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Anatomical and Physiological Characteristics of

Mesencephalic and Pontine Substrates of Reward

¥
-

Sandra Boye

- . v ¢ -
> - LS
)

The objective of this gstudy was to determine anatomical

and physiological characteristics of mesenCephﬁlic and

pontine substrates of reward.

. Male hooded rats were iﬁplahted with 8 fixed monopolar

stimulating electrode aimed at the ventral tegmental area

\\_/

and a moveable electrode aimed at the medial pons. After

- — ~--stabitlization of self gstimulation, the existence of Teward-
relevant axonal llnkage between flxed mesencephalic self-
stimulation sites and several dorsoventral pontine sites was
investigated using the behavier9l version of the collision
tést. A _combinaetion of eight mesencephalic and 44 pontiﬁc
sites were sampled in eight subjects. Evidence of direct
axonal linkage was found between the lateral hypothalamug-
ventral tegmental area and eleven sites in the medial pons-

a

In a second experiment, estimates of the refractory

periods and the conduction velocities of the reward-relevant
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neurons linking the lateral hypothalamus-ventrél tegméental

area_and the medial pons were obtained in six'of the
subjects. Results show thvat the most excitable reward-

‘N .
relevant neurons have abselute refractory periods and

conduction velocities in the range of 0.35 to 0.73 msec and

s . :
3.96 to l4-m/sec respectively. {
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of motdva 1on is the 1dent1flcat10n of the neural :

sub rate(s) responsib!e for the transmission and
. N ,

i tegfation o%breward signals. In this respect, electricél

brain self- stimuiation; discovered by Olds and Milner

(1954), constltutes a8 powerful tool. Electrlcal brain
stlmulatlon studles have often employed the self stlmulutlon -
paradlgm as. a model of appetitively mgtivated behavior: the
selg-stiﬁulating rat emits an instrumental response with'tke

goal of attaining the delivery of a train of stimulating

‘pulges to a reﬁgrd—reletéd brain site. Electrical !

. "stimulgtion of the brain’ can thus be used as a reinforcer of

AY

operant behavior. ConPequently, by'studying goal-directed

behavﬁop; such as .self-stimulation, we may bé'in 8 better
v - ' '

position to understand the neural circuitry-that mediates

raward: )

*
a

4

Most. of the previods research aimed at'idehtifying and
characterizing the substrate(s) for'self~s;£mulation has
). Stimuelation

»

along this fiber bunale produces strong reward and few d

‘focussed an the medial forebrain bundle (MF

concomitant aversive and/or motoric reactions. It has been
shown that at least &ome rewar&ipélévapt neurons in the MFB
link the lateral hypothalamus and the ventral tégmental area
(éhizgal, B;elajew, Corbett,WSkgiton and Yeomans, 1980;
Biela}ew and Shizgal, 1980, 1982, 1986; Durivage and -

Miliaressis, 1987; Grattcn§and Wigse 1988; Malette and
. : . o , ’ ¢

T



Milieressis, 1987). Biélajew and Shizgal (1986) have

furt#ér shown that the normal diéectio& of propagation of/at

least 85me reward-relevgnt neurons in theﬂMEB’is descending

(action potentials travel' in a rostro-caudal diréction).-

Other studies have shown tﬁgf the refragtory periods and

conduction velocities of reward-relevant neurons in the MFB .

% are in the range of 0.4 to 1.2 msec {Yeoméns 1975,11979;
Rompré anh Miliargssis,—l980; Miliaressis and Rompré, 1980;
9% , . Bielajew, Jordan, Ferme—Enrighf and Sﬁizgal, 19813 Bielajew
and Shizgal, 1982, 1986; Macmillﬁn, Simantirakis and
Shizgal, i985; gielajew, Thrasher and Fouriezos; 1987) and 1
to 8.3 m/sec, respectively &Shizgal et al.,.l980; Bielajew
aﬁa Shizgal, 198%, 1986; Duri;age and Miliaressis, 1987;
Gratton an% Wise, -1988): Théég.physiological
characteristics suggest that at least a portion of_ the
reward-relevant substratess) travelling throQgh the MFB
comprises neurons with myelinated axons of small diameter
ghat descend towards the mesencephalon. These findings

constitute a major step towards the identification of the

reward substrate(s). Unfortunately, inferences of this kind .
cannot yet be drawn concerning most other neural structures
that support self-stimulation because the critical data

either have not been collected or are incomplete. - .

.

e

In a previous topographical study, Rompré and Miliaressis

[

(1985) have identified a large and sensitive reward system

. T s :
d in the brain stem. The region of positive self-stimulation
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' sites extendg at least four millimeters in the anterior-
bosterior axis, between the rostral mesencephalon and the
caudaylpons. In the pons, continuous positive sites wars
found én the midline between the cerebral aqueduct and the
pontine nﬁclei. Reward éhreshol¢s (defined as the minimum
stimulation frequency that just failed to induce self-
séimulation, see Rompré and Miliaressi;, 1985) were lowesti .
in the ventral region of the dorsal raphe, near its junction
with the decussation og the superior cerebellar peduncle. In
the rostral mesencephalon, a large column of positive sites
were found up to\l mm'laterel to the midline, between the
central gray and the ventral tegmental area. When going
from caudal to rostral areas, the 16w—threshuld sit%a
shiffed from dorsal to ventral and from medial to lateral
regions, following the trajectory of the t;gmental
radiations. Rompré and Miliaressis (1985) also obs¢rved
that self-stimulation thresholds increased substantially in
midline regions posterior to the coronal léve} passing
through the dorsal raphe, and suggested that reward-relevant
neurons in this area bifurcate laterally Qs they travel
.towards the cabdél bfain stem. Because such an unexpectedly
large area of the brain'stem appears to contain reward-
;elevant neurons, it seems reasonable to suspect that the
. MFB ¢an no longer bé considered as the sole point of focus
for stimulatron—iAduced reward. - One point of interest is
the possibility that reward-relevant nesrons link the

ventral tegéental area and brain stem sites. Indeed, the

a




continuity of positive sites throughout the mesencephalon in

Rompré and Miliarea is' study supports such a hypothesis.

‘% The present study was designed to investigate this

" possibility and to characterize the physiology of the fibers

fprminé this hypothetical link.; )

In the first experiment, the behavioral version‘of the
collision technique developed by Shizgal et al (1980) was:/
used to reveal the efistence_éf direct axonal linkage
between reward-relevant neurans in the rostral mgsenbephalén
and the brain stemk\ In the second experiment, Yeomans'
(1975) doubléfpulse lechniqye was used to determine thq
refractory periods of th9~direct1y stimulateq reward-
relevant neurons that link the two sites. Combination of
. the results stemming from these two expe?iments wiil;‘

constitute a step forward towards the identification of the:

" reward substrate(s). .



EXPERIMENT 1

&

Introduction

-

X

A major challenge in brain stimulation studies is to"
determine which neurons,iocated within the stimulation field
are responsible for the observed behavior. Stimulation of

reward-relevant sites has been found to elicit, in addition

L]
to self-stimulation, other behaviors such as feeding (Hoebel
L

¢

and Teitelbaum,wl962)4 drinking (Mogenson and Stevenson, y;
l96§), copulation (Caggiula and Hoebel, 1966), exploration
(Réllsyand Kelly, 1972), escapc (Bower and Miller, 1958),
cireling (Miliaressis and'Rompré, 1980), and predatory

attack (MacDonnel and Flynn, 1964): One hypothesis proposed
to explain thp"multiple behavioral effects igs the presence

of fuﬁctionally different fiber pathways coursing through

the stimulation field. Indeed, Nieuwenhuys, Geeraedts, and
han 50 different fiber

AN}

systems run through the MFB. Anatomical overlap prevents

Veening (1982) have shown that more

easy digaociatioq of the relevant fibers and thus more
sophisticated methods for characterizing, and therefore
distinguishing, those stimulated fibers resbonsible for the

rewarding effect are required.

Deutsch (1964) developed an approach that ci;cumvents the



) Thia,dpproech consists of studying the trade-off between the

gtimulation parameters rgquired to maintain self-stimulation
performance at a constant level. Tge ﬁypothesis is that the
rules governing the trade-off functioné reflect thg\ggique
physiological characteristiecs’ of the neurons that are
responsible for the pehavigz under study. By combining this
psychophysical épproach‘and the collision téchnique, Shizgal
et.el. (1980) revealed a reward-relevant axonal link between

the lateral hypothalamus and the ventral tegmental area.

