -1. 2, VENT = -3. 0, The 

electrodes were size 00 sta in less  steel insect pins insulated to with

32
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in 0. 5 mm of the tip. An electrode pin was attached to the m ore 

a n te rio r of two jew elers screw s secured in the an im al's  skull, and 

served as the indifferent electrode for stim ulation. The e lectrodes 

and indifferent pin w ere cem ented to the skull with dental acry lic .

Histology

Following the completion of behavioral testing , anim als w ere 

perfused in tracard  ially with isotonic saline followed by 10% form alin. 

T heir b rains w ere rem oved and frozen sections w ere taken at 50 

m icron th icknesses. V erification of electrode placem ents was made 

with re fe rence  to the histological sections found in the Pellegrino  and 

Cushman (1967) ra t b rain  atlas.

B rain  Stim ulation and T est A pparatus 

B rain  stim ulation pulses w ere produced by a system  com 

p rised  of Digibit logic modules (BRS E lectronics), a G rass PS-2 Photo 

Stim ulator, and two G rass SD-9 Stim ulators, The p a irs  of negative- 

going square-w ave pulses w ere adm inistered through a 1 m icrofarad 

capacitor in se r ie s  with a 63 kilohm re s is to r  (Deutsch, 1966) to m in

imize e lectrode polarization. The voltage amplitude of the pulses 

was controlled by a 50 kilohm variable  re s is to r  placed p rio r to the 

capacitor and the se r ie s  re s is to r  and connected to ground. Leads 

from  th is coupling c ircu it connected the r a t 's  e lectrodes to the s tim 

u lato rs, The connectors attaching the leads to the e lectrodes w ere
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tie -p in  p ro tec to rs .

Each tim e the experim enter operated a switch, or the ra t 

p ressed  the lever in the operant conditioning box, the stim u la to rs 

delivered pulse p a irs  in a tra in  whose duration was controlled by a 

Digibit variable one-shot. The f ir s t  pulse of each p a ir  in the tra in  

was called the conditioning (C) pulse, and the second pulse was called 

the te s t  (T) pulse. One SD-9 Stim ulator provided the C pulses, and 

the o ther SD-9 Stim ulator provided the T pulses. The in terval b e 

tween the onsets of the two pulses within a pa ir was called the C-T 

in terval, and the in terval between the onsets of the f i r s t  pulses of 

two consecutive p a irs  was called the C-C in terval. The duration of 

each pulse was 0,1 m s e c . , and th is  variab le  was se t on each SD-9 

Stim ulator, The duration of the C-T in terval was controlled by the 

Delay dial on the T -pu lse-S D -9-S tim ulato r, and the duration of the 

C-C in te rval was controlled by the Frequency dial on the PS-2 Photo 

S tim ulator which sim ultaneously drove the two SD-9 S tim ulators. The 

C and T pulses within each p a ir  could e ith e r be delivered through 

the sam e electrode to a single s ite  in the b ra in  (un ila teral s tim u la 

tion), o r  segregated so that C pulses went to one e lectrode and T 

pulses went to the other electrode (b ila te ra l stim ulation).

The dependent variable consisted of the num ber of lever 

p re s se s  within a one-m inute t r ia l  during which the ra t  had access 

to the lever. T his variable  was recorded  on a Digibit counter.



35

B rain  stim ulation p a ram ete rs  w ere continuously m onitered on a Heath 

EU-70A dual beam  oscilloscope as the ra t p ressed  the lever. The 

te s t apparatus was a 12 x 10 x 9 in. sound attenuated Lehigh Valley 

operant conditioning box. An insulated re trac tab le  lever, when p re s s 

ed, allowed the ra t to initiate tra in s  of brain  stim ulation.

Selection C rite ria  and T raining 

Anim als w ere screened for se lf-stim ulation  behavior approx

im ately one week afte r surgery . Each lev er p re s s  during sc ree n 

ing delivered a half-second tra in  of C pulses at a C-C in terval of

5. 0 m sec. , with each pulse having an intensity  not g rea ter than 200 

m icroam peres. To be included in the experim ent, an anim al had 

to se lf-s tim u la te  at a ra te  of at least 30 lever p re sse s  per minute. 

This was to insure the effectiveness of the stim ulation as a positive 

re in fo rce r.

The 11 qualified se lf-s tim u la to rs , of which 6 anim als were 

b ila te ra l se lf-s tim u la to rs , w ere then trained  over 2 one-hour sessions 

to adapt them  to some of the experim ental p rocedures which would 

p revail during the succeeding te s t phase. Such procedures included 

the prim ing procedure which preceded each tr ia l, the method of in 

itia ting and term inating  t r ia ls  by inserting  and withdrawing the lever, 

and certa in  changes in the duration of both the pulse tra in  and the 

C-C in terval.
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T esting

U nilatera l Stimulation 

U nilateral stim ulation involves adm inistering both C and T 

pulses through the sam e electrode. Nine ra ts  had POA-MFB e lec 

trodes for which they would se lf-s tim u late , and eight ra ts  had effec

tive PH-M FB self-stim ulation  electrodes. In six of these ra ts , both 

e lectrodes were effective in the sam e anim al, and in th is  case  the 

PH-MFB electrode was always tested  before the POA-MFB electrode. 

Each electrode was tested  for 4 sessions adm inistered over consecu

tive days. The session  consisted of 35 one-m inute t r ia ls , each tr ia l  

being separated  by a one-m inute r e s t  with the lever absent. During 

a se ss io n , the tra in  duration per p re s s  was 0.6 sec. (0.5 sec. for 

ra ts  DG-41 and DG-42), and the C-C in terval was held constant; both 

e lectrodes were tested  with e ither a 20. 0, 25. 0, 30. 0, 40. 0, o r 50. 0 

m sec. C-C interval. Such different C-C in tervals w ere used because 

a num ber of anim als had been tested  at sh o rte r C-C in tervals before 

it was decided that a longer C-C in terval would be necessa ry  for 

testing  the b ila te ra l stim ulation conditions. Six C-T in tervals were 

tested , plus a single pulse control (C-C condition) consisting of tra in s  

of C pulses with the T pu lses om itted. The C-C condition was a 

control to provide a  baseline from  which the effectiveness of the ad

dition of the T pulses at various C-T in tervals could be assessed . 

T hese in tervals w ere varied from  tr ia l  to t r ia l  according to a 7 x 7
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latin  square design. The size  of the C-T in terval varied somewhat 

per C-C in terval employed. All anim als w ere tested at C-T in te r

vals of 0.1, 0 .5 , 0 .8 , and 1.5 m sec. However, the rem aining two 

C-T in tervals w ere e ither 4 .0  o r 6 .0  m sec, when the C-C interval 

was 20. 0 m sec. , 5. 0 and 10. 0 m sec, when the C-C in terval was 

e ither 25. 0, 30. 0, or 40. 0 m sec. , o r 5. 0 and 25. 0 msec, when the 

C-C in terval was 50. 0 m sec.

B ila te ra l Stimulation 

B ila tera l stim ulation involves adm inistering  C and T pulses 

to separa te  e lectrodes on opposite sides of the brain  e ither in con

dition Ca-Tp o r condition Cp-Ta. Four consecutive days of testing  

w ere adm inistered for each b ila te ra l condition. F o r 3 ra ts , each 

daily session  consisted of 5 t r ia ls  at each of 7 pu lse -pa ir in tervals, 

and 3 ra ts  w ere given 5 t r ia ls  per day at each of 6 pu lse -pa ir in

terva ls . The tra in  duration was 0. 6 sec. per lever p re ss  (0. 5 sec, 

for DG-41 and DG-42), and the C-C in terval was held constant; five 

ra ts  w ere tested with 40. 0 m sec. C-C in tervals, and one ra t was 

tested  with a 50. 0 m sec. C-C interval. The ra ts  which w ere tested 

at 20.0, 25.0 and 30.0 m sec, un ila tera l C-C in tervals were subse

quently tested  with 40, 0 m sec. C-C in tervals and higher cu rren t in

ten sities  before the s ta r t  of b ila te ra l testing, however, since minim al 

data w ere collected they will not be reported . T hree  ra ts  w ere te s t 

ed f irs t  under condition Ca-Tp, and then condition Cp-Ta, and th ree
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ra ts  w ere tested  with the opposite sequence. Half of the ra ts  were 

tested  with C-T in tervals of 0,1, 0. 5, 0, 8, 1, 5, 5. 0 and 20. 0 m sec, 

plus the C-C condition, and half w ere tested  with 0.1, 1.0, 3.0, 6.0, 

and 20.0 or 25.0 m sec. C-T in tervals plus the C-C condition. The 

f irs t  sequence of C-T in tervals was employed in o rder to dem on

s tra te  that perform ance was much higher for b ila te ra l stim ulation 

a t the sam e C-T in tervals which resu lted  in very  low self-stim ulation  

ra te s  for un ila tera l stim ulation. The second sequence of C-T in te r 

vals was employed in o rder to a sse ss  the effects of a different set 

of C-T in tervals on b ila te ra l stim ulation perform ance. The C-T in 

te rv a ls  w ere varied from  tr ia l  to t r ia l  according to e ither a 7 x 7 ,

o r a 6 x 6  latin  square design, depending upon the num ber of pu lse- 

pa ir in tervals tested.

Ju st before inserting  the lev e r at the beginning of a tr ia l,

the ra t  was prim ed with 4 tra in s  of pulses at the sam e in terval (C-

T or C-C) for which he could se lf-adm in iste r during that tr ia l.  The 

num ber of lever p re sse s  was recorded  for each one-m inute t r ia l  and 

served as the dependent variable. F inally, the cu rren t level to be 

employed for a given electrode was the intensity for which the anim al 

would p re s s  approxim ately 10 tim es per minute under the C-C con

dition. These procedures w ere common to both un ila tera l and b i

la te ra l testing  conditions.



CHAPTER III 

EXPERIMENTAL RESULTS

E lectrode P lacem ents 

F igure 2 provides an example of the histological frontal s e c 

tions of ra t b ra in  showing the approxim ate electrode tip position for 

a POA-MFB placem ent (P a rt A), and a PH-MFB placem ent (P a rt B). 

F igu res 3 and 4 illu s tra te  the electrode tip  loci for the PH-M FB and 

the POA-MFB electrodes, respectively . As can be seen, the PH-M FB 

electrodes w ere located in a re la tiv e ly  confined region of the la te ra l 

hypothalamic a re a  of the MFB, ranging from  AP = 4. 4 to 3. 8. The 

POA-MFB electrodes, however, w ere somewhat m ore widely d is tr ib 

uted along an te rio r portions of the MFB, ranging from  AP = 8 .0  to

6. 8. The average AP offset between the an te rio r and p o ste rio r MFB 

electrodes was 3. 26 mm.

Data Analysis

The un ila tera l and b ila te ra l data presented in the text a re  

group curves averaged over a ll r a ts  within the respective  experim en

ta l conditions. The m eans and standard deviations for the num ber of

39
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F igure  2. H istological frontal sections of r a t  b rain  re v e a l
ing the electrode tip for a POA-MFB placem ent (P a rt A) and a PH- 
MFB placem ent (P art B). The POA-MFB placem ent is from  ra t DG- 
23, and the PH-M FB placem ent is from  ra t  DG-42.
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A .  E X A M P L E  O F  A P O A - M F B  P L A C E M E N T

B.  E X A M P L E  O F  A P H - M F B  P L A C E M E N T
Figure  2.
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Figure  3, E lectrode tip loci for the PH-MFB placem ents. 
F rontal sections from  AP plane 4, 4 to plane 3, 8 in the Pellegrino 
and Cushman (1967) ra t b rain  a tlas a re  represen ted . The AP plane 
rep resen ts  the distance in m illim eters from  the in terau ra l line. 
The abscissa  scale rep re sen ts  the m illim eter distance from  the 
midline of the brain, and the ordinate specifies the horizontal d is 
tance from  the surface of the brain. A black dot indicates the 
0. 5 mm uninsulated electrode tip for each ra t. (B rain a reas  a re  
abbreviated as follows; MFB = m edial forebrain  bundle; LHA = la t 
e ra l hypothalamic area; ZI = zona inserta; PC = ce reb ra l peduncle; 
SUM = supram am m illary  area; MM = m edial m am m illary  nucleus;
MT = m am m illothalam ic trac t; ML = la te ra l m am m illary  nucleus).
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Figure  3, E lectrode tip loci for the PH-MFB placem ents.
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Figure 4. E lectrode tip loci for the POA-MFB placem ents. 
F ron ta l sections from  AP plane 8. 0 to plane 6. 8 in the Pellegrino  
and Cushman (1967) ra t b rain  a tlas a re  represen ted . The AP plane, 
ordinate and ab sc issa  scales, and black dot have the sam e definition 
as in F igure  3. (B rain a re a s  a re  abbreviated as follows; MFB = m e
dial fo reb ra in  bundle; CA = an te rio r com m issure; PGA = la te ra l p re 
optic area; CO = optic chiasm a; LHA = la te ra l hypothalamic area; SM= 
s tr ia  m edullar is thalam i; NOT ■- nucleus of olfactory trac t).
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lev er p re s se s  per minute as a function of the C-T in terval a re  p re 

sented for individual ra ts  in Appendix A (Tables 6 and 7 for u n ila te r

al stim ulation data, and T ables 10 and 11 for b ila te ra l stim ulation 

data). All s ta tis tica l analyses perform ed on individual ra ts  under 

both un ila tera l and b ila te ra l stim ulation conditions a re  also presented 

in Appendix A (Tables 8, 9, and 12), It will be seen that the effects 

p resen t in the group curves a re  also large ly  reflected  in most of the 

individual an im als' data.

Both one- and tw o-tailed te s ts  w ere used in the analyses of 

the un ila tera l and b ila te ra l stim ulation data. One-tailed te s ts  were 

used for un ila tera l C -T  in terval com parisons since self-stim ulation  

perform ance only in c reases above the C-C interval level as T pulses 

a re  adm inistered  at p rog ressive ly  longer C-T in tervals. Although 

m axim al se lf -s tim u lâ tion perform ance has been found for la te ra l hypo

thalam ic MFB stim ulation at the 5. 0 m sec. C-T in terval (Smith and 

Coons, 1970; U ngerleider and Coons, 1970), it was not known whether 

se lf-stim ulation  perform ance at a s im ila r site  o r in the POA-MFB 

would increase , stay the sam e or decrease  when the C-T interval 

was lengthened to 6. 0, 10. 0, o r 25. 0 m sec. Thus tw o-tailed te s ts  

w ere used for un ila tera l C-T in terval com parisons beyond 5. 0 msec. 

F o r b ila te ra l stim ulation, one-tailed te s ts  w ere used in making C-T 

in terval com parisons between the longest and a rela tive ly  short C-T 

in terval since se lf -stim ulât ion behavior increases as the C-T in terval



47

is decreased within this range. Two-tailed te s ts , however, were r e 

quired for testing  rela tive ly  short C-T in tervals with the shortest C- 

T in terval since self-stim ulation perform ance could be higher or low

e r at the shortest C-T in terval than at the re la tive ly  short interval 

depending upon which direction reinforcing im pulses take for MFB 

convergence.

U nilateral Stimulation 

The re su lts  for un ila teral stim ulation of POA-MFB and PH- 

MFB a reas  averaged over ra ts  which had either one or two effective 

se lf-stim u lâ tion e lectrodes a re  presented in F igures 5 and 6. These 

figures show that perform ance under both un ila teral stim ulation con

ditions did not seem  to be related  to whether the sam e or different 

ra ts  w ere used in determ ining the C-T self-stim ulation  relationships. 

Grouping ra ts  into PH-MFB and POA-MFB catagories seem ed ju s ti

fied since an F te s t of the coefficient of concordance showed a highly 

significant relationship  among the severa l C-T in tervals in the pattern  

of se lf-s tim u lâ tion perform ance for ra ts  within each group (F = 113. 68, 

5, 29, p<.001 for PH-MFB; F = 117.10, 5, 29, p < . 001 for POA-

MFB). These resu lts  also suggested that the duration of the C-C in

te rv a l was not im portantly related  to the pattern  of self-stim ulation 

perform ance at either electrode site.

T te s ts  for corre la ted  means w ere used to com pare p e rfo rm 

ance at various C-T in tervals over all ra ts  within each unilateral
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F igu re  5. Mean num ber of lev e r p re s se s  p e r minute fo r uni
la te ra l  stim ulation as a  function of the C-T in terval fo r r a ts  with only 
one effective se lf-stim u lation  e lectrode. The C-C in terval varied  from  
20. 0, 25. 0, o r 50. 0 m sec, between ra ts .
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F igu re  6. M ean num ber of lev e r p re s se s  p e r  m inute for un i
la te ra l  stim ulation as a function of the C -T  in te rval for r a ts  with two 
effective se lf-s tim u la tion  e lec trodes . The C-C in te rva l varied  from  
20. 0, 25. 0, 30. 0, 40. 0, o r 50. 0 m sec, between ra ts .
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stim ulation condition. T hese data a re  presented in Tables 1 and 2, 

and they revealed  the following stim ulation-response relationships.

Latent Addition

The lev e r p ressing  ra te s  w ere significantly higher at the 0.1 

m sec. C-T in te rval than at e ither the 0. 5 m sec. C-T in terval o r the 

C-C condition fo r both POA-MFB and PH-M FB stim ulation. Such an 

in crease  in behavior at C-T in te rvals  le ss  than 0. 2 m sec, as  com 

pared with the C-C condition o r the re fra c to ry  period in terval is in 

dicative of the phenomenon of latent addition. C loser inspection of 

the data fo r individual ra ts  in T ables 8 and 9 in Appendix A, however, 

revealed  that although m ost anim als showed latent addition, not a ll 

r a ts  showed the effect. T his finding will be discussed la te r  in te rm s 

of R olls ' (1971a) hypothesis that tw ice threshold  cu rren t is requ ired  in 

o rd er to elim inate latent addition phenomenon, and thus obtain a valid 

estim ate  of the actual absolute re fra c to ry  period of the stim ulated 

neurons.

Absolute R efrac to ry  Period 

The lev er p ressing  ra te s  at the 0. 5 m sec. C-T in terval were 

significantly  higher than under the C-C condition for both POA-MFB 

and PH-M FB stim ulation groups. However, for the PH-M FB group, 

lev e r p ressin g  was significantly higher at 0. 8 m sec, than at 0. 5 

m s e c . , w hereas for the POA-MFB group such a C-T in terval com -
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Table I

CORRELATED MEAN _T TESTS ON THE NUMBER OF LEVER 
PRESSES PER MINUTE - SIGNIFICANT DIFFERENCES 

BETWEEN C-T INTERVALS FOR RATS TESTED 
UNDER THE UNILATERAL PH-MFB 

STIMULATION CONDITION

C -T  C om parisons Value Significance D irection

Latent Addition
0.1 vs. C-C 3.53 . 005 0, 1>C-C
0.1 vs. 0. 5 3. 34 . 01 0. 1>0. 5

R efrac to ry  P eriod
0. 5 vs. C-C 2. 07 . 05 0. 5> C -C
0. 8 vs. C-C 4. 66 .005 0. 8> C -C
0. 8 vs. 0. 5 4. 89 . 005 0. 8> 0 . 5

R ecovery from
R efracto riness

0. 5 vs. 0. 8 4. 89 . 005 0. 8>0. 5
0. 8 vs. 1. 5 6. 31 .001 1. 5 >0. 8
1. 5 vs. 4, 5 4. 38 . 005 4, 5>1. 5

T em poral Summation a
4, 5 vs. 6,10, o r 25 1. 95 N. S. 4,5=6,10, 25

Tw o-tailed te s t.
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Table 2

CORRELATED MEAN T TESTS ON THE NUMBER OF LEVER 
PRESSES PER MINUTE - SIGNIFICANT DIFFERENCES 

BETWEEN C-T INTERVALS FOR RATS TESTED 
UNDER THE UNILATERAL POA-MFB 

STIMULATION CONDITION

C-T C om parisons Value Significance D irection

Latent Addition
0.1 vs. C-C 4. 01 . 005 0.1>C -C
0.1 vs. 0. 5 3. 71 .005 0 .1> 0. 5

R efracto ry  Period
0. 5 vs. C-C 3.12 .01 0. 5> C -C
0 .8  vs. C-C 3. 45 .005 0, 8> C -C
0. 8 vs. 0. 5 1. 05 N.S. 0. 8= 0. 5

Recovery from
R efracto riness

0. 8 vs. 1. 5 6. 50 .001 1.5 > 0 .8
1. 5 vs. 4, 5 5. 02 .001 4, 5> 1. 5

T em poral Summation
4, 5 vs. 6,10, o r 25 2. 99 .0 2 ^ 6,10, 25 >4, 5

a
Tw o-tailed te s t.
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parison  was not significant. T hese com parisons w ere thought to r e 

flect the absolute re fra c to ry  period of the neurons being stim ulated, 

and they suggested an absolute re frac to ry  period of 0, 8 m sec, for 

the stim ulated POA-MFB fibers, and 0. 5 m sec, for the stim ulated 

PH-M FB fibers. That these in tervals a re  rep resen ta tive  of the ab 

solute re fra c to ry  period of the respective  groups is fu rther clarified  

by inspection of Tables 8 and 9 in Appendix A. Table 8 shows that 

for PH-M FB stim ulation, only two ra ts  perform ed significantly higher 

at the 0. 5 m sec. C-T in terval than at the C-C in terval, while a ll 

o ther ra ts  in th is group did not differ significantly in th is  C-T in te r

val com parison. F u rtherm ore , only two of the eight ra ts  failed to 

perfo rm  significantly higher at the 0. 8 m sec. C-T in terval than at 

the 0. 5 m sec, in terval. Table 9 rev ea ls  that for POA-MFB s tim 

ulation, only one ra t  perform ed significantly higher at the 0. 5 m sec, 

C-T in terval than at the C-C interval, and none of these ra ts  d i f 

fered significantly in th e ir  perform ance between C-T in tervals of 0. 8 

and 0. 5 m sec. F u rtherm ore , a co rre la ted  mean ^  te s t showed that 

th e re  was no significant difference in self-stim ulation  ra te  at the 0. 5 

m sec. C-T in terval between the POA-MFB and the PH-M FB elec - 

trodes in the six ra ts  which had two effective se lf -s tim u lâ tion p lace

m ents (^= 1 .09 , ^ = 5 ,  N. S. ), Likewise, an independent test showed 

nonsignificancc in the sam e com parison between ra ts  with only one 

effective self-stim ulation  placem ent (t = 0.45, df = 5, N. S. ) . However,
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at the 0. 8 m sec. C-T in terval, se lf-stim ulation  ra te s  w ere higher 

for PH-MFB stim ulation than for POA-MFB stim ulation (co rrela ted  

^  = 2, 70, 5, p <. 05; independent 1. 91, ^  = 3, N. S, ). Thus, 0. 5

and 0, 8 m sec, do seem  rep resen ta tiv e  of the group absolute r e f ra c 

to ry  periods for the stim ulated PH-M FB and the POA-MFB a re a s  r e 

spectively, since perform ance at these  C -T  in tervals was no different 

than when the T pulses w ere om itted from  the stim ulation tra in  a lto 

gether.

Relative R efrac to ry  Period 

The lever p ressing  ra te  ro se  significantly from  0. 5 to 0. 8 

m sfec., from  0. 8 to 1. 5 m sec. , and from  1. 5 to 4. 0 o r 5, 0 m sec, 

for PH-MFB stim ulation. A com parable increase  in lev e r p ressing  

perform ance was seen for POA-MFB stim ulation beginning at 0, 8 

m sec, and increasing  through 6. 0, 10. 0, o r 25, 0 m sec. This in

c rease  in se lf -s tim u lâ tion perform ance was thought to re flec t the 

recovery  from  re fra c to rin e ss  for the stim ulated MFB fibers. This 

increase  in lever p ressing  suggests that a t leas t some of the fibers 

stim ulated, probably those c lo sest to the electrode tip where cu rren t 

is most intense, a re  capable of being fired  by the T pulse.

T em poral Summation 

The sho rtest C-T in terval which re su lts  in the highest level 

of self-stim ulation  behavior is generally  thought to m ark the point
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where recovery  from  re fra c to rin e s s  is com plete and where peak tem 

poral sum m ation occurs. T ab les 1 and 2 show that lever pressing  

ra te s  continued to in c rease  from  4. 0 or 5. 0 m sec, out to f>. 0, 10. 0, 

o r 25,0 m sec, for POA-MFB stim ulation (p < . 02), but for PH-MFB 

stim ulation th e re  was no significant d ifference in perform ance be

tween these  in te rvals . F o r PH-M FB stim ulation, such re su lts  s u g 

gest that by 5, 0 m sec, the C pulse stim ulated neurons have fully 

recovered  from  th e ir  re fra c to r in e ss  and a re  producing m axim al te m 

poral synaptic sum m ation. F o r POA-MFB stim ulation, however, it 

appears that by 5. 0 m sec, not a ll of the stim ulated neurons have 

fully recovered  from  re fra c to r in e ss  since se lf-stim ulation  ra te s  con

tinued to in c rease  beyond th is  C-T in terval. Thus, m axim al tem 

poral sum m ation occurred  la te r  for the stim ulated POA-MFB fibers 

than fo r the stim ulated PH-M FB fibers,

POA-M FB vs. PH-M FB Perfo rm ance 

Table 3 p resen ts  the cu rren t levels (in m icroam peres) used 

for individual r a ts  in both u n ila te ra l stim ulation conditions. This 

table a lso  p resen ts  the m ean lev e r p ressin g  ra te  for each ra t at the 

5. 0 m sec, C -T  in terval. As can be seen, s e lf -s tim u lâ tion ra te s  

w ere consisten tly  higher for PH-M FB stim ulation than for POA-MFB 

stim ulation (^= 3,14, 15, p< .01), although significantly lower c u r 

ren t levels w ere needed for PH-M FB self-stim ulation  than for POA- 

MFB se lf-s tim u la tion  (t = 2,96, df = 15, p< ,01). Since there  was no
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Table 3

MEAN NUMBER OF LEVER PRESSES PER MINUTE (MLP) 
AT THE 5.0 MSEC. C-T INTERVAL AND CURRENT 

LEVELS USED FOR RATS TESTED UNDER THE 
UNILATERAL STIMULATION CONDITIONS

Rat
PH-

MLP
-MFB

C urrent Rat
POA

MLP
-MFB

C urrent

DG-35 61. 06 250 DG-35 44. 40 280

DG-20 49. 05 160 DG-20 33. 65 270

DG-15 47. 50®- 150 DG-15 27, 63^ 240

DG-25 86, 30 250 DG-23 49. 60 280

DG-10 56. 60 ^ 185 DG-10 39. 25^ 200

DG-26 51. 35 240 DG-31 56. 90 250

DG-41 97. 75 190 DG-41 49. 25 190

DG-42 106. 40 190 DG-42 34. 30 250

DG-30 31. 60 280

Mean 69. 50 201. 87 40. 73 248. 89

^ C-T in te rval = 4. 0 m sec.
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significant difference between the durations of the C-C intervals em 

ployed in testing  both electrode s ites , the cu rren t-level and response- 

ra te  differences did not seem  to be biased by the C-C interval.