Their technique is based on the physiological phenomenon of

T

-

collision -- the/cohduction failure that occurs when anti-
an rthodromic action potentials travelling along the same
axon collide and cancel out. Electricél stimulation of an
axon produces orthodromic action potentials tHat propagate
towards the terminal and antidromic action 'potentials that ,/
propagate towards the soma. Suppose a two-electrode ///
errgngément impl;nted in series along an axon, (see Figure
1). If a first (conditioning or C-) pulse is delivered

through the electrode closest to the terminal (downstream)

and a second (test or T-) pulse is delivered in close// F

/

succession via the electrode closest to the soma (upétream)a

the antidromic action potential generated by the downstream

electrode will collide with Hhe orthodromic action potential

triggered at the upstream electrode, and neither will
propagate past the point of collision. Coﬁsequently, only

the orthodromic signal triggered by the downstream electrode

will reach the terminal. . If, however, the interval between
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»

. Figure 1. Stimulatilon condition for the collision test.
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1

the gelivgry of the two pulses is delayed enough to allow
the antidromic action potential tr}ggered by the C-pulse and
its.tréiling refractory zone to clear the site of the

electrode before the T—pulse is delivered, then

proximai-ele

collision will not occur and two action pofentieis will
reech'ﬁhe terminal instead of one. The longest inter-pulse
interval at which collision occurs is referred to aé the
collision interval and it represents the sum of the inter-
electrode conduction time .and the ref;actory‘period of kho

i

axonal segment beneath the tip of the electrode used to

deliver the T-pulse.

>
L

The application of the\collision technique tovthe study
of peh'avioral substrates congsists of meésuring, at different
C-ffinterQals, the frequency of pulsg—paira required to
'maintain a fixed level of b havior; IA collision effect is
evidenced by an increase in the required frequency as the C-
T interval is reduced. The presence of such an effect
indicates that %he axons‘of the p%urong responsible for the
beheavior underlstudy travel throqu\both stimulation fields.

“ra
i

-

As mentioned earlier, the collision'technique‘has been
.successfully employed to establish the existence of rew;rd-
relevant axonal linkage within the medial forebrain bundle,
between the lateral pypothalamus and the ventral tegmental

area. More recently, Bielajew- et al. (1987) have shown thet

reward-relevant neurons also:directly link the lateral



i

Jreoptic area and the latefel hypothalamua, a finding that
7

would euggest continuity between the ventral tegmental area

end basal forebrein regions. The present experlment is
aimed at extendlng our knowledge about the anatomy of the

reward system by investlgatlng the p0331b111ty of 8 reward-

frelevent link between the ventral tegmental area and 31tes

within the brain stem o7

,,,.’\._o‘c




Method = -

Sub jects '
8 r‘.\ ':;—)5\1 '\ A
ol )
Subjects were e%eVen male hooded ratq of the Long Evans .

——

strain from Charles River breeding farms, weighing between ‘

300-450 g at the time of surgery. They were individually
housed in plastic cages ana were maintained on a 12 hr

light/dark cycle. Fqéd and water were available ad libitum' -

before and after surgery.

Electrodes and Surqgery -

~

7

Each subject was implanted with a moveable and a fixed

‘monopolar electrode. Fixed electrodes were constructed fronm o -

3
~

‘(0.25 mm) stainless.steel wires insulated with Formvar, and
crimped to a male amphenol connection. Moveable electrodes
éonsis%ed of a8 plastic g;ide and a stainless steel moveable
wire algo itnsulated with  Formvaer (for furthér details, see

Milisressis, 1981); the tip of each eldctrode was honed to a

hemispherical shape. An indifferent eiectrode was wrapped

around four to five skull screws. Dental cement was used to
E

fixate the electrode assembly.

Surgery was conducted .under general anesthesis 1nduced by
sod?um pentobarbital (65 mg/kg). With the skull held



12

horLzontally betwé?n bregma and lambda, fixed electrodes
were aimed at 5.5 mm behiﬁd bregma, 1.0 mm lateral to thg
midline, and 7.8 mm below dura. Moveab}e‘qlectrodes were
aimed at the midline, 7.7 mm behind bregma and 6.0 mm beloQ

o

the surface of the skull.

Apparatus

-

Bar-pressing behavior was shaped in a manually-operated
set-ub and subsequently tested in computer-controlled
equipment. Testing chambers measured 25 cm X 22 cm X.70 tTM.
A rodent lever protrudéd into the chamber, 6 cm above the
FloGr. Above the lever was a 1.5 cm yellow jewel light
which came on when stimulation’was available. In the hand-
operated set-up, all temporal pdrameters were controlled by
manually-set integrated circuit pulggﬂgeégrators, wheréa in
the computer-controlled equipment they were controlled by @

3

dedicated microprocessor.

Stimulation pulses were péoauced by duai constant-current
generators (Mundl, 1980); Electric charge build-up at the
brain-electrode interface was prevented by‘connecting
stimulator outputs through a 1K resistor during the pulse
interval. Current intensity was monitored with an
oscilloscope by reading the voitage drop across a l&\

resistor in series with the rat.

LS )

s
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Procedure

Training and $tabilization

1
-,

One week after sofgg}x, subjecte,were shaped to.bar—press‘_
for electrical stimulation of the ventral tegmental area
ueind 500 msec trains of cathodal rectangular pulses of
constant duration (0.1 msec). During the training oheael

current intensity and pulse frequency wére varied and

‘adjusted to produce.maximal response rates. Once vigorous

responding was establis@pd, subjects were allowed to-bar~
press Freely for one hour da1ly,)fo; three consecutive days.
SubJectS‘were then trained, for an additional three. days, to
bar- prefs for. trials of 30 sec . separated by rest periods of
the same ;Lration Unly subJects that could be trained to
bar -press for stimulation of the ventral tegmental area were

-\,
included i the study.

After the initial training session, subjects were trdined
to bar-press for stimulation at the implentation site af the
moveable electrode. If the subject could not\be trained,
the electrode was descended by 0.32 mm and the new site was
tested'the following dayj; the electrode was descended until
a site was found where-stimulation induced consistent bar-

pressing.
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Once subjects were shaped to bar-press for stimulation

applied through each electrode, current intensities were

adjusted to produce a frequency threshold of approximately

'26 HZ at each brain site. . Frequency thresholds were

'‘estimated from the function rélatin& rate of bar-pressing to-

the stimulation frequency. These functions were obtained by:
establishing the pumber‘bf pulle-pairs per stimulation train
required to suﬁport maximal responding,'apq then
systema;icaily‘reéucing this number until the behavior
éstinguished. Thresholds were estimated by interpolation
and operational%y defined as the stimulation freqqéncy
required to induce a half-~maximal raté of responding. After
the completion of the training phase, subjects were
transferred to the computer-controlled equipment for
cnlli%%qn testiné. . ‘ ‘ . \\\\\J~J/ .
, \\ - : ’
Collision Test

| ! | ‘ :
'Tﬁe collisdon test coﬁsisped of Frequency-threshold ‘
determinations for single; anaotwo-electrode stimulagion
conditions: In the single electrode stimulation condition,
fnequenéy thneshoIdg were determined for each electrode
indepeﬁdenyly. In the two-electrode stimulation condition,
frequericy thresholds. were determined using pulse pairs: in
the antegybrfposterior test, the C-pulse was delivered via
the ;nterigr electrode and the T-pulse was delivered via the.

4 R
posterior electrode; this sequence was reversed for the

sy
~

.

-



t"» - | . . o . . lslh
|
|

-‘postefior anterior test.. In the bairad-pulse stimulation
condltlon, frequency threshold was defined as the numbar o#

pulse pairs required to support a half maximal rate of bar-

pressing. .

A given session began with two warm-up'singie—bulae
threshold determinationg for eachtsite. Eight single-pulse
threshold determinations from each stimulation site we?eMM
estimated throughout a single session, interspersed among

two-electroqe threshold.determinations. The data from a

sessgsion were discarded if the standard error of the méan‘for

single-pulse frequency thresholds for one or both electrodes

varied by more than 10% (S.E.M./MEAN >10%). Paired-pulse
frequency %hresholds‘were determined at 17 different C-T

\ ’ .
‘intervals that ranged from'0.2 to 10.0 msec. The order -in

.'whlch different C-T7 1ntervals were tested was

counterbalanced from day to day.

!

. The effectiveness of paired-pulse stimulation at s given

C-T interval was assessed using the formula of Bielajew et

al. (1981): ’ ' . ' ‘ /

R ) ' ‘ 4 \\ A
E= (FTSP P Teoq)-1/ @Tgp /FTgp ) s

where 'E = effectiveness of paired-pulse

- stimulation

»



S

3

) sp. = lower of the two single-pulse frequency
L
' ' . L
thresholds, i : ’ .
. FTC_T = frequency thresholﬁ for paired pulsés,
¢ s FTH = higher of the two single-pulse frequency
S~ thresholds. ) : | .

T
»
LY

In the formula above, an effectivéness‘valbg (Etvélue) of
OE;Q;ths'from cases in which one pulse from each pair is
lo;t to~collision, and paired-pulse stimulation therefore
has the same behavi;kal weiggt ég single-pulse stimulation;

the same number. of pulse pairs as single pulses is required

- ,

'to maintain yehavioral output at a criterial level.

’ Conversely, an E-vélue of l‘will result from cases i: which

\\\\ig: both pulses in each pair are eftective in triggering action

| ) potentials that reach the terminals; the paired-pulse

- frequency threshold.is one-helf the frequency threshbld‘fdr
single pulses.’ ﬁor each, subject, current intensities wegre
adjusted so as to equate single-pulse frequency thresholds
for both qtimulationrsites.\ However, because this was not
always possible, the denomipator of the above-mentioned
formule provides a correction factor to compensate for these .

-

discrepancies. o

]

At every site, the collision test was first replicated

L4

three to four times in the anterioi/posterior sequence. If,

based on !isual inspection, the curve relating paired—ﬁulse
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" . effect1veness to C- T 1n9ervals (collision curve) did not
show ev1dence of a collision effect (iie., no decrease in E-
values as tpe,C-Twlnterval is shontened),‘the e}ectrode was
lowereg'by,o.lé mm aéd the new site was teésted the following-
day. 1f, howevér, an effect was evident (i.e., decreased [-
va}ues at éh;rt C-Tpintervals), the colligion test was

. qulicated'IZ timés,walternating,between the

N
, :

anterior/posterior and posterior/anterior test sequeqcés.

, .

, Histology s

= . 4 C oy
g » '

-

At the end.of the“experimenﬁs; subjépts were given a

N

lethal dose of sodium'pentobarbital and the tissue.
surrounding the electrpdé tips was marked by passing a
direct” anodal current of 100 ‘uA for 15 sec. .Subjects were

» 0

"then ;ntracprdielly.penfused with saline (0.9%), followed by
s »

Lq solution containing potassium ferrocyanide (3%), potgssium

ferricyanide (3%), and fQichloroacetic.ecid‘(Q.?%).‘ The:

combinatidn of this solution with the iron ion deposits

caused by the anodal current results 1n a blue staining of

s

the lesion 31te. Brains were then removed and kept in 10%
fbﬂﬁélin. Forty-eight hours prior to sectioning, brains
weré immersed 'in 30% sucrose. Brains were sectioned in 40
um sections and drawings were made under Aaénificution of

the fresh slices containing the electrode tracks; they were

later stained with Thionin dissolved in 10% formalin.



.

Curve Fitfing
7 l

In order to obtain an objecfive estimate of the collision
ipterval, a noﬁ-arbitrary curve-fitting prdcedure was
employed. The.ﬁrocedure basically determfnes if the date
are best represented by a 2~ or 3-segment line. In the case
where the rise in'the curve is abrupt and oceurs between two -
adjacent C-T‘intervals, the date can be be;f described by a
2-se§ment fit composed of a lower ségmeng representing the.,
aveéege'of the E-values before the rise and & higher segment
- representing the average of the E~values after the rise.
The longest C-T interval of the lower segment is then joined
to the shortest C-T inkerval of ‘the higher segment to
illustrate that.the abrupt rise occufs some@here within this
interval. In cases wﬁere the rise is gradual and occurs
over more than one C-T interval, the collision curve is
better described by a/g-segment fit composed of a lower and
higher segment, as noted above, and a regresgion line |
representing the points éhat lie along the rise. The
procéﬁure calculates the residual sum of squares of the
points sgattered.around all possible combinations of 2- and
5Lsegment lines fit to the d;ta. The éurve which yielded
the smallest residual sum of squaﬂfs was then fit to the’

4

data. |



Results
The results of the collision experiment are shown first,
followed by comparison of the results obtained with the
anterior-posterior and posterior-anterior test sequences.
Figures 2 to 10 show the results of the antefior-posterior

- ©

collision testsy ﬂbtained for eacﬁ animal.’.Alpha-numerical
digits oﬁ the upper-left side of eaéh.figgge refer to the
subjects'.identification. The left panel gshows
histologically verified electrode placements for the fixed
electrode. The middle panel shows the individual sites
tested with the moveable electrode: open circles represent
sites‘at(which evidence of collision was not obtained and
filled circles represent sites at which =a collision effect
was evidenced; open squares represent éites which did not
support self-stimulation. The right panel shows the curves

obtained from each site. Currents used for testing

individual sites are presented in Appendix A.

Figure 2 shows the data for subject M7. The fixed
electrodé was located 4.3 mm behind bregma, in the posterior
part aof the leteral hypothalamus. The moveable electrode
was located 6.8 mm behind bregma, within the central gray.
Evidence of collision was obtained at the first site that

f? was tested (siie A). Inspection of the curve reveals stable

E-values between the C-T intervals of 10.0 and 1.2 msec. As

‘the inter-pulse interval is shortened from 1.2 to 1.0 msec



Fiqure 2. Collision data for subject M7. Histology

drawings for this and all. subsequent flgures were made from
the Paxinos and Watson (1986) atlas of the rat brain.

N Numbers on fhe upper-left oﬂ histology drawingé refer "to The

plate numbers of the same atlas. o :

-
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however, we observe a decrease in E-values. This decrease

in paireL-pulse effectiveness as the inter-pulse interval is

.

shortened reflects collision of anti- and orthodromic action

potentiilg travelling along the same axons and suggests

e

"

. —direct linkage of the, two &timulatioh sites by reward-}

relevant neurons.

Figure 3 shows the datagfor subject M1l. The fixed
electrode was located 5.3 mm behind bfegma, within the
mammillary peduncle, just ventrel to the paranigral nucleus
of the.ventral tegmental area. The moveable electrode was
located 6.8 mm behind bregma. ,FiQe sites were testé; with
th; moveable electrode over a dorso-ventral distance of

4
approximately 0.8 mm. Evidence of collision was.obtaingd at

the first site that wes te;ged with the moveable electrode
at”a site lateral to the Edingér—Westphal nucleus (site A).
Inspection of this curve reveals relatively stable E~values
between the C-T intervals of 10.0 and 1.6 msec. A decrease
in E~-values is observed as the inteT-pulse interval is
shortened from 1.6 to 1.2 msec. E-valueg remain low between
the C-T intervals of 1.2 and 0.2 msec. Lowering of the
electrode by 0.16 mm was sufficient to eliminate the step-
like function (site B). We did not obtain evidence of
direct axonal linkage .between the ventral tegmental area and
either site B or C. Evidence of axonal linkage was aggin
obteined near the ventral part of the central gray (site D).

[
Once again; we observe stable E-values at long C-T intervals

ml -~ ’ | B

S

.
. .
-
. . - -
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(10.0 to 1.2 msec), ahd e decrease in E-values g@ the inter-

pulse interval is shortened belaw 1.2 msec.‘ Acollision
effect was evidenced & third time in this subject when the
electrode was lowered by 0.32 mm to the ventral part of the
central gray (site E).
< ' . .
Figure 4 shows the results of the collision tests for
;ubject;Ma.‘ The fixed electrode was lodgied 5.3 mm behind

bregma, within the dorsolateral part of the ventral

'tegmental area. The moveable electrode was found on the

midline, 6.3 mm behind bregMa.‘.A total of ﬁine sites were ‘\
tested with the moveable electrode, spanning a dorso-ventral
distance of apéroximately 1.7 mm. ,A collision™effect was

not obtained'froﬁ sites A to G. Evidenée of axonal linkage
was first Bbtainéd at a site dorsal to the caudal linéar
nucleus (site H). The decision to-acknowledée site H as a
site linked by reward-relevant fibers to the ventral .
tegmental area was based on comparison of this curve with

the curve obtained with the posterior-anterior teét sequence
(Figure lS)L In contrast to the posteri;r-anterior curve,
the curve obtained with the anterior-posterior test éequange-
has three points which deviate from the éeneral trend in the
data, and thus results in asymmetry‘between the two curves.
Low E-valqes are observed at 1.6, 3.0, and 4.0 msec (Figure
4H). The small size of the standard”errors around these

points further suggests that the low E-values associated’

with each C-T interval are not due to randém*variability.,



.

Figure 4.

!