B ila te ra l Stimulation

Table 4 p resen ts the cu rren t in tensities (in m icroam peres) 

and the mean num ber of lever p resse s  per minute at the C-C in te r 

val for each of the six ra ts  tested  under the b ila te ra l stim ulation con

ditions. Although the cu rren t in tensities were changed somewhat from  

those used under the un ila tera l stim ulation conditions, overall, a high

e r cu rren t was needed to meet the 10 p re sse s  per minute crite rion  

ra te  for C-C stim ulation at POA-MFB placem ents than at PH-MFB 

placem ents. Also it can be seen that the average response ra te  for 

both se lf -stim ulât ion e lectrodes was 10 p re sse s  per minute for C-C 

stim ulation.

T hree ra ts  w ere tested  under the b ila te ra l stim ulation con

ditions with the sam e set of C-T in tervals as was used in testing 

the un ila teral stim ulation conditions, while th ree  ra ts  were tested 

with different C-T in tervals. Since se lf-s tim u lâ tion perform ance 

was quite s im ila r under the two se ts  of C-T in tervals, a ll ra ts  were 

combined for group analysis with the following C-T intervals - 0.1, 

1-1.5, 5-6, 20-25 m sec. , and the C-C condition (40.0 or 50.0 m sec .).

It was predicted that if heterosynaptic tem poral summation
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Table 4

MEAN NUMBER. OF LEVER PRESSES PER MINUTE (MLP) AT 
THE C-C INTERVAL AND CURRENT LEVELS USED 

FOR RATS TESTED UNDER THE BILAT
ERAL STIMULATION CONDITIONS

POA-MFB PH-M FB
Rat MLP C urren t MLP C urren t

DG-35 6. 50 280 2. 65 300

DG-41 21. 81 190 10. 30 190

DG-42 8. 80 250 3. 80 190

DG-10 4. 40 270 12. 25 240

DG-15 12. 70 230 16.15 240

DG-20 10. 40 250 15. 00 150

Mean 10. 77 245. 00 10. 02 218. 33
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w ere accom plished by a dow nstream  m idbrain convergence of MFB 

im pulses, for example, under condition Ca-Tp perform ance should 

peak at some C-T in terval g rea te r  than the sho rtest C-T in terval 

employed. However, under the opposite condition, Cp-Ta, lever 

p ressin g  ra te s  should p rog ressively  increase  from  the longest to the 

sho rtest C-T in terval. The opposite outcome for conditions Ca-Tp 

and Cp-Ta would be suggestive of an upstream  MFB self-stim ulation  

convergence site. With such predictions, the c r itic a l C-T in terval 

com parisons w ere 20-25 vs. 0.1 m sec. , 20-25 vs. 1-1,5 m sec. , and 

1-1. 5 vs. 0.1 m sec.

Since previous double-pulse se lf -stim ulât ion studies have 

shown that both ho mo synaptic (Kestenbaum et ad ., 1970) and h e te ro 

synaptic (U ngerleider and Coons, 1970) tem poral sum m ation produce 

power function curves, it was thought that a s im ila r kind of curve 

might be found in the p resen t experim ent. T herefore , the b ila te ra l 

stim ulation data w ere plotted on a log x log scale  because such a 

scale  tran sfo rm s power curves into stra igh t lines, thereby  offering 

a visual check on these expectations.

F igure  7 p resen ts  the b ila te ra l stim ulation group curves as 

a function of the C-T in terval, and Table 5 p resen ts  the co rre la ted  

mean ^  te s t re su lts  for the c r itic a l C-T in terval com parisons for 

these data. As can be seen, giving C pulses an te rio r and T pulses 

p o ste rio r (Ca-Tp), lever p ressing  ra te s  increased  from  20-25 m sec.
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F igu re  7. Mean num ber of lev e r p re s se s  p e r m inute fo r b i
la te ra l  stim ulation  as a  function of the C -T  in terval. F ive r a ts  w ere 
tes ted  with a C-C  in te rva l of 40. 0 m sec, and one r a t  was tested  with 
a  50 .0  m sec. C-C in terval.
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T able 5

CORRELATED MEAN T TESTS ON THE NUMBER OF LEVER 
PRESSES PER MINUTE - SIGNIFICANT DIFFERENCES 

BETWEEN C-T INTERVALS FOR RATS TESTED 
UNDER THE BILATERAL STIMULATION 

CONDITIONS

C -T  C om parisons Ca-Tp D irection Cp-Ta D irection

0.1 vs. 20-25 

0.1 vs. 1-1. 5 

1-1. 5 vs. 20-25

-0.12 

-2. 55^ 

2. 81 ^

0.1=20-25 

1-1. 5> 0 .1  

1-1. 5> 20-25

4. 66^ 

0. 46 

2. 57*^

0 .1>20"25 

0.1=1-1. 5 

1-1. 5 > 20-25

^S ign ificance, p < . 06, tw o-tailed  te s t. 

^S ign ifican ce , p < .0 5 , one-ta iled  te s t. 
° Significance, p < . 005, one-ta iled  te s t.
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to 1-1,5 m sec, (p <. 05), but then decreased from  1-1,5 to 0,1 msec. 

(p < . 06). However, when C pulses were given through the posterio r 

electrode and T pulses given through the an terio r electrode, Cp-Ta, 

lever p ressing  ra te s  increased from  20-25 msec, to 0.1 msec, in 

a linear fashion (p< .005), with no significant increase  between 1-1.5 

and 0,1 m sec. F u rtherm ore , se lf-stim u lâ tion perform ance was not 

found to differ significantly at C-T in tervals of 0.1 msec, , 5-6 m se c ., 

or 20-25 m sec, between conditions Ca-Tp and Cp-Ta, However, p e r 

form ance was significantly higher at the 1-1, 5 m sec, C-T interval 

under condition Ca-Tp than under condition Cp-Ta (^= 2,57, 5,

p < , 05). These re su lts  strongly support the downstream  convergence 

hypothesis.

T te s ts  for co rre la ted  means w ere used to test the slope 

differences within and between the two b ila te ra l stim ulation conditions. 

No significant difference was found in the ra te  of decline in se lf-s tim 

ulation perform ance as the C-T in terval was lengthened from  1-1. 5 

to 20-25 m sec, under the two b ila tera l stim ulation conditions. A l

though the ra te  of decline from  1-1, 5 msec, to 0.1 msec, was steep 

e r under condition Ca-Tp than the ra te  of increase  between these C- 

T in tervals under condition Cp-Ta, the difference was not significant. 

Finally, no significant difference was found between the slopes under 

condition Ca-Tp com paring self-stim ulation perform ance changes from  

1-1.5 to 0,1 msec, vs, 1-1,5 to 5-6 msec.
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T ables 10 and 11 in Appendix A p resen t individual m eans and 

standard deviations for each ra t  tested  under both b ila te ra l stim ulation 

conditions, and Table 12 in Appendix A p resen ts independent ^  te s t 

re su lts  for the above mentioned c ritic a l C-T in terval com parisons. 

T here  seem ed to be a fa irly  high degree of sim ila rity  among ra ts ' 

perform ance under the b ila te ra l stim ulation conditions suggesting, as 

did the group data, that the convergence of MFB self-stim ulation  im 

pulses is downstream . In o rd er to te s t the degree to which individual 

ra ts ' perform ance coincided with the observed group ranking in C-T 

in terval se lf-stim ulation  perform ance, Lubin-Lyerly (1961) te s ts  were 

perform ed. As would be predicted if convergence w ere downstream , 

the group curve for condition C p-Ta showed a monotonie increase  in 

self-stim ulation  perform ance from  the longest to the sho rtest C-T in 

terva l, and the Lubin-L yerly  test indicated a highly significant (p <. 01) 

degree of agreem ent among r a ts ' perform ance under this condition. 

T esting ra ts ' perform ance under condition Ca-Tp for a s im ila r mono

tonie rela tionship  resu lted  in nonsignificance. T esting perform ance 

under condition C a-Tp, however, for the degree of agreem ent among 

ra ts  with the observed inverted-U  curve resu lted  in a significant c o r

re la tion  (p< . 03). R ats ' perform ance under condition Cp-Ta w ere not 

significantly re la ted  to the inverted-U  curve. Such re su lts  indicate 

that the group of ra ts  perform ed quite consistently  within the two r e 

spective b ila te ra l stim ulation conditions.
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If one anim al w ere an exception to the downstream  conver

gence hypothesis, it would be DG-35. Under condition Cp-Ta, se lf

stim ulation perform ance increased  from  the 25. 0 m sec. C-T in terval 

to the 3 .0  m sec, in terval (^= 4. 30, 38, p < . 001), and then d e 

c reased  to the 0,1 m sec. C-T in terval (^= 1 .84 , df^= 38, p< .10 ).

Under condition Ca-Tp, however, self-stim ulation  perform ance in 

c reased  from  the 25.0 m sec. C-T in terval to the 0.1 m sec, in terval 

(t =1.53, ^ =  38, p < . 10). Com paring self-stim ulation  perform ance 

at each C-T in terval between the two b ila te ra l stim ulation conditions, 

however, resu lted  in no significant differences in perform ance at any 

of the C-T in tervals, If an ascending MFB convergence of se lf-s tim 

ulation im pulses w ere dem onstrated, the general shape of both b ila t

e ra l stim ulation curves would be s im ila r to those found for DG-35, 

however, one would also expect the overall curve for condition Cp-Ta 

to be somewhat higher than that for condition Ca-Tp, and the point 

on the Cp-Ta curve where m axim al perform ance occurs should be 

significantly higher than perform ance at the sam e C-T in terval under 

condition Ca-Tp. Although som e of DG -35's data suggest an ascend

ing MFB self-stim ulation  convergence, other aspects of the data sug

gest that DG-35 m erely  rep re se n ts  a variant example of the down

s tre am  MFB convergence exemplified in the group b ila te ra l stim u la

tion re su lts . F rom  the p resen t data, it was not possible to d iffe r

entiate between these  two possib ilities. F o r a discussion of possible
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m ethodological problem s in using b ila te ra l C-T stim ulation to a sse ss  

the d irec tionality  of rein forcing  MFB im pulses, see Appendix B.



CHAPTER IV 

DISCUSSION

U nilateral Stimulation 

The un ila tera l stim ulation portion of the experim ent has r e 

plicated a num ber of previous findings, and has also extended our 

knowledge of the neurophysiological p roperties  of MFB se lf-s tim u la 

tion fibers. Evidence of latent addition, absolute and re la tive  r e 

frac to rin ess , and tem poral sum m ation have been found, and their 

significance will be discussed below.

The phenomenon of latent addition was suggested by the fact 

that lever p ressing  ra te s  w ere significantly higher at the 0,1 m sec. 

C-T in terval than at the 0, 5 m sec, C-T in terval or at the C-C in 

te rv a l for stim ulation at most PH-MFB and POA-MFB sites. P r io r  

behavioral studies using the C-T  technique have also found latent ad 

dition effects at 0,1 m sec, in the se lf-stim ulation  system  (Deutsch, 

1964; G allistel et al, , 1969; Smith and Coons, 1970; U ngerleider and 

Coons, 1970), and at in tervals le ss  than 0, 3 m sec, in the so-called  

pain system  (Kestenbaum et al. , 1970), The behavioral increase  at 

these short C-T in tervals is thought to reflec t the existence of a

66
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sublim inally depolarized fringe of neurons located some distance from  

the electrode tip where neurons a re  stim ulated with suprathreshold 

cu rren t. This sublim inal fringe of neurons is thought to sto re  the 

C -pulse-produced charge and subsequently be fired by the T -pu lse- 

produced depolarization which follows within 0, 2 m sec. Since m ore 

fibers a re  excited, the magnitude of se lf-stim ulâ tion behavior is in 

creased  at these sh o rte r C-T in tervals than when either C-C o r r e 

frac to ry  period C-T stim ulation is tested.

F o r those PH-MFB and POA-MFB placem ents that did not 

show latent addition effects, it is presum ed that the stim ulating e lec 

trode fired  all of the neurons in its vicinity with the C pulses. Now 

at the 0.1 m sec. C-T interval, a ll of the stim ulated fibers are  abso

lutely re fra c to ry  to being refired  by the T pulses. Thus the ra te  of 

self-stim ulation  behavior at the 0.1 m sec. C-T interval in th is case 

will be no different than at the C-C interval or at the 0. 5 m sec. C-T 

interval.