Collision data for subject M4,

t
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1 o
The lack of congruence between the anterior-posterior and

-

\posterior-anterior curve implies that the reward-relevant

1ink between this site and the ventral tegmentalwarea is not
direct. Such asymmetry between curves obtained with each of

the twd test sequences will be discussed below. Evidence of*

. collision was again obtained, after the electrode was

descended by 0.32 mm,‘in the caudal linear nucleus (site 1).
We observe stable.E-values at long C-T infervals and a '

decrease in E—valges as the C~T interval is reduced from 1.2
to 1.0 msec. Staebility in E-values is maintained at inter-

pulse intervals below 1.0 msec.

Figuré 5 shows the data obtained from subject M6. The .
fixed electrode was locafed 5.3 mm behind brégma, at the
lateral part of the Qéntral tegmental area. Theé moveable
electrode was located on the miJliné, §.3 mm behind bregma.
Subject M6-did not self-stimulate at the site of
implantation of the moveable electrode.‘ The behavior was
established at site A and a total of three éikes were tested
for collision, over a-dorso-ventral-distance spanning
approximately 0.4 mm. E-values were variable across C-T
intervals for sites A and B. A slight lowering of the
electrode by 0.16 mm was eufficient to reveal reward-

relevant linkage between the ventral tegmental .area and the

.ventral part of the dorsal raphe (site C).
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Figure 5. Collision data for subject M6.
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Figﬁre 6 shows the dats foF subject M8. T%e fixed
'eléctrode was located at 5.3 mm beﬁind'bregma, within the
dorsolateral part of the ventral tegmental area. The
moveable:électrode was located on the midline, 7.64 mm
behind bregma. Self-stimulation wa§ not obtained from the
implantation site nor from the site below it. The behavior
was established at site A and a total of 14 sites were
tested with the moveable electrode,—over 8 dorso;Veatral
distance of approximately 2.5 mm. tvi@ence of collision was
not obtained from sites A éo M. Inspection of the.curves
. obtained from thgse sites reveals that E-values remained
variable across C-T intervals for each site. It should be
notedlthat for those sites that were located withinlthe
cerebral aqueduct (sites D to H), the neural tissue that was’
acthally stimulated during behavioral testing can be'thodght
of as being located anywhere within the perimeter of the
aqueduct, but not below and aLove the tip of the stimulatiﬁ
electrode; the locations of the stimulated neurons at these
sites are therefore undetermined. A collision effect was
obtained when the electrode reached the Qentral part of-the
dorsal rephe (site N), a site -approximately 0.34 mm
posterior to the site at which evidence of collision was
obtaing€d’in subject M6. The general trend in the data shows
a decrease in E-values as the C-T interval is reduced from
1.2 to 1.0 msec, followed by low effectiveness values at C-T

intervals less than 1.0 msec. E-values at long C-T

intervals are low, hoWever, at 2.0, 3.0, and 5.0 msec, and



.

Figure 6.

A

Collision data for subject M8.
- Q
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1

have large standard errors compared Qith those bofhté at

-

r.2, 1.6, 4.0, and 10.0 msec. We observed some signs of
infection around the electrode assembly which suggests that

the electrodes were probably unstable during behavioral

[l

testing. " This instability could provide an explanation to

the high variability in E-values. Indeed, as hag been shown

-

LY
with the data of subjects M1, M4 and M6, a small movement of

the electrode tip can result io the stimulation of differcnt

o

reward-relevant fibers. This hypothesis is suﬁpor}éd by
inspection of Figure 7 which shows the progressive changes
occuring in the coliision curve obtained from site N with :
‘pépetitive testing. A clear collision effect was obtained
thé first time that this site was Eested. Notice thl
stability in E-values at C-T intervals between 10.0 and 1.2
.msec. Collision at this sité‘occurs'at intqr-bulse
intervals shorter than 1.2 msec. . During»subsequent’
rablicatioqs of the collision test at th;s site, gpe cyrve
degenerated progressively duQ@to the variability of the
pointé at 2.0, 3.0,_énd 5.8 ﬁsec. Because the animal lost
its electrode assembly at the end of the sixth'replicatiqd,
a lesion waé not made at the tip of the electrode; therefore
the location of the sites tested with the m&meabLe electrode

may not be as precise-as for the other subjepﬁgmr‘

1 »

\

Figure 8 shohs,the data for subject X2. Conﬁ;aiy to the

other sufjects, the fixed electrode of subject X2 was

»

located on the right. side of the brain, 4.8 mm behind’
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e
brqg&a, at the media% border of the ventral tegmental area.
The aoveable electrode was i&pl;nted 3.0 mm from the surface
of the skull because, based on £he data from subject M8, we
suspected that self-stimuiat{on could be obtained at m;re
dorsal sites in the central gray. The moveable electrode
was located on the midline, 8.0 mm behind bregma. ‘Self-
stimﬁlation was not obtained from the first 5 sites that
Qere tested. The behavior was established at site A and two
siteﬁ)were tested for collision over a dorso-ventral

distance extending approximately 0.2 mm. We.did not obtain

evidence of direct axonal linkage between site A and the

ventral tegmental area. - Inspection of the curve obtained
from site A reveals stable E-values across ell C-T
intervals. Again, lowering of the electrode by as little as

0.16 mm was sqfficient to reveal evidence of direct axonal

linkage of site B with the ventral tegmental area.

Figure\9’shows tbe data for subject Bl. The fixed
elecirode was locatéd 4.8 mm Pehind bregma, on the dorsal
‘border of the ventral tegmental area. Tge moveable
electrode was located 8.0 mm behind bregma, within the -
central gray, just ventrolaéeral to the aqueduct. Evidenée
of difegt axonal linkage Qas obtained at the site of
implantation of the moveable élqug;he. The gene;gl trend
_in the data shows a decrease in E-valueé as the C-T interval

is decreased from 1.2 to 1.0 msec, followed by low E-values

at the shorter C-T intervals.
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°

Figure 10 shows the data for subject MO. The fixed
electrode was found at 5.3 mm behind bregma, on the lateral
part of the ventral tegmental area. The moveable electrode
was located 8.8 mm behind bregma, on the lateral border of
the dorsolateral tegmental nﬁcleus. Evidence of collision
was obtained at the site of impiantation of the moveable
electrode (sitg A). Inspectioﬁ of the collision curve
obtained from this Qite‘reveals stable E-values at long C-T
intervals which are interrupted by a decrease in the

-

: AN
effectiveness of paired-pulse stimulation h{\F—T intervals

‘a

‘shorter than 1.2 mséc. E-values at short C—T\intervala are

variable in comparison to E-values at long C-T irtervals.

Figures 11 to 21 have been compiled for comparison of the
anterior-posterior and posterior-anterior collision curves

for each site at which & collision effect was evidenced.

‘Numbers on the upper-left part of the figures refer to the

subjects' identification. Curves fitted to the data are

shown below each individual graph. Thé® curved line joining

the upper and lower portions of the collision data results

from pletting & linear function in semi~logarithmic space.
Posterior-anterior collision éurves were not obtained for

si€% N of subject M8 (Figure 18). Due to the changes rﬁ.l
occu€ing in the collision curve with subsequent -
replications, we decided to obtain six replications of the

curve before beginning the posterior-anterior test sequence.
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K

Figqure 12. -Anterior-posteribr aﬁdqposterior-antqrior

collision curves For‘subjec& M1, site A.
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Figure 13. Anterior-posterior(and posterior-anterior
collision curves for subject M1, site D.
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Figure 15. Anterior-posterior and posterior-antefior

‘collision curves for subject M4, site H. )
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Figure 16. Anterior-posterior and posterior-anterior .

collision curves for subject M4, site I.
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Fiqure 17. Anterior-posteribr andxposteriof~anterior

-
v

A T
collision curves for subject M6.
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Figure 18. Anterior-posterior and posterior-anterior

collision curves for subject M8. !
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Fiqure 19, Anterior-posterior and posterior-anterior

collision curves for subject X2.
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’

As mentioned earlier, subject M8 lost his electrode assembly

¥

at the end of the sixth replication.

Inspection of the anterior-posterior and posterior-
anterior collision curves obtaiﬁed from the remaining seven
éubjects reveals that most of the curves are very similar

across test sequences: both have a step-like function which

is preceded and'followed by relatively stable E-vs}ues, and |

~~ |
the collision intervals are the same. However, some of the

collision curves are not cgngruent, differing in shape
and/or the C-T interval at which collision occurs. The
curves obtained from subjects M1, and M4 site H, show such
discrepancies (Figures 12 to 15). The differenc;s in the
curves obtained from subject M6 (Figure 17) coJld be due to
imbalances in the currents used to test the two sequences.
Currents used for the anterior-posterior sequence were 363uA
for each site; those for the posterior-antqrior‘sequenoe

were 269uA for the anterior site and 363uA for the posterior

site.
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Discussion

The most parsimonious interpretation of the collision
results obtained from this first exneriment is that Eommon
reward—felevant fibers are shared by both stimulation sites.
These results thus imply that the lateral hypothalamus and
the ventral tegmental area are linked by reward-relevant

fibers with pontine sites. In a previous collision study,

~Bielejew et al. (1981) failed to reveal axonal linkage

between reward-relevant neurons in the mesencephalic central

gray and the anterior medial forebrain bundle. One
possibility is that the failure to reveal a direct link was
due to the use of fixed stimulating electrodes. I?’ﬁas
previously been shown (Rompré and Miliaressis, 1985; Rompré

and Boye, submitted) that the range of positive‘reward—

relevant sites in the mesencephalon extend appfoximately 4

mm iq the dorso-ventral plane. Accordingly, the probability
of activating common reward-relevant fibers using fixed
stimulating electrodes is very low. Miliaress@s and
Philippe (1983) have shown that the pfobability ¥f revealing

the existence of direct axonal linkage is much greater when
’ )

moveable electrodes ate used; this conclusion is supported
- \

by the present results showing that lowering of the

»*

electrode by as little as 0.16 mm can meke the difference

between positive and negative collision results.
R
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The results of this collision experiment place anatomical,

constraints on neural substrates considered as likely
” carriers of the reward signal. At least part of the
trajectory of the substréte should travel between the
central gray-dorsal raphe region and the véntral tegmental
area. The results of subject M7 further imply that the
extent of .this path may be greater, linkiﬁg the lateral
hypothalamus end the medial pons. A summery of the location
of sites at which evidence of axonal linkage was obtained is
presented in Figure Zé. The tips of all rostral electrodes
but one were located in the ventral tegmental area; the tip
of the rostral electrode of subject M7 was located in the
posterior part of the lateral hypothalamus. " With the
exceptions of subjects QD and M4, which were the subjects
with the longest and shortest ‘inter-electrode distances
respectively, evidence of collision was obtained when the
tip of the posterior ‘electrode was located between the floor
(/of tge cerebrai aque%uct and the ventral part of the
cgntral-gray. The most caudal site that was tested was
located more laterally compared to the other sites (Figure
22, pa&el B). Note the deviation of this point from the
cluster of ‘points found on the midline:

Histological analysis tends to suggest that reward-

relevant neurons theti travel between the mesencephalon and .

the pons respect a certain anatomical pattern. First,

reward-relevant fibers linking the posterior part of the {
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Figure 22. Schematic representation_of results obtained

from the collision test in eight subjects.
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lateral hypqthalémus and the rostral part of the ventral
tegmental area to the pons seem to ébreed between the
cerebral aqueduct and the ventral central giay. Reward-
relevant neurons linking the caudal part of the ventral
tegmental area to the bons seem to pass through more ventral
regions of the pons. Second, the reward substrate either
‘bifurcates or converges, depending on the natural d}rection
of probagation, on the midline poﬁs. In effect, evidence ofv
a direct axonal link was found between the dorsal raphe and
the right (subject X2) and Yeft (subject Bl) ventral
k‘tegmental arda. Third, histological anglysis of the brain
of subject MO revealed that tﬁe\Fﬁitral electrodemwas
located in the left ventral tegmental area and the.moveable
electrode was located on the left sideqéf the pons at about
1 mm off thé'midline. Two possible trajectorial
" arrangements can explain the evideﬁce of collision.. A first
possibility is that some reward-relevant neurons remain

. (
ipsilateral as they travel between the pons end the ventral

tegmental area.- A second poséibiiity is that reward-
‘relevant fibers cross the midline twice, thereby returning
to the same siAe of the brain. Although confirmation o
these anatomical arrangements requires additional empirical

support, they provide a useful feature that can help

identify the reward substrate.

An interesting feature stemming from the collision data

is the asymmetry between collision curves obtained with the

‘
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€

anterior-posterior and posterior-anterior test sequences.
These differences revedd interesting characteristics about
the.reward-subatrate in regions posterior to the ventral
tegmental area. According to the model of Shizgal qfﬁpl.
(1980), if paired-pulse effectiveness reflects- the sﬁmmation
of neural activity along a fiber bundle not interrupted by/
any synapses (pure axonal model), the anterior-posterior and
posterior-anterior collision tests should yiqld identical
cgrves. fln our study, however, we sometimes observed-
differences between the collision curves derived with each
of the two test sequences. These differences may suggest
that other neural‘mechanisms, whicH are not yet well
understood, contribute to the E-values. One Qossible neural

1
event that would account for differences in either the shape

/
of the curves or the kollision intervals, is the presence ‘of
synaptic link(s) between reward—relevént neurons activated
by the two eiectrodes. Due to the unidirectional nature of
synaptic transaiss' n, & givén curve might exhibit

peculiarities which ate not observed on the counterpart

curve obtained with tWe opposite test sequence.

With the exception of the collision curves obtained from
subjects M1, site E, and subject M6,'site C, (Figures 3 aéd
5), summation levels are relatively low across all sites.
The levels of éummation obtained From.con urrent\stimulation

<: study is lower

of rostral and caudal sites in the presen

than those obtained from concurrent stimulation of
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ip—sgateral sites within the MFB (see Shizgal et al., 19805
Bielajew and Shizgal, 1982) but is comparable to the
summation levels oﬁserved in the bilateral MFB collision
test in Shizgal et al's study (1980). Low summetion levels
were also obtained by Bielajew et al. (1980) when concurrent
stimulation was applied to the lateral hypothalamus and the
Eeriaqueductai gray. It was proposed by these authors that
this was due to stimulation of different reward-relevant
fibers}wiih a common oytput. In the present study, based on
the collision data of subjects X2 and Bl, it can be assumed
that reward-relevant fibers in the $edial pons either
bifurcate as they travel bilaterafly to more rostral arcas

- or that tﬁey course bilaterally towards the midline pons
where they converge. {F this is the case,'tﬁen rewar?%
relevant fibers projecting to, or descending thro&gh, the
right hemisphere and.stimuleted by the pontine electrode
could never be stimulated by a mesencephalic electrode
located in the left hemisphere, and this would result in an
incomplete collision effect. The contralateral reward-
.relevant fibers stimulat?d onlx Ry the ﬁoveable electrode
will never undergo collision. If the outputs of these two
reward-relevant bundles converge on a common integra;or,
then summation levels at long C-T intervals should b? close
to 1. Indeed, the counter modef predictsﬂthat Epe péocees
which integrates neural activity triggered by the

.

stimulation electrodes is indifferent to the spatiotempogal,

)

distribution of incoming signals (see Gallistel, Shizgal,

{
R W)
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®
and Yeomans, 198l). However, the low summation‘levels
observed in the present study suggest other possibilities.
The first possibility is that reward-relevant neural signals
transmitted from contralaterql sides ofjthe brain are
integrated independently by éeéarate°integraﬁive processes.
A second possibility is thaf the outputs of the two’bundleé
converge on a common integrator that has poorer spatial
integration th;ﬁ temporal inteération."Such differences in -~ .
spatial and temporal summation have been found in the
péripheral-nervbué system (Chung and Wurster, 1978).

j
~Another interesting feature of the collision curves is
the increase in paired-pulse efFectivéness values at short
.C-T intervals seea in some of the positive collision curves
~(see Figures 2,3E,8). Such effects would appear to suggest

the'contribﬁtion of fltené addition-~action potentials
triggered by the summetion of two subthreshold stimuli.
However, the %éct that in thgge cases, the inter-e}ecprode
distances Fanged from 2.4 to 4.36 mm and that the hig%est'
current in;ensity was 542 uA, does not provide strong °’
support for the hypothesis of overlapping stimulation
figlds. Some- mechanism(s) other than latent addit;on, and
not understood yet, may have contributed to the E-values at
these short C-T intervals. | . )

> -

)

The results of the present experiment have revealed

anagomical characteristics about the reward substrate. The

L o ,



)

next experiment was designed to reveal physiological

'
“

~characteristics of the same neurons.
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. . » N , i
. ) ¢ Introduction - - . Y . -

~ . N /"'( : o . RN

. T T {

S - ‘

~ . \ o ( ;o B
N \ In addition to providing evidence of axonal linkage .
-

- between two brain sites, positive collision results offer a
« Ny .

means for estimating the conduction velocity of those fibers

uhdergo}ng collision. *As stated earlier, the collision

.-Ninterval reﬁ?esents the sum of the inter—electgodé -
’ %

conduction time and the refractory period of £5E<axonal

*

segment underneath the tip of the electrode delivering the
second pulse in each pair. If the refractory period can be

estimated and subtracted from this total, then we are left

with the time required for action potentials ﬁo travel from ﬁ\ :

. -

the site of one electrode tip to the 'other. This time -

’

’

estimate can then be div%ded intB the distance between the
electrode tips to yield‘bn-estimate of the conduction
‘ velocity of those fibers respénsible for the collision

effect. Such valuable information can further characterize

~—

P X i of
first-stage reward neurons and narrow the selection of

candideate b?thways. !