Rolls (1971a) m aintains that twice threshold stim ulation is r e 

quired when behaviorally  m easuring re frac to ry  periods in o rder to 

elim inate latent addition effects and thus get at valid absolute re f ra c 

to ry  period estim ates. This hypothesis sta tes that the presence of 

latent addition re su lts  in longer absolute re frac to ry  period values than 

when latent addition is absent. The presen t latent addition findings 

for individual ra ts , however, do not agree with th is hypothesis. Some



68

ra ts  within both un ila tera l stim ulation conditions showed latent addition 

effects and some did not, but the absolute re fra c to ry  period values 

were unaffected by the p resence or absence of latent addition. A l

though it is reasonable to assum e the existence of a just-th resho ld  

and an adjacent sublim inally depolarized fringe of neurons surrounding 

the cen tra l core of supralim inally  excited neurons, the present re su lts  

suggest that the ju st-th resho ld  fringe contributes insignificantly to the 

absolute re frac to ry  period determ ination, and perhaps is not im por

tantly re la ted  to the num ber of sublim inally depolarized neurons which 

influence the magnitude of the latent addition effect.

The behaviorally  determ ined absolute re fra c to ry  period values 

of 0. 5 and 0, 8 m sec, for MFB self-stim ulation  fibers a re  s im ila r to 

the re frac to ry  period of MFB fibers m easured electrophysiologically. 

E lectrophysiological studies have found 0. 5 to 0 .6  and 0, 8 to 1.1 msec, 

absolute re fra c to ry  periods for MFB fibers which w ere activated by 

la te ra l hypothalamic a re a  se lf-stim ulation  e lectrodes (G allistel et al. , 

1969; R olls, 1971b). F u rth e rm o re , the noradrenerg ic  MFB fibers which 

a re  thought to be im portant for self-stim ulation  behavior (Stein, 1968) 

have been found to have axon d iam eters from  1 to 4 m icrons (Fuxe, 

1965). Such MFB fibers would thus seem  to rep resen t a subgroup 

which corresponds to m am m alian A-type fibers which have absolute 

re frac to ry  periods from  0. 4 to 1.1 m sec. (Grundfest, 1940; E rlanger 

and G asser, 1937; Hursh, 1939). Although the spacing of pulses be
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tween 0. 5 and 1. 5 m sec. C-T in te rvals  was not refined enough in 

the presen t experim ent to p rec ise ly  determ ine the point where abso 

lute re fra c to rin e ss  ended and re la tiv e  re fra c to rin ess  began, it seem s 

certa in  that the absolute re fra c to ry  period is generally  longer for 

POA-MFB stim ulation than fo r PH-M FB stim ulation.

The fact that two PH-M FB placem ents showed 0. 8 m sec, ab 

solute re fra c to ry  period values, as opposed to 0, 5 m sec, , m erely  in

d icates that the sm a lle r sized fibers which have been predom inantly 

dem onstrated at POA-MFB placem ents can a lso  be found at PH-MFB 

sites . Finding 0, 5 and 0. 8 m sec, re fra c to ry  periods for PH-MFB 

stim ulation is in agreem ent with previous studies dem onstrating that 

both "drive" and "rew ard" fib e rs  seem  to exist in an a re a  excited by 

a single PH-M FB electrode (Deutsch, 1964; G allistel et M ., 1969). F o r 

example, absolute re fra c to ry  period values of 0. 4 to 0, 5 m sec, have 

been found for PH-M FB stim ulation in a num ber of experim ents, some 

of which w ere specifically  aim ed at m easuring the re frac to ry  period 

of the so-called  rew ard  fibers (Deutsch, 1964; G allistel et a l . , 1969; 

Smith and Coons, 1970; U ngerleider and Coons, 1970). When the ex

perim ental arrangem ent was set to m easure  the so-called  drive f i 

b e rs , however, PH-M FB stim ulation resu lted  in absolute re frac to ry  

period values between 0 .8  and 1.1 m sec. (Deutsch, 1964; G allistel et 

a i . , 1969; Rolls, 1971a). The re fra c to ry  periods of drive system  f i

b e rs  have been separated  from  those of rew ard  system  fibers on op
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era tiona l grounds by varying the C-T in terval of the prim ing s tim 

ulus (drive manipulation) and holding the C-T in terval constant for 

the stim ulation that the anim al can se lf-ad m in is te r by p ressing  the 

lev er (rew ard manipulation). By varying one C-T stim ulation in te r 

val and holding the other constant, it is possible to determ ine the 

neurophysiological p ro p erties  of each subsystem  separately . In the 

p resen t experim ent, since the prim ing C-T in terval was always the 

sam e as the anim al could se lf-ad m in iste r during that tr ia l ,  it was 

not possible to  re legate  the re fra c to ry  period differences between 

a n te rio r and p o s te rio r MFB a re a s  to predom inantly drive vs. rew ard 

effects. What is suggested, however, is that the stim ulated POA- 

MFB fib e rs  which elicited  the behavioral changes at C-T in tervals 

w ere consistently  of a sm a lle r axon d iam eter than most of the s tim 

ulated PH-M FB fib ers .

The re la tiv e  re fra c to ry  period group data tend to co rrobo

ra te  the absolute re fra c to ry  period group data, since on neurophysio

logical grounds, the longer the absolute re fra c to ry  period the longer 

the re la tiv e  re fra c to ry  period. The stim ulated PH-M FB neurons had 

nil nlisoJiiU' rrl'rac to i y period of 0. fi msec, and recovered  from  r e 

lative re fra c to r in e s s  by 5 .0  m sec. , w hereas the stim ulated POA-MFB 

neurons had an absolute re fra c to ry  period of 0. 8 m sec, and rec o v e r

ed from  re la tive  re fra c to rin e s s  afte r 5. 0 m sec. The fact that se lf

stim ulation response  ra te s  continue to increase  as the C-T in terval
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is lengthened within the above mentioned lim its  suggests that the r e 

lative re fra c to ry  sta te  of the stim ulated neurons is declining allowing 

m ore fibers  to fire  to the T pulse. Thus, not until 5. 0 m sec, (for 

PH-M FB fibers) o r a fte r 5. 0 m sec, (for POA-MFB fibers) is the 

full effect of the T pulse made on fiber excitation. The data of both 

Smith and Coons (1970) and U ngerleider and Coons (1970) support 

these  findings and suggest that recovery  from  re fra c to rin e ss  is com 

plete by 5. 0 m sec, for PH-M FB stim ulation.

An a lternative  explanation for the increase  in se lf-s tim u la 

tion perform ance between 1. 5 and 5. 0 m sec. C-T in tervals is the 

reco v ery  from  absolute re fra c to rin ess  of a second group of sm alle r 

d iam eter fib ers  charac terized  by a longer absolute re fra c to ry  period. 

The p resence  of sm all d iam eter poorly m yelinated fibers exhibiting 

absolute re fra c to ry  periods of 2, 0 m sec. (Grundfest, 1940) would be 

consistent with these  data. F rom  the p resen t experim ent, however, 

it was not possible to differentiate between these two alternatives.

M aximal se lf-stim ulation  perform ance was reached afte r 5. 0 

m sec, for POA-MFB stim ulation and at 5. 0 m sec, for PH-M FB s tim 

ulation. The point where m axim al se lf-s tim u lâ tion perform ance oc - 

cu rs  suggests that both C and T pulses a re  fully effective in fiber 

excitation since at these  longer C-T in tervals the re fra c to rin e ss  of 

the stim ulated fibers is exceeded. T em poral sum m ation best explains 

these  data, and its magnitude is a function of the ra te  at which im 
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pulses a rr iv e  at the synapse. One m echanism  for th is phenomenon 

is that closely spaced im pulses, each re leasing  the sam e number of 

neu ro transm itter packets, may sum m ate on the postsynaptic m em 

brane by adding successive depolarizations. A second possible m ech

anism  is a presynaptic effect in which closely  spaced im pulses a r  - 

riving at the sam e synapse cause the re lease  of m ore neu ro trans

m itter packets (presynaptic facilitation), again causing summation of 

postsynaptic potentials (Ecoles, 1964), Since previous studies have 

found tem poral sum m ation effects to be strong even at C-T in tervals 

as long as 60, 0 m sec, for la te ra l hypothalamic MFB stim ulation (Un

gerle ide r and Coons, 1970; Smith and Coons, 1970), it was not too 

su rp ris in g  that the presen t PH-MFB and POA-MFB tem poral sum 

m ation effects w ere strong at the 6, 0, 10, 0 o r 25, 0 m sec, C-T in 

te rv a l, Such tem poral sum m ation effects a re  thought to reflect long 

lasting  excitatory  postsynaptic potentials (EPSPs) produced by MFB 

stim ulation (U ngerleider and Coons, 1970). Although tem poral sum 

mation has frequently been found to decay ra th e r rapidly (Eccles,

1946; Lloyd, 1946), EPSPs may la s t for up to 80, 0 m sec, in cortical 

pyram idal ce lls  and thalam ic neurons (Li and Chou, 1962; Phillips, 

1961). Since long lasting  tem poral sum m ation effects could also r e 

sult from  rec u rren t excitatory  loops and other neuronal in teractions, 

the p resen t re su lts  only allow speculation as to the tem poral sum 

mation m echanism .
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The finding that un ila tera l PH-MFB self-stim ulation  ra te s  

were higher than POA-MFB self-stim ulation  ra te s  is consistent with 

previous findings from  se lf-s tim u lâ tion mapping studies of the ra t 

diencephalon. Olds and Olds (1962, 1963) and Battig (1969) have found 

that se lf-stim ulation  ra te s  tend to decrease  as e lectrodes w ere placed 

m ore ro s tra l  in the MFB. Such resu lts  a re  believed to be rela ted  

to the fiber geom etry of the MFB. Nauta (1958, 1960), Morgane (1969) 

and o thers have pointed out that the MFB fibers a re  m ore compact 

in the p o ste rio r and la te ra l hypothalamic a reas , and fan out as they 

ascend toward lim bic fo rebra in  s tru c tu res . Since the magnitude of 

se lf-stim ulation  behavior is believed to be rela ted  to the overall num 

ber of "se lf-stim u lation  fibers"  excited, it would be expected that 

m ore fibers could be excited, and with le ss  cu rren t, by stim ulating 

PH-MFB s ite s  as opposed to POA-MFB sites  where the fibers a re  

le s s  com pactly arranged.

B ila te ra l Stimulation

The b ila te ra l stim ulation data not only confirm ed that he te ro - 

synaptic tem poral summation could be dem onstrated in the MFB se lf

stim ulation system , but a lso  suggested that convergence of reinforcing 

im pulses from  different MFB loci on opposite sides of the b rain  oc

cu rs dow nstream  from  the stim ulating electrodes.

The existence of heterosynaptic tem poral sum m ation in the 

b ila te ra l stim ulation data was based on two m ajor findings. F irs t ,
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although the anim als would p re ss  approxim ately 10 tim es per minute 

for POA-MFB or PH-MFB stim ulation alone (i. e , , C-C stim ulation), 

response ra te s  w ere many tim es higher when both a re a s  w ere s tim 

ulated together (i, e . , C-T stim ulation). Second, as the C-T in terval 

was decreased , the se lf-s tim u lâ tion ra te  increased. This was seen 

under condition Cp-Ta m ost c learly  when self-stim ulation  ra te s  in 

c reased  as the C-T in terval was decreased  from  20-25 m sec, to 0.1 

m s e c ., and also under condition Ca-Tp when the C-T in terval was 

decreased  from  20-25 m sec, to 1-1. 5 m sec.

Although reinforcing  effects can resu lt from  stim ulating d if

ferent s ites  along the MFB tra jec to ry , it may not necessa rily  be the 

case that these  effects a re  achieved via neurons commonly activated 

from  these  different s ites . F o r example, self-stim ulation  in POA- 

MFB might activate a com pletely different and independent group of 

so-called  self-stim ulation  neurons than a re  activated when an anim al 

se lf-s tim u la tes  in PH-M FB. However, if there  w ere not som e form  

of convergence of im pulses, then it would be expected that changing 

the C-T in te rval would have no effect on the self-stim ulation  ra te  

since the behavior would m erely  be a function of the C-C pulse a c ti

vation of one set of self-stim ulation  neurons plus the T -T  pulse ac ti

vation of another se t of self-stim ulation  neurons. F u rthe rm ore , if 

there  w ere no convergence of im pulses, it would be expected that the 

magnitude of the b ila te ra l C-T se lf-stim ulation  behavior would be
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close to the sum  of the combined magnitudes of the un ila tera l C-C 

stim ulation ra te s . Since the anim als would p re ss  about 10 tim es 

per m inute a t each electrode fo r C-C stim ulation, if no convergence 

existed, the b ila te ra l C-T se lf-stim u lation  ra te  should be around 20 

p re s se s  per minute. Since both of these  re su lts  did not occur, and 

se lf-s tim u la tion  ra te s  increased  as the C-T in terval was decreased, 

the heterosynaptic tem poral sum m ation hypothesis seem ed to be a 

parsim onious explanation of these  re su lts .

T em poral sum m ation is a function of a ll of the postsynaptic 

potentials active on the postsynaptic neuron at any given tim e (Eccles,

1964). Since in c reases  in repe titive  firin g  of the sam e presynaptic 

ending can lead to an increased  presynaptic m obilization and re le ase  

of tra n sm itte r  (presynaptic facilitation), and to an increased  t r a n s 

m itte r concentration in the synaptic cleft that cannot occur in the 

heterosynaptic situation (Liley and North, 1953; Bullock and H orridge,

1965), the sum m ation of E PSPs in the heterosynaptic situation could 

well exhibit different tem poral c h a rac te ris tic s  than a re  exhibited in 

the hom osynaptic situation. U ngerleider and Coons (1970), however, 

suggested that the sam e m echanism  was operative in th e ir homo

synaptic and heterosynaptic tem poral sum m ation data since the te m 

poral sum m ation decay curves w ere very  s im ila r under the un ila t

e ra l and b ila te ra l stim ulation conditions. The presynaptic fac ili

tation m echanism  v/as ru led  out as playing an im portant ro le  in
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the un ila tera l stim ulation condition since th is phenomenon cannot occur 

if separa te  presynaptic pathways a re  stim ulated, as in the b ila te ra l 

stim ulation conditions.