——

. f
~ .

The excitability cycle-of a neuron is estimated in & way

‘that is analogous to the-collision test, but with both

-

> pulses (C and T) delivered via the same electrode. The

=
- v

delivery of a subthreshold C-pulse causes a local

°
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[N

disturbance in the membrane potential of the cell but does

- not trigger an action potential. Ify héwever, a T-pulse of

~.

equal .intensity ris delivered immediately after the C-pulqe,
~
the two subthreshold stimuli may summatq and cause the cell

to fire. This effect is called local potential summation

4

and decays as the C-T interval is increased. If a
_suprathreshold C-pulse is applied to the membrane, an action
' ) [

potential is triggered and this marks the beginning of the

absolute refracto}y period. During this se, a T-pulse
cannot trigger another action potent?%l in t

he refractory

L i
v

\ fibers‘regardiess of the amplitude of the pulse. The

absclute refractory pefiod is followed by the relative

-+

refractory period. During this time, the threshold for
. 7

firing is elevated and an action potential can be triggered -

by a T—pulse‘only if it is of greater intensity than is

required at resting potential.

. .

Early work on the refractory periods of self-stimulation
neurons emplo&ed one of the techniques developed by Deutsch
- (£964), which involves measuring bar-pressing rates as a

function of C-T interval. Yeomans (1975) has argued that

\

' because the relation between pulse frequency and response

r

rate is not 1inear, manifesting fioor and ceiling effects;
refractory period estimates obtained by'meesuring response

rates are debendent of the arbitrary choice of stimuletion

frequency. ?eomans propos’ed a technique which requires that

a full }ange of frequencies be tested at each C-T interval,

\ .
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thus yielding a family of frequency-response curves. A

L]

~ ~scaling procedure is then.employed which determines the ] '

amount of stimulation required to maeintain a cunstant level
]
of responding at different C~-T intervals. The rationale

behind this procedure rests on the assumptjon that at long

C-T intervals, both pulses will contribute equally to the
*behavior. However, at short C-T intervals, the T~pufse will
fall within the refractory period of some cells and will

fail to trigger action potenﬁials. In this case, action

- -~

“potentials lost to refractoriness must be replaced by

2
additional pulse pairs in order to meintain a constant

behaviaral output. .o ’ ]

v
'
T

The purpose of this second experimént will be to estimate

the,refractory'periodé of those reward-relevant fibers

undergoing co}lision in the first expériment. Using these )
estimates, it will be possible to estimate the conduction
velocity of these same fibers. By estimating the refractory
periods of the same_sitgs and with the same currents that .
were used for..the collision test, thé fibers whicﬁ are

stimulated in the two experiments are kept constant./ The

results of -this second experiment will therefore directly

+

tharacterize those reward-relevant fibers linking rostral

A A

mesencephalic and pontine sites. ' .



Method

Subjects ‘ .

The same. subjects were used as in experiment 1.

‘ N
Procedure

~

Whenever possible, refractary pefiods were estimated for
;%oth anterior,and posterior siteé. Refqactqry period
estimation consisted of single- and double-pulse frequency
threshold determinations. A session begen with two warm-up
single-pulse threéhold determinations. Eight additional
single-pulse thresholds were determined throughout the |
sessign, interspers%d amang Paired—pulse ffeauency
thresholds at 17 di}ferent C-T intervals.thgt ranged from
\\\ , ‘ | 0.2 to'10.0 msec. The data from a session were discarded if
the standard error of thé mean for single—ﬁulse thresholds
¢ veried by m;re than 10%. Refractory period tests were
replicated six'times for each site. The order 1n which
- ? different C—'@lntervals were tested was counterbalanced from

- J day to day.

In order to reduce the contributibn of local potential
4
- summation, refractory periods were, whenever possible,

estimated.using pulses of unequal amplitude (C>T) (see

0
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™ Yeomans, 1979). Although the use of C-pulses of greater

”gmﬁliyqde than T-pulsey results in poor definition of the

end of Cecovery, due to the presence of the sterno;qC}
n of

period, it has been shown to rrduce the contributio

.

local potential summation at short C-T intervals and

therefore allows a more precise estlmate of the end of the

\ -

absolute refrectory period of the most ex01tab1e neurons a
(seg Miliaressis and Rompré, 1980). In cases where F —
refractory periods were estimeted.using this technique A

(C>T), relative T-pulse effectiveness was estimated using

- i M
the formula of Bielajew et al. (1981): .
E=(FTgp /FT._{)- l/(FT }; /FTes )
L H
where E = relative T-pulse effectiéeness,k ‘

(™
f—
[T

lower of the two single-pulse frequency .

threshalds,

FTC_T = frequency threshold for a given C-T

interval,

~ o FTH = higher of the two single-pulse frequency

thresholds.

I

-]

In cases where refractory periods}could not be estimated
r using unequal pulses (due to the ani%al's reaction to the
high intensity of the C-pulse), refractory periods were

estimated using pulses of equal amplitude. Under these




. ¥} o " r :
’ . . e

* .conditions, SPL and SPH in the above formula are the same

and thus their ratio reduces to 1. This in turn reduces the
. ) N
above formula lo the one used for pulses of equal amplitude:

Y E=(FTgp/FTp_;)-1 ,

S

‘where ‘E = relative T-pulse effectiveness,
FTSP = average frequency threshold for single
pulses, —
FTC_T = frequency threshold for a given C-T

interval.

In the above formulas, the effectiveness of the T-pulse

in triggering neural responses is scaled relative to the

——~—l———_~————~——éﬂﬁee%iveness-eﬁ—%he—e-p&}seT¢—4£—%he-4-ga%se—ﬁidﬂﬁrwﬁﬁﬁdﬁf—————-—

the absolute refractory period of all the cells stimulated ——

\]

by the C-pulse, its effectiveness in triggering neural

f%sponseé will be 0. Under these conditions, paired-pulse
Ty stimulation will have the same behavioral weight as single-

pulse stimulation. AL‘Ldng'C-I intervals, all cells will

have recovered from refractoriness. The T-pulse will now

. contribute equally to the behavior as the C-pulse, and its
relative effectiveness will thus be 1. In this case, the
“ frequency threshold for paired pulses will be one-half that .

of single pulses.
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. Curve Fitting !

: S ) /
' N ' /
BN \— . -
~4 Using the Biomedical Data:Package (BMDP), a cufve-fitting

. . g
procedure was employed to non-arbitrarily determf%e the

*function which best represented the general trend of the =

, . refractory period data. The procedure fits tw%ee segmentg
to the data: an'exponentially decaying Funcﬁion to those
/
points characterizing local potential summaﬂion, a linear

) /
function extending from the lowest E~value/to the C-value at

/
which an asymptote is redched, and a horiZzontal linc which

1

~maintains this asymptotic value. " The cyéve—fitting
’ &

3 -~
procedure, PAR (Derivative-ﬁ$ee Nonlinéar Regression),

~

estimates the parameters of a noﬁling@r function by
Jcayculation of the residual sum of sauares. Estimation of
’ these parameters is based on Five/initial values supplied by
——”‘**‘”““—“‘thE‘EYUEF%méﬁtéf‘baSed on visual/inspection of thg curve: 1)
. the time constant of the decay ?) the y-intercept oé the >
exponential function, 3) the CZT interval corresponding to
the lowest E-value among the/ﬁata points, 4) the L-value at

which an asymptote is reachéd and 5) its corresponding C-T
, /

interval. Using these inftial estimates, and then ‘

»

. /
systematically varying them, the program calculates the
_" /

/
resultant residual sum/of squares. ﬁﬁgﬁ\ﬂg\§ignificent
/ ~~

change in the residuqi sum of sfuares is observed, the
/

program indicates thé parameter’s that yield the smullest
/

{

residual sum of squares. These parameters were then used to

fit the data. /
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'In some cases where pulses of Unéqual gmplitbde were used -

Y

to estimate refractory periods, the lack of local potential
. . summation prevented the fitting of an exponeﬂtially decayingd

function to those points before the rise. In these cases, a

straight line which yielded the smallest residual sum of

-

/’/ squares wos fit to those points at short C-T intervals.




r

Refractory period estimates were obtained for every
subject except Mé and M8. Subjeét M6& lbst a8 considerable
amount oflweight near the end of the first experiment, and
it was judged best to sacrifice the animal once enéugh T
replications of the collision curves were obtained. Subjecf
MB lost the electrode assembly at the end of the first
experihent. For five of the remaining six subjects,
refracto;y periods were estimated using pulses of unéqunl
amplitdde. For the remaining subject, MO, it was not':
poséiblelto use unequal pulses due fo undesirable side-
effects induced by the higher intensity of the C-pulse.
‘Figures 23 to 30 show the refractory périod curves obtained
for each subject. The left panel shows the site from which-
the estimates were obtained. The right paﬁ%l shows the (
refractory period curve that wés obtained from that site. .
The éurve fitted to the data is shown below individual

" graphs. The distortions in the fitted curvés result from

plotting linear-baséd graphs onto semi~-logaerithmic spabe.