In the p resen t experim ent, the C-C in tervals employed in 

testing  the un ila tera l stim ulation conditions w ere too short to d e te r 

mine at which C-T in terval tem poral sum m ation began to  decay. This 

being the case , no com parison could be made v/ith the decay of h e te ro 

synaptic tem poral sum m ation in the b ila te ra l stim ulation conditions. 

However, ju st as the tem poral sum m ation effects w ere long  lasting  

for un ila tera l MFB stim ulation, they w ere also long lasting  for b i 

la te ra l  MFB stim ulation. This was reflected  in the high ra te  of b i

la te ra l  se lf-stim ulation  at the 20-25 m sec, C-T in terval. Such r e 

su lts agree with the considerable heterosynaptic tem poral sum m ation 

found even at the 60. 0 m sec, C-T in terval by U ngerleider and Coons 

(1970), It is in teresting  that such sum m ation is quite long when com 

pared with that observed in c la ss ica l neurophysiological experim ents, 

E ccles (1946) did not observe heterosynaptic tem poral sum m ation in 

m otoneurons beyond C-T in te rvals  of 8 ,0  m sec. The duration of 

tem poral sum m ation is im portantly  re la ted  to the lifetim e of the 

neu ro transm itter at the synapse, and if th e re  is prolonged tra n sm it

te r  action at the synapse, then the tim e over which EPSPs can sum 

m ate is prolonged. Thus, assum ing that the neu ro transm itte r r e 

leased by MFB stim ulation has such a long lifetim e, the observed
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tem poral sum m ation at the 20-25 m sec, C-T interval can be explain

ed, As was mentioned previously, however, o ther m ore complex 

neuronal in teractions might explain these  long lasting  tem poral sum 

mation re su lts , and they cannot n ecessa rily  be ruled out by the p re s 

ent data.

Since heterosynaptic tem poral sum m ation had been shown to 

occur when homologous MFB sites w ere b ila tera lly  stim ulated (Unger

le ider and Coons, 1970), the presen t experim ent was aimed at d iffe r

entiating between the possib ilities of upstream  vs. downstream  conver

gence sites . F o r th is purpose, MFB electrodes were b ila tera lly  im 

planted at different a n te rio r-p o s te rio r  coordinates. Self-stim ulation p e r 

form ance was found to increase  from  the longest to the sho rtest C-T in

te rv a l when C pulses w ere given to the PH-MFB and T pulses w ere given 

to the POA-MFB, while perform ance under the opposite condition in

creased  from  the longest C-T in terval to a re la tive ly  short C-T in te rval, 

and then decreased  to the sho rtest interval. These re su lts  fit nicely 

with the hypothesis of a downstream  convergence of MFB self-stim ulation 

im pulses. Such an hypothesis would pred ict that perform ance should in

c rease  from  the longest to the sho rtest C-T interval under condition 

Cp-Ta since the C and T pulses a re  converging upon postsynaptic 

neurons m ore closely  in tim e as the C-T interval is decreased b e 

cause the C pulses a re  adm inistered through an electrode which is 

neuroanatom ically c lo ser to the postsynaptic convergence neurons
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than is the T -pu lse-e lec trode , Under condition Ca-Tp, however, at 

very short C-T in tervals the T pulses will activate the postsynaptic 

convergence neurons before the C pulses. As the C-T in terval is 

lengthened, the C and T pulses begin to excite the postsynaptic con

vergence neurons sim ultaneously resu lting  in m axim al heterosynaptic 

tem poral summation and thus m axim al s e lf -s tim u lâ tion perform ance.

As the C-T in terval is lengthened even further, the C pulses begin 

to excite the convergence neurons before the T pulses and p e rfo rm 

ance declines as the C-T in terval is lengthened th ereafte r.

F u rth e r evidence favoring the dow nstream  MFB convergence 

model also ex ists. F ir s t ,  se lf-stim ulation  perform ance should not 

differ at the 0,1 m sec. C-T in terval between conditions Cp-Ta and 

Ca-Tp since the d isparate  a rr iv a l tim es of the C- and T-produced 

im pulses to the convergence neurons is essen tia lly  the sam e. Second, 

the overall C-T in terval curve should be lower under condition Cp-Ta 

than under condition C a-Tp since the overall d isparity  in C-T impulse 

convergence tim es is g rea te r  in the fo rm er condition. F inally, s im 

ila r  declining se lf-stim ulation  slopes should be found on e ither side 

of the C-T in terval where m axim al se lf-s tim u lâ tion occurs since the 

disparity  in convergence tim es should increase  sym m etrically  as the 

C-T in terval is increased  or decreased  from  the point of sim ultaneity  

in convergence, The re su lts  of the overall group of ra ts  confirm ed 

all of these predictions.
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Although m ost of the individual ra ts  tested  under the b ila tera l 

stim ulation conditions perform ed in a m anner consistent with the down

s tre am  MFB convergence model, the possibility  of ascending MFB 

s e lf - stim ulât ion convergence cannot n ecessa rily  be ruled out. A pos

sible case in point is ra t  DG-35. Not only could this r a t 's  p e rfo rm 

ance be taken as suggestive of an ascending MFB convergence model, 

but other fea tu res w ere also  unique to th is ra t. F o r example, the 

PH-MFB and POA-MFB electrodes of DG-35 w ere the most caudally 

located of the respective  electrode groups. F u rtherm ore , both e lec 

trodes w ere stim ulating fib e rs  with 0, 8 m sec, absolute re fra c to ry  

periods. And finally, the reinforcem ent value, defined in te rm s  of 

the ra te  of se lf-stim ulation  at the C-C in terval divided by the amount 

of cu rren t needed to e lic it that ra te , for the combined electrode sites 

in DG-35 was the lowest of the six b ila te ra l stim ulation anim als.

These differences suggest the possib ility  that both ascending and d e s

cending fib ers , converging in an terio r and p o ste rio r MFB sites  r e 

spectively, may influence se lf-s tim u lâ tion behavior, and the d ire c t

ionality of convergence re su lts  might sim ply depend upon the location 

of the stim ulating e lectrodes in the MFB.

Finally, some speculation as to the possible fo rebrain  and/ 

o r b rain  stem  convergence s ite s  seem s w arrented. Stein (1968) has 

presented a la rge  amount of evidence to suggest the c ritic a l involve

ment of the ascending noradrenerg ic  MFB fibers for se lf-stim ulation
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behavior. Many of these  fibers  have th e ir cell bodies located in the 

pontine re tic u la r  form ation (locus coeruleus), an a re a  recen tly  shown 

to sustain  very  high ra te s  of se lf-stim ulation  (R itter and Stein, 1972). 

These fib e rs  ascend in a ven tra l bundle in the MFB and make syn

aptic connections with lim bic fo reb ra in  s tru c tu re s  (U ngerstedt, 1971). 

If one assum es that the fo reb ra in  noradrenerg ic  synapses, in a re a s  

like the amygdala and sep tal nuclei, a re  im portant for se lf-s tim u la 

tion, then: (a) descending MFB fibers  which converge in the ventral 

tegm ental a re a  might in som e way influence the locus coeruleus to 

indirectly  effect self -stim ulation  behavior; or (b) ascending n o rad re 

nergic MFB fibers could be d irec tly  activated and converge in the 

m edial sep tal nuclei o r in the amygdaloid a re a s  (via communication 

in the an te rio r  com m issure). Now, depending upon the loci of the 

stim ulating e lectrodes, both ascending and descending MFB fibers 

could be shown to have a convergence effect upon se lf-stim ulation  

behavior.

To sum m arize , the b ila te ra l stim ulation data suggested that 

heterosynaptic tem poral sum m ation was operative in the se lf-s tim u la 

tion system  when non-homologous MFB sites w ere stim ulated, and 

that the d irec tionality  in convergence of MFB self-stim ulation  im 

pulses was dow nstream  from  the stim ulating e lectrodes. F u r th e r 

m ore, these  re su lts , (a) rep lica te  the finding that the C-T technique 

can be used in a b ila te ra l stim ulation paradigm  to circum vent the
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re fra c to ry  period lim itations of the unilateral stim ulation paradigm; 

(b) suggest that stim ulation at different sites  along the MFB tr a je c 

to ry  influences common neuronal pools im portant for s e lf - stim ulât ion 

behavior; and (c) fu rther validate the in terpretation  of the un ila teral 

stim ulation findings that axonal and synaptic events a re  reflected  at 

short and long C-T in te rvals respectively .



CHAPTER. V 

SUMMARY

The double pulse stim ulation technique has been used for 

some tim e as a neurophysiological probe to explore the post stim ula

tion cycle of axons and synapses in the peripheral nervous system .

T his technique u tilizes a pa ir of lim inal pulses, one being the con

ditioning or C pulse whose onset is followed at a pa ram etrica lly  v a r

ied in terval by another, the te s t or T pulse. The double pulse or 

C-T stim ulation technique has been used to dem onstrate such axonal 

phenomena as latent addition and neural re frac to rin ess . At the syn

aptic level, th is technique has been used to study such things as homo

synaptic and heterosynaptic tem poral summation, and synaptic inhibi

tion.

The above axonal and synaptic p roperties have generally been 

dem onstrated using electrophysiological response m easures on acute 

p reparations of single neurons or fiber system s. F o r example, in 

studying axonal p roperties , the e lec trica l responsiveness is recorded 

from  the sam e neuron or fiber system  that is e lectrica lly  stim ulated.

In studying synaptic phenomena, however, presynaptic fibers a re  stim -

82
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ulated and the e lec trica l responsiveness is recorded from  the p o st

synaptic neurons.

O vert behavior can also  be used, in place of e lectrophysio

logical m easures, to analyze neurophysiological p roperties. Such 

operant responses as instrum ental escape behavior, se lf-stim ulation  

behavior, and runway perform ance have been shown to vary sy stem 

atically  when ra ts  w ere stim ulated in tracran ia lly  with tra in s  of p a r 

am etrically  varied C-T pulse p a irs . The in terval separating  the on

se ts of the C pulses (i. e . , C-C interval) is held constant, and b e 

havioral changes a re  recorded as a function of changes in the C-T 

interval. Such operant behaviors have been capable of revealing the 

sam e neural p roperties as typically  dem onstrated with electrophysio

logical behaviors ( i . e . ,  latent addition, neural re frac to rin ess , te m 

poral summation, and synaptic inhibition).

The operant behavior m ost frequently used to study the neu

rophysiological p roperties of cen tra l motivational fiber system s is 

self-stim ulation  behavior. Such behavior involves an anim al le a rn 

ing to e lec trica lly  stim ulate his own brain . Anim als read ily  learn  

to p re ss  a lever, for example, when the m edial fo rebrain  bundle 

(MFB) and the s tru c tu res  interconnected thereby a re  e lec trica lly  s tim 

ulated. Thus, if the ra te  of lev er p ressing  is m easured as a func

tion of changes in the C-T stim ulation interval, such p roperties as 

latent addition, neural re frac to rin ess , and homosynaptic tem poral
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sum m ation a re  revealed for the neurons activated by the pu lse -pa ir 

tra in .

Since the MFB is known to be rep resen ted  b ila te ra lly  in the 

b rain , and converges in forebrain  and m idbrain a reas , it seem ed 

ideally suited fo r the behavioral study of heterosynaptic tem poral 

summation. By adm inistering C pulses to the MFB on one side of 

the b rain , and T pulses to the MFB on the other side of the brain, 

if the MFB fibers influence a common a rea  in eliciting self-stim ulation  

behavior, then the sh o rte r  the C-T in terval the g rea te r the magnitude 

of self-stim ulation . H eterosynaptic tem poral sum m ation was dem on

stra ted , and it was considered as evidence that the anatom ical con

vergence of MFB fibers was indeed functional in se lf-s tim u lâ tion b e 

havior. However, since the stim ulation electrodes w ere placed in 

homologous MFB a re a s , it was not possib le to determ ine w hether the 

ascending or the descending im pulses in the MFB w ere responsib le  

for the self-stim ulation  summation effects.

The p resen t experim ent was addressed  to two main issues. 

F ir s t ,  since the neurophysiological p roperties  of "se lf-stim ulation  f i

b e rs"  have been exclusively studied in p o ste rio r MFB a re as , the p re 

sent experim ent sought to study such p roperties in an te rio r MFB 

a reas . And secondly, by placing se lf-stim u lâ tion e lectrodes in both 

an te rio r and co n tra la te ra l p o ste rio r MFB a reas , it was predicted 

that the d irectionality  of MFB self-stim ulation  convergence could be
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analyzed .