Figure 23 shows the refractory Eeriod data obtained from
the posterior stimulation site gf subject MO0. Pulses of
egual amplitude wére used Ear estimating the refractory.
pfriod (C & T = 346 uA). The curve derived from this site
conforms well to the predicted phases of the excitability

cyéle'bf a stimulated bundle of axoﬂh. The initial decline

s

S
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Figure 23. | Refractory period-data obtained réo'm" the’

posterior, stimulation site of subject MO. -
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Fiqure 24. Refractory period data obtained from the §

anterior sfimulation‘gite of subject MO.
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Figure 25 shows the data for subject M4. Pulses of

A i .
unequal amplitude were used to estimate the refractory

4 Egzrioq of the ventral tegmental site (C = 732 uA, T = 516
. \\ :
uhA). Accordingly, there is nolevidence of local potential .

rd

summation at short C-T intervals and a supernormal period is

.

first evident at 4.0 msec. A supernormal gé}iod is

-~ -

some?imes observed when C-pulses that are larger than T-
pulses are used. Fibers contributing to the supernormal~
perioz are located odtéide of the suprathreshoid region of
the T-pulse. These ﬁipers.will be stimulated above
th;eshold by the C-pulse  and will fire again to fhe‘
subthreshold T-pdlse due to a state of hyperexcitability
immediatély following the end of the relative refractory

, perioq..‘The data from subject M4 could not be fit with =
curve comprising an exponentially decaying function
describing local potential summation: Those poinfs before
the rise were therefore fit with a straight line which
yielded the smallest residual sum of squares. The end of

the absolute refractory period'was estimated by the curve-

fitting procedure at 0.52 msec. v

The curve obtained from subject M1l is presénted in Figure
26. C-pulses of greater amplitude than T-pulses were used

to estimate the refractory period of the ventral tegmental

site (C = 599 uA, T = 402 uA). It was not possible to
1)
estimate the refractory period of the posterior stimulatfqn

v
-~

site of this subject due to aversive reactions induced by

/

{c
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Figure 25.7 Refractory period data obteined from the )
anterior stimulation site of -subject M4, T
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anterior stimulation site of subject Ml.
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the: C-pulse. The use of C-pulses of greater intensity than
T-pulseg eliminated the contripution of locdl aotential
summation, evidenced by Fhe flatness of the curve at C-T
interveals shorter than 0.6 mgsec. The curve-fitting
proéedure eétimated the end of the absolute refragto}y' 4
period at 0.60 msec. ‘

t

Figure 27 shows the refractory period curve obtained from
the Q;ntnal gray stimulation site of subject M7. Although
C-pulses were uéed that were larger than T-pulges (C = 402
uA, T = 300 uA), th;re-appears to be some residual - |
éontributio‘fcf local potential summation between the C-T
intervals of 0.2 and 0.6 msec. A supernormal beriéd ls
observed at 5.0 msec. The fitted curve estimated the end of
';the absolute refractory period of the most exci{able neurons

at O.éU msec. 2

Figure 28 shows the refractory period data for the
posterior laterél hypothalamic site of subject M7. The use
of C-pulses larger than T-pulses (C = 599  uA, T = 300 uA)
reduced the/;ontribution of .local potential summation. Th;s
portion of the curve was therefore fit w th the straight
line yiéfding the smallest residual sum/of squares. uThe‘

fitted curve estimated the end of the absolute refractory

period at 0.60 msec.




«

Fiqure 27. Refractory period data obtained from the

posterior stimulation site of subject M7."
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“fiqure 28. Refractory period déta obtained from the

anterior stimulation site of sub&eet M7,
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.{ Figure 29 shows the refractory period data obtained from
the ventral tegmental stimulation site of subjec& X2. For‘.
this subject, the refractory period estimate was- erroneously .
ebtained using T-pulses.that were larger than C-pulses (C =

542 uA, T = 769 uA). Because the T-pulse intensity used to

;estimate the refractory period was larger than the intensity

L3

~

uspﬂ for that same site during/tﬁe collision test, the
refraétory pe}iod curve coptains the contribution of neurons
thet did not contribute o the collision effect. .
Furthermore, reward-relevant fibers responsible for

collision were étimulated'gt man; times their thresholds

during the refractory pefiod test. This therefore results

in a shorter estimate of the beginning of recovery of the

most excitable fibers. - .The curve-fitting procedure

estimated the end of the absolute refractory period at 0.35

mseq- 1

The refractory period data optained from the ventral
tegmental site of éubjec} Bl i; presented in figure 30. C- /
pulé\r were used that were greatep in intensity than T
pulses (C = 346.uA, T =232 uA). JThe use of unequal p lses
did not completely eliminate the €ontribution of loc

-
potential summation as can be observed at C-T intervals
between 0.2 and 0.6 msec. A small supernormal‘period was
observed at 5.0 msec. The fitted chrve estimated the end of

the absolute refractory periocd at 0.53 msec. \



Figure 29. Reﬁraétory period data obteined frbm the

@

t
b Y

»

™~

-

anterior stimulat‘ion'si\te of subject X2.
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gﬁ . The refractory pgriod estimates obtained in this second
experiment have been combined with the apﬁropriate collision
curves in order to obtain an estimate of the conduction
velocity of’those fibers responéible for the collision
effect. 'Becauqe in some ceses refractory perigds were
. obtained for only one of the two stimulation sites, this
determined thch collision curve (anterior-posterior vs .
,posﬁerior-aéterior) was used in the éstimation of c;nddction
velocities. For subject.Ma, the inter-electrode distance
. -was measured direcily from the tips of the two electrodes
following removal of the electrode assembly dﬁring
perfusion., For the remaining subjects, the distance between
electrdode tips was estimated by locating the lesion at the
tip of each stimulating elgctrode on fresh coronal sections
and then using the Pythagorean theorem. All relevan£
-information pertaining to the derivation of conduction
velocities are presented in Table 1. Estimates of
\\conduqtion velocities for réward—relevant axons undefgoing
collision in the first expe?iment range from 3.96 to 14.00

A

m/sec.




Table 1 : : ,A\',

Estimates of Conduction Velocity fo;dt/
L Reward-Relevant Fibers Linking the Law alamus-
- . Ventral Tegmental Area an/Po Sites .
,‘ //—n . » M
I.D: Coll. Reffact. Conduct. Interelec. Conduct.,
- interval period time distance. velocity ‘
. AP PA jmsec) © . - (msec) (mm) (m/sec) . .
. h‘
MO 1.0 0.73. 0.27 3.78 14,00
. MO 1.0 _0’72 0.28 3.78 13.50
> M1(E) 0.8 0.60 0.20° * 2,42 12,10
M4(H) - 1.0 0452 © 0.48 1.95 4.06
_M4(r) 1.0 0.52 0.48 1.9 3.96
. -
° M7 1.0 0.60 ~0.40 4.36 10.90
\ N M7 1.0 0.60 0.40 4.36 10.90:
\\* X2 1.0 0.35 0.65 4,03 6.20
B1 0.53 © 0,47 " 3.90 8.30

© 1.0

e
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Refractory perlod estimates obtained in the present
experlment overlap w1th the range of estimates reported in
prev1ous studles (Rompré and Miliaressis, 1980; Shizgal et

1., 1980 BlelaJew and Shlzgal, 1982, 19863 Blelajew,
Lap01mtc, Kiss and Shlzgal 1982, Schenk and Shizgal, 1982;
Macmillan et al., 1985; Durlvage and Mlllaressis, 1987;

[
Rompré and Mlllar88818, 1987; Gratton‘and Wiae, 1988). For

mggt of the refractory perlod curves, the estlmates obtained
with thn curve- flttlng procedure correspond wedl w1th the
beglnnlng of,recovery that can be inferréd de visu. ‘Dnly in
one case,asubject‘M7 were the estlmetes derived w1th the
curve-fitting procedure shorter than the C-T 1nterval at
which recovery, based on visuul inspection, appears to '
begin. The relisbility of the estimates derived with the

curve-fitting procedure is supported first by the results of

previous experiments°and second, by the féct that the

{collision interval is equal to 1.0 msec. If the end of the

absolute refractory perlod of the most excitable flbers were
indeed. 1 0 msec, this would imply that the time required for
action potentials to travel from one electrode tip to the
other (4.36 mm) would be 0 msec. In addition, the
refractory periqd curves obtainedkat the rostral and CBUS;I
placements are characterized by a decline ;n'T-puisc"

effectiveness that follows the initial recovery. “This °

\
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unusual decrease in T-pulse effectiveness is likely to mask

the initial recovery.