Rats w ere b ila te ra lly  implanted with MFB se lf-stim ulation  

e lectrodes, one implanted in the a n te rio r preoptic MFB a rea  (POA- 

MFB) and the other implanted in the co n tra la te ra l p o ste rio r hypo

thalam ic MFB a re a  (PH-MFB). Self-stim ulation  during testing  con

sisted  of tra in s  of C and T pulses delivered at a constant C-C in te r 

val, The C -T  in terval was varied from  tr ia l  to tr ia l. Ju s t before 

each tr ia l ,  the anim al was prim ed with 4 tra in s  of pulses at the sam e 

C-T in te rval for which he could se lf-ad m in iste r during that tr ia l. The 

num ber of lever p re s se s  per one-m inute t r ia l  served  as the depend

ent variab le . T here  w ere two experim ental conditions; (1) un ila teral 

stim ulation - C and T pulses delivered through a single MFB e le c 

trode, and (2) b ila te ra l stim ulation - C and T pulses delivered through 

sep ara te  e lec trodes to opposite sides of the brain.

The u n ila tera l stim ulation data revealed  the tim e course  of 

latent addition, neural re fra c to rin e s s  and hom osynaptic tem poral sum 

mation for the 9 an te rio r and 8 p o ste rio r MFB a re as  tested . Latent 

addition was suggested by the fact that the POA-MFB and PH-MFB 

se lf-s tim u la tion  ra te s  w ere frequently  higher at the 0.1 m sec. C-T 

in terval than at e ither the 0. 5 m sec. C-T in terval or at the C-C 

in terval. Absolute re fra c to ry  periods of 0. 8 m sec, w ere found for 

a ll 9 POA-MFB placem ents te s te d , and 0 .5  m sec, fo r 6 of the PH- 

MFB placem ents. Two of the PH-M FB placem ents showed 0. 8 m sec.
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absolute re fra c to ry  periods. At these  C-T in tervals the se lf-s tim 

ulation ra te s  w ere no different than when the T pulses w ere om itted 

from  the stim ulation tra in  ( i .e . ,  C-C condition). Such re frac to ry  

period differences between an te rio r and poste rio r a re a s  of the MFB 

suggest that the fibers m ediating changes in se lf-stim ulation  p e rfo rm 

ance a re  generally  of a sm a lle r axon diam eter in an te rio r MFB a reas  

than in po ste rio r a re a s . The re frac to ry  period values were not 

found to be re la ted  to the p resence  or absence of latent addition, 

and thus did not support R olls ' (1971a) hypothesis. As the C-T in 

te rv a l was lengthened from  re fra c to ry  period in tervals to about 5. 0 

m s e c ., self-stim ulation  ra te s  increased  suggesting not only the end 

of the absolute re fra c to ry  period but the course  of recovery  from  

the re la tive  re fra c to ry  period. M aximal homosynaptic tem poral sum 

mation was found at the 5, 0 m sec. C-T in terval for PH-MFB s tim 

ulation, and afte r 5. 0 m sec, for POA-MFB stim ulation. Such r e 

su lts suggested that by around 5. 0 m sec, the MFB fibers w ere fully 

recovered  from  re fra c to rin e ss  and w ere conducting both C and T im 

pulses to the synapses. Finally , the self-stim ulation  ra te s  w ere 

higher for PH-M FB stim ulation than for POA-MFB stim ulation, while 

the cu rren t levels w ere low er for PH-MFB self-stim ulation  than for 

POA-MFB self-stim ulation . Such data replicated  previous findings 

and suggest that se lf -stim u lâ tion ra te  is re la ted  to the number of 

" se lf-s tim u lâ tion fibers"  excited since m ore fibers can be excited
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and with le s s  cu rren t in p o ste rio r a re a s  of the MFB than in an te rio r 

a re as  due to the geom etry of the fiber system .

In the b ila te ra l stim ulation conditions, evidence of heterosyn

aptic tem poral sum m ation was obtained as well as evidence for a 

downstream  brain  stem  convergence of MFB self-stim ulation  im pulses. 

F irs t , heterosynaptic tem poral sum m ation was suggested since the 

se lf-stim ulation  ra te s  for b ila te ra l C-T stim ulation were many tim es 

higher than the combined ra te s  under the two unila teral C-C condit

ions, irresp ec tiv e  of the C -T  in terval. In other words, at C-T in

te rv a ls  which behaviorally  indicated neural re frac to rin ess  in the uni

la te ra l stim ulation conditions, under the b ila te ra l stim ulation condit

ions such in tervals sustained very high ra te s  of self-stim ulation. 

Secondly, when C pulses w ere given to the p o ste rio r electrode and 

T pulses to the an te rio r (Cp-Ta), se lf-stim ulation  ra te s  increased 

from  the longest to the sho rtest C-T in terval in a lin ear fashion. 

When condition Ca-Tp was tested , se lf-stim ulation  increased from  

the longest to an in term ediate  C-T in terval and then decreased to the 

sho rtest C-T in terval. A dow nstream  MFB convergence model m ost 

parsim oniously explains these resu lts . Such a model assum es that 

the p o ste rio r MFB electrode is c lo ser to the downstream  convergence 

neurons (DCN) than the an te rio r MFB electrode, and thus under con

dition Cp-Ta the C im pulses will always influence the DCN before the T 

im p u lse s , Now, the magnitude of heterosynaptic tem poral summation
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and thus the ra te  of se lf-s tim u lâ tion will increase  as the C-T in terval 

is decreased . Under condition Ca-Tp, however, if the C pulse is 

given a few m illiseconds before the T pulse, then the two im pulses 

should a rr iv e  at the DCN sim ultaneously and elicit m axim al se lf-s tim 

ulation behavior. As the C-T in terval is increased o r decreased  from  

th is m axim al summation point, the ra te  of se lf-stim ulation  should 

drop off. Although the downstream  convergence model was strongly 

suggested in the p resen t experim ent, the possib ility  of upstream  con

vergence from  different MFB electrode placem ents cannot, of course, 

be ruled out.

The present experim ent dem onstrated that the C-T stim u la

tion technique could, (a) be used to determ ine basic  neurophysiological 

p roperties of an te rio r MFB a re as  as well as p o ste rio r MFB a reas ;

(b) serve as a behavioral tool for determ ining whether separa tely  s tim 

ulated pathways converge in the brain; and (c) make use of the phe - 

nomenon of heterosynaptic tem poral sum m ation to analyze the d ire c t

ionality of reinforcing  im pulses within the MFB self-stim ulation  sy s 

tem  of the ra t.
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Table 6

NUMBER OF LEVER PRESSES PER  MINUTE FOR UNILATERAL PH -M FB  STIM 
ULATION: INDIVIDUAL MEANS (X) AND STANDARD DEVIATIONS

(S, D, ) AS A FUNCTION OF THE C -T  INTERVAL

C -T

DG- 
C -C  = 

X

■25 
25, 0 

S, D.

DG- 
C -C  =

X

26 
20. 0 

S, D. C -T

DG-
C-C=

X

-15 
25. 0 

S, D.

DG-
C-C=

X

-10 
20. 0 

S, D,

C -C 8. 30 9. 93 14, 40 14, 75 C -C 15. 65 19, 20 4, 45 5, 36

0,1 12.15 15. 26 23. 35 17, 76 0,1 32, 05 19. 99 44. 20 27. 62

0. 5 11. 35 18. 67 17. 40 16, 96 0. 5 13. 65 17. 05 3. 10 4, 90

0. 8 31. 35 33, 68 29. 35 19, 61 0. 8 25. 25 18, 99 9. 60 13, 64

1, 5 80, 75 21. 43 48. 90 10, 00 1, 5 41. 30 19. 75 37. 60 19. 74

5, 0 86. 30 8. 56 51. 35 9. 22 4, 0 47, 50 11. 96 56. 60 11. 31

10. 0 91. 30 14, 43 51. 60 11, 67 6, 0 44. 95 11. 67 57. 60 8. 83

CO
o



T able 6 - -  continued

NU^IBER OF LEVER PRESSES PER  MINUTE FOR UNILATERAL PH -M FB  STIM 
ULATION; INDIVIDUAL MEANS (X) AND STANDARD DEVIATIONS 

(S, D. ) AS A FUNCTION OF THE C -T  INTERVAL

DG--35 DG -20 DG -41 DG--42
C - C  = 50. 0 C - C  ==50. 0 c - c = 30. 0 C - C  = 30. 0

C - T X S.D . X S.D . C - T X S. D. X S.D .

C - C 8, 75 13. 98 4. 35 6. 65 C - C 18. 90 13.19 8. 45 8. 79

O.I 61, 05 17. II 10. 15 12, 46 0.1 35. 25 II. 32 40. 95 29. 88

0. 5 21. 75 23, 27 4, 75 5. 65 0. 5 24.10 II. 32 17. 15 11. 83

0. 8 28. 95 21. 01 7. 65 8. 03 0. 8 47. 00 19. 71 38, 55 19. 61

I. 5 54. 04 16. 94 27. 75 15. 49 I. 5 88, 65 17. 64 90. 05 21. 87

5. 0 61. 05 9, 30 49, 05 10. 74 5. 0 9 7 .  75 17.17 106. 40 22. 82

25. 0 62. 05 II, 09 49, 85 II. 06 10, 0 104. 45 15. 92 110. 90 26. 82

CD



T able 7

NUMBER OF LEVER PRESSES PER MINOTE FOR UNILATERAL PO A-M FB STIM 
ULATION; INDIVIDUAL MEANS (X) AND STANDARD DEVIATIONS 

(S .D .) AS A FUNCTION OF THE C -T  INTERVAL

C -T

DG- 
C -C  =

X

-35 
50. 0 

S.D .

DG-20 
C-C=50. 0 

X S.D .

DG 
C -C  =

X

-23 
50. 0 

S .D . C-T

DG
C -C

X

-15
= 25. 0 

S. D.
C -C 4. 55 5.14 5. 30 8. 86 7. 40 9. 99 C-C 11.10 8. 72

0.1 12. 95 12. 40 8. 60 9. 77 9, 85 10.12 0.1 23. 63 8. 02

0. 5 9. GO 11. 60 4. 65 6. 59 9. 00 10.11 0, 5 12. 79 10. 95

0. 8 7.10 10. 31 3. 75 4. 34 B. 80 7.10 0, 8 13. 47 6. 96

1. 5 26. 20 16. 41 13. 90 10. 13 40.10 16. 20 1. 5 24. 00 6.59

5, 0 44. 40 7. 80 33. 65 8. 64 49. 60 8.13 4. 0 27, 63 6 .62

25. 0 49.15 9. 68 37.15 6.11 49. 95 8. 31 6. 0 30, 26 8. 72

CD
IS3



T able 7 - -  continued

NUMBER OF LEVER PRESSES PE R  MINUTE FOR UNILATERAL PO A-M FB STIM 
ULATION; INDIVIDUAL MEANS (X) AND STANDARD DEVIATIONS 

(S .D .) AS A FUNCTION OF THE C -T  INTERVAL

C -T

DG-30 
C -C  = 20. 0 

X S.D .

DG-31 
C -C  = 25. 0 

X S. D.

DG-42 
C -C  = 30. 0 

X S.D .

DG-41 
C -C  = 40, 0 

X S.D . C-T

DG-10 
C -C  = 20. 0 

X S.D .

C-C 9. 00 8. 84 23. 05 13. 62 4.15 4. 68 14.15 15. 70 C-C 12. 75 7. 71

0.1 32. 30 7. 27 54. 40 12. 81 8 .98 11. 21 34. 60 19. 76 0. 1 25. 95 9. 74

0. 5 15. 80 8. 46 25. 26 10. 70 5. 30 6. 21 17. 20 19. 87 0. 5 12. 85 6. 04

0. 8 14. 85 10. 22 30. 30 13. 52 8 .95 9. 72 18. 10 16. 76 0. 8 13. 90 7. 93

1. 5 30. 45 6. 71 47. 80 10. 26 24. 50 14. 51 27. 35 16. 26 1. 5 22. 95 6. 79

5. 0 31. 60 7. 21 56. 90 12. 65 34. 30 7. 60 49.25 11. 59 4. 0 39. 25 6.15

10. 0 30. 90 4. 93 62. 00 10. 24 36. 55 9. 20 50. 20 8. 91 6. 0 39. 20 6. 62

CD
CO



T able 8

INDEPENDENT T_ TESTS ON THE NUMBER OF LEVER PRESSES PER MINUTE - SIGNIFI
CANT DIFFEREN CES BETW EEN C -T  INTERVALS FOR INDIVIDUAL RATS 

TESTED UNDER THE UNILATERAL PH -M FB  CONDITION

C -T  C om parisons DG-35 DG-20 DG-15
R ats 

DG-25 DG-10 DG -26 DG-41 DG-42

L aten t A ddition _  ̂ ^ ^
0.1 vs. C-C 10. 32*= 1. 7 9 ^ 2. 58 ° 0. 94 6.16 ^ 1. 69 “ 4.10 " 4. 55^
0.1 vs. 0. 5 5. 93 ^ 1. 7 2 ^ 3. 06 b 0.14 6. 39^ 1. 06 2. 97^ 3. 23*=

R e fra c to ry  P e rio d  ,
0. 5 vs. C -C 2. 09 J 0. 20 0. 34 0. 64 0. 81 0. 1. 28 2. 57"
0. 8 vs. C -C 3. 49 ° 1. 38 1. 55 2. 88^ 1. 53 2. 66 5.17 ^ 6.11
0. 8 vs. 0. 5 1. 00 1. 29 1. 98 ^ 2. 26^ 1. 96^ 2. 01 ^ 4. 35*= 4. 08°

R ecovery  fro m
R e fra c to r in e s s  , „ _ _ „

1. 5 vs. 0. 8 4, 06 5. 03^ 2. 56 ° 5, 40 ^ 5. 09 3, 87 ^ 6. 87^ 7. 65"'
4, 5 vs. 1, 5 1. 58 4. 93*= 1. 17 1. 05 3. 64° 0. 79 1. 61 2. 26^

T em p o ra l Sum m ation
6,10, 25 vs. 4, 5 0. 30 0. 22 0. 66 1. 30 0. 30 0. 07 1. 25 0, 56

^ S ignificance, p < 05, 
^ S ignificance, p c .  01,

o n e -ta iled  
one -ta iled

te s t.
te s t.

c S ignificance, P 001, one -ta iled  te s t

co



Table 9

INDEPENDENT %  TESTS ON THE NUMBER OF LEVER PRESSES PER MINUTE - SIGNIFI
CANT DIFFERENCES BETW EEN C -T  INTERVALS FOR INDIVIDUAL RATS 

TESTED UNDER THE UNILATERAL PO A-M FB CONDITION

R ats
C -T  C om parisons DG-35 DG-20 DG-23 DG-15 DG-31 DG-10 DG-30 DG-41 DG-42

L atent Addition
0.1 vs. C-C 2. 7 3b 1. 09 0. 75 4. 61^ 7. 30 ° 4. 64° 8. 88° 3 .5 4 ° 1. 72
0.1 vs. 0. 5 1. 01 1. 46 0. 26 3. 48° 7. 35 ° 4. 99^ 6. 45° 2. 71 ° 1. 24

R e fra c to ry  P e rio d a
0. 5 vs. C-C 1. 53 0. 26 0. 49 0. 53 0. 81 0. 04 2 . 42 0. 53 0. 64
0. 8 vs. C-C 0. 97 0, 68 0. 50 0. 93 1. 65 0. 45 1, 89^ 0, 75 1. 94
0. 8 vs. 0. 5 0. 53 0. 50 0. 07 0. 23 1. 02 0. 46 0. 31 0.15 1. 38

R ecovery  from
R e fra c to r in e ss

1. 5 vs. 0. 8 4. 30^ 4. 0 2 C 7. 72 ^ 4. 79° 4. 3. 78^ 5. 57° 1. 73 ^ 3. 88
4, 5 vs. 1. 5 4. 37" 6. 47^ 2. 29 & 1. 70^ 2. 4 4 ^ 7. 76^ 0. 51 4. 78 ° 2. 61

T em p o ra l Sum m ation
6,10, 25 vs. 4, 5 1. 67 1. 44 0.13 1. 41 1. 37 0. 02 0. 35 0. 23 0. 82

^ S ig n ifican ce , p < .0 5 , o n e -ta iled  te s t .  S ignificance, p <. 001, one-ta iled  te s t.
^ S ignificance, p < . 01, o n e -ta iled  te s t.

CD
Ü 1



Table 10

NUMBER OF LEVER PRESSES PER  MJNUTE FOR BILATERAL C a-T p  STIM 
ULATION: INDIVIDUAL MEANS (X) AND STANDARD DEVIATIONS 

(S .D .) AS A FUNCTION OF THE C -T  INTERVAL

Rat 20, 0 6. 0
C -T  

3, 0
In te rv a ls  

1. 0 0.1 C-C
DG-35 X 33. 95^ 32, 50 43. 65 43. 70 43. 90 6. 50

S. D. 22. 47 19.19 19, 13 20. 78 17. 20 5. 96

DG-41 X 53. 95 71. 60 84. 45 83. 80 78.15 21. 85
S. D. 19. 22 24. 59 23. 84 23. 22 26. 98 13. 26

DG-42 X 64. 10 59. 40 71. 85 76. 05 61. 00 8. 80
S. D. 23. 02 25. 69 19. 99 17. 44 32. 05 7. 45

C -T In te rv a ls
20. 0 5. 0 1. 5 0. 8 0. 5 0. 1 C-C

DG-20 X 56. 05 52. 20 55. 35 58. 40 49. 50 42. 25 10. 40
S. D. 14. 42 15. 46 11. 93 8. 83 17, 78 19. 95 13. 73

DG-10 X 46. 25 66. 05 68. 10 65. 55 59. 50 30. 20 4. 40
S.D . 33, 26 17, 87 21, 76 26. 36 27.11 27. 67 9. 53

DG-15 X 51, 35 51. 51 5 6, 00 56. 70 54, 95 45. 60 12. 70
S. D. 14. 10 17. 65 17. 52 14. 76 15. 64 18. 87 14. 04

CDCT)

C -T  in te rv a l = 25. 0 m sec.



Table 11

NUMBER OF LEVER PRESSES PER  m N U T E  FOR BILATERAL C p-T a STIM 
ULATION: INDIVIDUAL MEANS (X) AND STANDARD DEVIATIONS 

(S .D .) AS A FUNCTION OF THE C -T  INTERVAL

Rat 20. 0 6. 0
C -T  

3. 0
In te rv a ls  

1. 0 0.1 C-C

DG-35 X 24. 40^ 37. 65 44. 05 37. 60 34. 95 2. 65
S.D . 11. 85 18. 44 16. 05 15. 45 14. 38 2. 66

DG-41 X 54. 30 72. 80 68. 00 73. 25 67. 75 10. 30
S.D . 23. 61 22. 99 15. 02 18. 19 25. 52 8. 78

DG-42 X 39. 40 49. 05 62. 55 58. 20 58.10 3. 80
S. D. 34. 16 37. 60 22. 93 23. 36 23. 82 4, 37

C -T In te rv a ls
20. 0 5. 0 1. 5 0. 8 0. 5 0.1 C-C

DG-20 X 61. 05 57. 75 59. 30 55. 35 63. 80 65. 95 15. 00
S.D . 15. 77 19. 31 15. 60 15. 86 17. 83 12. 81 18. 27

DG-10 X 51. 35 57. 40 54. 10 57, 40 54. 30 56.15 12. 25
S.D . 29. 04 28. 58 27. 77 29, 12 33, 66 18. 18 18. 92

DG-15 X 47. 75 48. 40 51. 70 57, 05 5 2. 60 56. 35 16. 15
S. D. 22. 68 18. 33 20, 15 16. 93 18. 04 16. 05 14. 08

CD

^ C -T  in te rv a l = 25, 0 m sec.
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Table 12

INDEPENDENT T_ TESTS ON THE NUMBER OF LEVER PRESSES 
PER MINUTE - SIGNIFICANT DIFFERENCES BETWEEN 

C-T INTERVALS FOR INDIVIDUAL RATS TEST
ED UNDER THE BILATERAL STIMULA

TION CONDITIONS

Rat

Ca-Tp Cp-Ta
20-25 

vs. 
1-1, 5

20-25
vs.
0.1

1-1. 5 
vs. 
0.1

20-25 
vs. 

1-1. 5

20-25
vs.
0.1

1-1. 5 
vs. 
0.1

DG-35 -1. 39^ -1. 53^ -0. 30 -2. 96® -2. 47® 0. 54

DG-41 -4. 32<= -3.18^ 0. 69 -2. 77® -1. 69^ 0. 76

DG-42 -1. 80 ^ 0. 34 1.80^ -1 .9 8 ^ -1 .9 6 ^ 0. 01

DG-10 -2, 40^ 1. 62^ 4, 70^ -0. 30 -0. 61 -0. 27

DG-15 -0. 90 1. 06 1. 76^ -0. 56 -1. 35& -0. 78

DG-20 0. 16 2. 44 c 2. 46® 0. 34 -1.05 -1 .44

^ Significance, P< . 10,
^ Significance, p <. 05,

® Significance, p <. 01,
^ Significance, p < . 10,
0

Significance, p <. 05,



APPENDIX B

Taking advantage of the convergence of MFB fibers from  op

posite sides of the brain , the p resen t experim ent dem onstrated that 

the magnitude of heterosynaptic tem poral sum m ation could be used to 

study the d irectionality  of reinforcing im pulses within the MFB, In 

analyzing the b ila te ra l stim ulation data, however, it becam e apparent 

that certa in  differences existed between the six ra ts  in th is phase of 

the experim ent which might be im portant in the determ ination of d i

rec tionality  of rein forcing  MFB im pulses.

Although the cu rren t level was adjusted such that the ra t 

would p re ss  about 10 tim es per m in u te-tria l under the C-C stim u la

tion condition, lever p ressing  ra te s  som etim es changed afte r a c u r 

ren t level had been selected and tested  for som e tim e. Specifically, 

ra ts  DG-35, DG-41 and DG-42 p ressed  significantly higher when uni

la te ra l C-C pulses w ere given to the POA-MFB electrode than when 

C-C pulses w ere given to the PH-MFB electrode (independent ^  te s ts  

with 38 w ere 2,57, p < ,0 2 ; 3.16, p< . 01; 2,52, p< , 02, resp ec tiv e 

ly), T hese th ree  ra ts  w ere said to be "an te rio r dominant" (AD) since 

the an te rio r electrode produced a higher se lf-s tim u lâ tion ra te  than

99
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the p o ste rio r electrode. Rats DG-10, DG-15 and DG-20, however, 

se lf-stim ulated  only slightly higher for PH-M FB stim ulation than for 

POA-MFB stim ulation at the C-C in terval (nonsignificant differences). 

T hese th ree  ra ts  w ere said to be "non -dom inant" (ND),

When the b ila te ra l stim ulation data w ere analyzed in te rm s 

of electrode dominance, some in te resting  co rre la tions resu lted . F or 

example, when com paring the independent ^  values for individual ra ts  

(Table 12 in Appendix A) which express the degree of decline in se lf

stim ulation ra te  from  the 1-1,5 m sec. C-T in terval to the 0,1 msec, 

in terval under condition Ca-Tp, it was found that the ND group a c 

counted for m ost of the overall variance in the decline in se lf -s tim 

ulation between these  in tervals (ND - zero  mu ^  = 3, 35, ^  = 2, p < , 10: 

AD - nonsignificant _t), A s im ila r finding occurred  when analyzing 

these sam e independent t values com paring the slope differences b e 

tween conditions Ca-Tp vs. C p-Ta from  the 1-1,5 to the 0,1 msec,

C-T in terval. The ND group showed a g rea te r d ifference between 

these C-T in te rvals under the two b ila te ra l stim ulation conditions 

than the AD group (ND - co rre la ted  mean 5,42, ^  = 2, p < ,05 :

AD - nonsignificant ^  , Such re su lts  indicate that fo r the ND group, 

the change in se lf-stim ulation  ra te  between the 1-1. 5 and 0,1 m sec. 

C-T in tervals is highly re la ted  to which b ila te ra l stim ulation condition 

is tested  ( i .e . ,  Ca-Tp or Cp-Ta), Such a sta tem en t, however, can

not be made for the AD group. F u rth e r analyses revealed  that, in



101

general, the ND group dem onstrated a m ore c lear cut downstream  

convergence of MFB self-stim ulation  im pulses than did the AD group. 

Since the cu rren t levels w ere not varied to c rea te  AD and ND con

ditions within the sam e anim al, however, it is not possible to draw 

causal re la tions dem onstrating that the electrode dominance condition 

effected the outcome of the d irectionality  findings. These data do 

suggest that m ore c lea r cut findings on d irectionality  will re su lt if 

the cu rren t levels a re  adjusted to m inim ize the effects of electrode 

dominance.



BIBLIOGRAPHY

A lbe-F essard , D. , and Char gas, C. Journal of Physiology (P a r is ) , 
1954, ^  823, Cited by Grundfest, H, Synaptic and ephap- 
tic  transm ission . In Field, J, (Ed, ), Handbook of Physio
logy, Section 1: Neurophysiology, Vol. 1, B altim ore, M ary
land: W averly P re s s , 1959, 147-197,

Andrews, R, J , In trac ran ia l se lf-stim ulation  in the chick. N ature, 
1967, m ,  847-848,

A raki, T, , E ccles, J. C . , and Ito, M, C orrelation  of the inhibitory 
post synaptic potential of motoneurons with the latency and 
tim e course  of inhibition of monosynaptic reflexes. Journal 
of Physiology, 1960, 1 ^  354-377,

Battig, K, Sub co rtica l s tru c tu re s  of the ra t involved in se lf-s tim u la 
tion perform ance, autonomic regulation, and behavioral r e 
sponses, Annals of the New York Academy of Science, 1969, 
157, 798-805,

Bishop, M. P, , E lder, S. T ., and Heath, R, G. In tracran ia l se lf-s tim 
ulation in man. Science, 1963, 140, 394-396,

Boyd, E, , and G ardner, L, Positive  and negative reinforcem ent from  
in tracran ia l se lf-s tim u lâ tion in te leo sts . Science, 1962, 136, 
648,

Boyd, E , , and G ardner, L, Effect of some b ra in  lesions on in tra 
cran ial se lf-stim ulation  in the ra t. A m erican Journal of 
Physiology, 1967, 213, 1044-1052,

B runer, A. Self-stim ulation in the rabbit; An anatom ical map of s tim 
ulation effects. Journal of Com parative Neurology, 1967, 131, 
615-629,

Bullock, T, H ., and H orridge, G. A, S tructure  and function in the
nervous system  of in v erteb ra te s , San Fransicso: W,H, F re e 
man and C o ,, 1965,

102



103

B ursten, B, , and Delgado, J . Positive reinforcem ent induced by in 
tra c ra n ia l stim ulation in the monkey. Journal of C om para
tive and Physiological Psychology, 1953, ^  6-10.

DeGroot, J . The ra t forebrain  in stereotaxic coordinates. In Verhand- 
elingen der koninklijke neederlandse Akademie van W eten- 
schappen, LII, No. 4, N. V. Noord-Hollandsche Uitgevens 
M aatschappi]-A m sterdam , 1959.

Deutsch, J . A. Learning and e lec trica l self-stim ulation  of the brain . 
Journal of T heoretical Biology, 1963, 4, 193-214.

Deutsch, J. A. Behavioral m easurem ent of the neural re frac to ry  
period and its  application to in tracran ia l self-stim ulation . 
Journal of Com parative and Physiological Psychology, 1964,
M, 1-9,

Deutsch, J. A. An electrophysiological stim ulator with digital logic. 
Journal of the Experim ental Analysis of Behavior, 1966, 9, 
399-400.

E ccles, J. C. Synaptic potentials of motoneurons. Journal of N euro- 
physiology, 1946, £, 87-120.

E ccles, J. C. The physiology of synapses. Berlin; Springer-V erlag, 
1964, pp. 316.

E ccles, J. C . , E ccles, R. M ., and Magni, F. C entral inhibitory a c t
ion attributable to presynaptic depolarization produced by ** 
m uscle afferent volleys. Journal of Physiology, 1961, 159, 
147-166.

E rlanger, J . , and G asser, H. S. E lec trica l signs of nervous activ ity . 
London; Humphrey Milford, Oxford U niversity P re s s , 1937.

Fadiga, E . , and B rookhart, J . M. Interactions of excitatory  post- 
synaptic potentials generated at different sites on the frog 
motoneurons. Journal of Neurophysiology, 1962, 25, 790- 
804.

Fink, R. P. , and Heim er, L. Two methods for selective silver im 
pregnation of degenerating axons and th e ir synaptic endings 
in the cen tra l nervous system . B rain R esearch, 1967, 4, 
369-374.



104

Fuxe, K. The d istribution of monoamine nerve te rm ina ls  in the 
cen tral nervous system . Acta Physiologica Scandinavica, 
1965, Supplement 247,

G allistel, C. R . , Rolls, E, T . , and Greene, D, Neuron function in 
fe rred  from  behavioral and electrophysiological estim ates of 
re fra c to ry  period. Science, 1969, 166, 1028-1030,

G illiatt, R. W ., and W illison, R. G. R efracto riness and supernorm al- 
it y in human periphera l nerve. Journal of Physiology, 1962, 
161, 29-30,

Grundfest, H, B ioelectric  potentials. Annual Review of Physiology, 
1940, 2, 213-242,

Guillery, R. W, Degeneration in the hypothalamic connexions of the 
albino ra t. Journal of Anatomy (London), 1957, ^  91-115,

Gurdjian, E, S, The diencephalon of the albino ra t. Journal of Com
parative Neurology, 1927, 1-114,

Helmholtz, H. Uber die Geschwindigkeit eineger Vorgange in Musk- 
eln und Nerven, B ericht uber die zur Bekanntmachung gee- 
igneten verhandlungen der Konig, P reu ss , Akademie der 
W issenshaften zu B erlin, 1854, 328-332,

Hoebel, B. G. Inhibition and disinhibition of se lf-stim ulation  and 
feeding: Hypothalamic control and postingestinal factors. 
Journal of Com parative and Physiological Psychology, 1968, 
£6, 89-100,

Hubbard, J , I , , and Schmidt, R. F. An electrophysiological investi
gation of m am m alian m otor nerve term inals. Journal of 
Physiology, 1963, 145-167,

H ursh, J , B. The p roperties of growing nerve fibers, A m erican
Journal of Physiology, 1939, 127, 140-153,

Kandel, E. R. , and Spencer, W. A, Electrophysiology of hippocampal 
neurons, II, A fterpotentials and repetitive firing. Journal of 
Neurophysiology, 1961, 243-259,

K essey, R, E. The re la tion  between pulse frequency, intensity, and 
duration and the ra te  of responding for in tracran ia l s tim u la
tion, Journal of Com parative and Physiological Psychology, 
1962, 55, 671-678,



105

Kestenbaum, R. S , , Deutsch, J . A. , and Coons, E. E. Behavioral 
m easurem ent of neural poststim ulation excitability  cycle:
Pain ce lls  in the brain  of the ra t. Science, 1970, 167, 393- 
396.

Li, C . , and Chou, S. N. C ortical in trace llu la r synaptic potentials
and d irec t co rtica l stim ulation. Jou rna l of C ellu lar C om par
ative Physiology, 1962, 1-6.

Liley, A. W ,, and North, K. A. An e le c trica l investigation of effects 
of repetitive  stim ulation on m am m alian neurom uscular junc
tions. Jou rnal of Neurophysiology, 1953, 509-527.

Lilly, J . C . , and M iller, A, M. Operant conditioning of the bottlenose 
dolphin with e lec trica l stim ulation of the brain. Jou rnal of 
Com parative and Physiological Psychology, 1962, 73-79.

Lloyd, D. P. Facilita tion  and inhibition of spinal m otoneurons. J o u r 
nal of Neurophysiology, 1946, 421-438.

L orens, S. A. Effect of lesions in the cen tra l nervous system  on 
la te ra l hypothalamic se lf-stim u lation  in the ra t. Jou rna l of 
Com parative and Physiological Psychology, 1966, 62, 256-262.

Lubin, A. L 'u tilisa tion  des co rre la tions p a r pour éprouver une tend
ance dans un ensem ble du moyennes. Bulletin de C entre 
d'E tude pour R esearche Psych-technique, 1961, 433-444.

Lucas, K. Quantitative re se a rc h e s  on the sum m ation of inadequate 
stim uli in m uscle and nerve, with observations on the tim e- 
factor in e lec tric  excitation. Jou rnal of Physiology, 1910,
M, 461-475.

M cClure, T. D ., and C lark, G. Descending connections from  the hypo
thalam us. E xperim ental Neurology, 1968, 2^, 343-349.

M clntire, R. W. , and W right, J . E. P a ra m e te rs  re la ted  to response 
ra te  for septal and m edial fo rebra in  bundle stim ulation. J o u r - 
nal of Com parative and Physiological Psychology, 1965, 59, 
131-134.

M iller, N. E. Some m otivational effects of e lec trica l and chem ical 
stim ulation of the brain. E lectroencephalography and C lin
ical Neurophysiology, 1963, 24, 247-259. (Supplement).



106

Morgane, P, J . L im bic-hypothalam ic-m idbrain in teractions in th irs t 
and th irs t  motivated behavior. In M. J. Wayner (Ed, ), T h irst, 
f ir s t  in ternational symposium. T h irs t in the regulation of 
body w a te r. New York; M acm illian, 1964.

M organe, P. J . The function of the lim bic and rhinic fo reb ra in -lim 
b ic-m idbra in  system s and re ticu la r form ation in the reg u la 
tion of food and w ater intake. Annals of the New York Acad
emy of Science, 1969, 157, 806-838,

Nauta, W. J. H. Hippocampal projections and rela ted  neural pathways 
to the m idbrain in the cat. B ra in , 1958, ^  319-340.

Nauta, W. J . H. Some neural pathways re la ted  to the lim bic system .
In E. R. Rainey and D. S. O 'Doherty (Eds. ), E lec trica l studies 
on the unanesthetized brain . New York: Hoeber, 1960, pp 1-16.

Nauta, W. J . H. , and Gygax, P. A. Silver impregnation of degenerat
ing axon term ina ls in the cen tra l nervous system : (1) technic; 
(2) chem ical notes. Stain Technology, 1951, 5-11.

Nauta, W, J , H. , and Gygax, P. A. Silver im pregnation of degenera t
ing axons in the cen tra l nervous system : Modified technique. 
Stain Technology, 1954, 91-93.

Olds, J . , and M ilner, P. Positive reinforcem ent produced by e lec 
tr ic a l  stim ulation of septum  and other regions of ra t  brain. 
Jou rna l of Com parative and Physiological Psychology, 1954,
47, 419-427.

Olds, J . , and Olds, M. E. Approach-avoidance interactions in ra t 
brain . A m erican Journal of Physiology, 1962, 203, 803-810.

Olds, J . , and Olds, M, E. The m echanism s of voluntary behavior.
In R. G. Heath (Ed. ), The ro le of p leasure  in behavior.
New York: H arper and Row, 1964, pp. 23-54.

Olds, M. E . , and Olds, J . Approach-avoidance analysis of ra t dien
cephalon. Journal of Com parative Neurology, 1963, 120, 259- 
295.

Oomura, Y. , K im ura, K, , Ooyama, H. , Maeno, T. , Iki, M. , and
Kuniyoshi, M, R eciprocal activ ities of the ventrom edial and 
la te ra l hypothalamic a re a s  in cats. Science, 1964, 143, 484- 
485.



107

Pellegrino , L. H ., and Cushman, A. J . A stereotaxic a tlas of the ra t 
brain . New York: A ppleton-C entury-C rofts, 1967,

P e rsso n , N, Self-stim ulation in the goat. Acta Physiologica Scandi
navica, 1962, 276-285.

Phillips, C. G. In trace llu la r reco rd s from  Betz cells in the cat.
Q uarterly  Journal of E xperim ental Psychology, 1956, 4]̂ , 58- 
69.

Phillips, C. G. Some p roperties of pyram idal neurons of the motor 
cortex. In G, W olstenholme and M, O 'Conner (Eds. ), The 
nature of sleep . London: J , & A. Churchill, 1961, pp. 4-29.

P urpura , D ., and Cohen, B. In tracellu la r recording from  thalam ic 
neurons during recru iting  responses. Journal of Neurophys
iology, 1962, 25, 621-635.

R itte r, S . , and Stein, L, Self-stim ulation of the locus coeruleus.
Federation Proceedings, 1972, ^  820. (Abstract)

Rolls, E. T. Absolute re fra c to ry  period of neurons involved in MFB 
self-stim ulation . Physiology and B ehavior, 1971, 311-315. (a)

Rolls, E. T. Involvement of b rainstem  units in m edial forebrain  bun
dle self-stim ulation . Physiology and B ehavior, 1971, L  297-
310. (b)

Ruch, T. C . , Patton, H. D. , Woodbury, J . W ,, and Towe, A. C.
N eur ophys iology. Philadelphia: W. B. Saunders Co. , 1961,

Schiff, B. B. The effects of tegm ental lesions on the rew ard p ro 
p e rtie s  of septal stim ulation. Psychonomic Science, 1964,
L 397-398.

Sherrington, C. The integrative action of the nervous system . New 
Haven: Yale U niversity P re s s , 1906.

Shute, C. C. D ., and Lewis, P. R. Cholinergic and m onoaminergic 
pathways in the hypothalamus. B ritish  Medical Bulletin,
1966, 221-226.

Smith, N. , and Coons, E. E. Tem poral summation and re frac to rin ess  
in hypothalamic rew ard neurons as m easured by se lf-s tim u la 
tion behavior. Science, 1970, 169, 782-785,



108

Stark, P . , and Boyd, E. S. Effects of cholinergic drugs on hypothal
am ic self-stim ulation  response ra te  in dogs. A m erican Jo u r
nal of Physiology, 1963, 205, 745-748.

Stein, L. C hem istry  of rew ard  and punishment. In D. H. Efron (Ed. ), 
Psychopharmachology: A review  of p rog ress, 1957-1967.
Public Health Service No. 1836. U. S. Government P rin ting  
Office, Washington D. C . , 1968, pp. 105-123.

Su, J , , Berkley, M. A ., T erm an, M ., and Kling. J. W. Rate of in tra 
cran ial self-stim ulation  as a function of stim ulus waveform 
and intensity. Psychonomic Science, 1966, 219-220.

T erry , B. Tem poral course of la te ra l hypothalamic se lf-rew ard  sup
p ression  by medial hypothalamic stim ulation. Unpublished 
m aste rs  thesis . New York University, 1971,

U ngerleider, L . , and Coons, E. E. A behavioral m easure  of homo- 
synaptic and heterosynaptic tem poral summation in the se lf
stim ulation system  of the ra t. Science, 1970, 169, 785-787,

U ngerstedt, U. Stereotaxic mapping of the monoamine pathways in 
the ra t brain . Acta Physiologica Scandinavica, 1971, Supple
m ent 367, 1-48.

Valenstein, E. S. The anatom ical locus of reinforcem ent. In E. Stel- 
le r  and J . M, Sprague (Eds. ), P ro g re ss  in physiological psy - 
chology. New York; Academic P re s s , 1966.

Ward, H, P. B asal tegm ental se lf-stim u lâ tion a fte r septal ablation in 
ra ts . A m erican Medical Association A rchives of Neurology 
and Psychiatry , 1960, 3, 158-162.

Ward, H. P. Tegm ental self-stim ulation  afte r amygdaloid ablation. 
A m erican Medical Association A rchives of Neurology and 
Psychiatry , 1961, 4, 657-659.

Wetzel, M. C. Strength-duration effects m easured behaviorally with 
self-stim ulation . Communications in B ehavioral Biology,
1971, 6, 31-36.

Wilkinson, H. A ., and Peele, T. L. In tracran ia l se lf-stim u lâ tion in 
cats. Journal of Com parative Neurology, 1963, 121, 425-440.



109

Wolf, F . , and Sutin, J, F ib e r degeneration a fte r la te ra l hypothalamic 
lesions in the ra t . Journal of Com parative Neurology, 1966, 
127, 137-156.