The conduction velocity estimates obtained in this Second
experiment have a wide range, suggesting that reward-
relevant fibers linking rostral mesencephalic and pontine
areas are heterogeneous. Althodgh these estimate; are
faster than those reported in previous collision studies,
the four slowest estimates (M4 sites H and I, X2 and Bl1) c
fall within the previously reported range of 1-8.3 m/sec for
MFB reward-relevant fibers. In the case of subject X2, the
éstimates may be slightly biased. In effect, the refractory
periods were estimated with T-pulses thet were larger in
amplitude than Cfpulses. In such a cagé, there could be a
reduction or elimination of relative refractory period
contributions which could result in a shorter recovery of
the most excitable fibers. The 0.35 msec refractory period

estimate obtained with subject X2 might have resulted in an

underestimation the conduction velocity.

The use of the curve-fitting procedure has allowed us, to
a certain extent, to obtain non-arbitrary estimates of the
collision interval and the end of the ‘absolute refractory
period of the most excitable neurons. fhe decision as to
where recovery begins op colli'sion block eﬁds was therefore -
displaced from the experimenter's judgement to the .

parameters obteined from the curve—Fitfing pfocedure.

! ?
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However, the conduction velocilty egtimates are nevertheless .
biased in that the point chcseﬁ along the fitted line to
represent either the begining of recovery or the'end of the
collision block was dependent on arbitrary criteria. In
keeping with criteria used in previous collision studies in
which conduction velocities were also estimated (Shizéal et
‘alt; 1980; Bielajew and Shizgal, 1982, 1986; Dunivage and
Miliaressis, 1987; Gratton and Wise, 1988), oup criteria for
the end of either the collision block or the absolute
refractory period of the most excitable neurons was the
.longest C-T interval before the rise occurs in the

. respective curves. In estimating the end of the collision
block, had we used any point along the rise of the collision L
curve to represent the collision interval, conduction time
would have been judged to be longer; and the estimated
conduction velocities slower. For example, the use of the,
midway point between the lower gnd‘higher‘portion of the
collision curve would not be a wFak estimate of the
collision interval in view of the fact that the observed
collision interval in any given collision curve is
determined by'the C-T intervals that are‘tested. The end of
the collision block could therefore be though£ of as
occuring anywhere along the rising portion of the curve. In
the case of refractory periods,\if to estimate the.end of
the absolute refractory period of the most.excitéble
neurons, we had chosen any point along the rise in the

-

refractory period curve, the estimasted conduction time would

/
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have been shorter, and the resulting conduction velocity

estimates faster.

5

‘l
i

Conduction velocity estimates are Fufther biased due to
the assumption that is made about the trajectory of the
reward-relevant fibers linking the two stimul;tipn sites.
When estimating the distanée that neural signals triggered
at one stimulation site must travel in order to reach the
other stimulation site, the distance between electrode tips
is measured and it is assumed that reward-relevant fibers
undergoing collision link the %two brain sites by a str&ight
line. Although the collision technique does not allow us to
know the actual trajeclory of these fibers, it should be
rebognized that meandering trajectories would imply faster
conduction velocities than those obtained in the present
study. It should be noted that although thq procedure
employed in the present study for locati&g the electrode
tips allows us to be confident of their locations, greater
precision can be achieved by measuring the inter-electrode
distance straight from the electrode aSS?mbly.

oy

One point of interest is the observation that most of the
collision intervals occur at 1.0 msec eveﬁthough there are
differences in inter—electrode'distances across subjects.
Une:possible explanation is that the resolution in the

inter-pulse intervals employed in the present studykis not

sufficient to allow us to detect subtle differences‘in the

' d
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collision intervals. For example, the inter-electrode
distances for subjects MO, M7, X2 and Bl range f;om 3.78 to
a _4.36 mm; If we assume that the conduction velocity of the
~ rewardfrelevant neurons is B8 m/sec (see‘Bieiajew and
x . Shizgal, 1982), then the collision interval should. differ by
‘ leés than 0.07 msec, a difference too small to be detected

e

with the resolution used in the present study.

The inter-electrode distancg for subjectiMl was 2.42 mm,
that is, 1.36 mm less than the ahorkest distance measured
for tHe'previous subjects. Assuﬁing again a conduction
velocity of 8 m/sec, the caollision int;rvel should be ciose

to 0.83 msec; indeed, the collision interval of subject Ml

is 0.8 msec.

Sub ject M4 also had & collision interval of 1.0 msec.
. However, t ;s squect's‘inter:electrode distance was even
shorter, ahd inferred to be 1.9 mm. If thesg estimates are
correct, we then have to assume that collision in this case

igs due to reward-relevant neurons that have slower

conduction velocities. -

v
s
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General Discussion,

—

f _/ .
« The “results of thisqﬁ?udy provide anatomical and

physiological criteria which could be used to select, amSng
candidate neural pathways, those which bg?t fit .the.profile
of .the reward substrate. The candidate neural pqtqyay
should, first, travel between the lateral hypothalamus-
ventral tegmental area and the medial pohs. Second, it .
should be composed of neurons having absolute refractory
periods b%tween 0.35 and 0.73 msec and conduction velocities
that range from 3.96 to 14 m/sec. Some likely candidate
neural paﬁbways are reviewed below.

-

Descending pathways

-

in'a study tracing efferent projections of the ventral.
tegmental area and substantie nigra, Be;kstead, Domesick and
Nauta (1979) described descending fibers which originate in
the ventral tegmental area and extend to the ventral part of
the central gray and dorsal raphe nucieus, parébrachial
nuplei, locus coeruleug, and dorsolateral tégmental nucleus.
In a similar gludy, Hosoyg and Matsushita (1981) described
fibers that originate in the lateral hypothalamic area and
descend throddh the medial forébrain bundle to the ventral

tegmental area. A portion of these fibers were further

observed to project caudally, enter the central gray, and
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|
terminate densely in the dorsal raphe. Although efferent

projections from lateral hypothelamic areas to the central
gray-dorsal raphe region are well documented (e.g., Beitz,
1982; Villalobos and Ferssiwi, 1987; Veening, Te Lie,r‘
'"Posthuma, Geeraedts and Nieuwenhuys, 1987) and éeem to fit
the anatomical criteria established in the present study,
the physiology of these fibers has not been studied in

gsufficient detail to allow comparison of their physiological

characteristics to those established in the present study. -

Nauta and Domesick (1982) described the distribution of
descending components of the medial forebrain bundle; such
fibers are described to have origins wiéhin verious
.forebrain structures. Upon entering the ventral tecgmental
area, descending fibers were observed to bifurcate into a
lateral and a medial subdivision. The medial subdivision is ¥
of interest in the pggsent context, beceuse it travels
baudally to the interpeduncular nucleus, the median and
dorsal raphe, and other ventral regions of the central gray
such as the dorsolateral tegmental nucleus and;khe locus
coeruleus. In a recent electrophysiological study (Rompré
and Shizgal, 1986), it was shown that neurons originating 12
the medial septum, diagonal band of Broca and other
forebrain structures, send fibers through the mediAI
forebrain bundleithat descend at lzast as far ss the ventral

tegmental area. Furthermore, some of these cells were "

considered as likely mediators of the reward signal in that

"N
\
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-

they were found.to exhibit physiological characteristics
(i.e., refractory periods, conduction velocities) that were
comparable to criteria that have been established with

'

- behavioral methods. ’ .

-

These anatomical and physiologicael data would suggest
that some reward-relevant neurons linking the mésencephalon
and the medial pons.might be parf of a descending neural

paghray originatfné from the basal forebrain.

Ascending pathways

N

Ascending fibers have also been shown to link the dorsal

Y

raphe to sites within the medial forebrain‘bundle.
Phillipson (1978) showed that efferents from the dorsal T
raphe cqnstitdte one of the densest projections’to the

ventral tegme;tal area. Similar results w;re obtained by
Taber-Pierce, Foote and Hobson (1976). Takagi, Shiosaka,
Tohyama, Senba and Sakanaka (1980) proposed two ascending
components: one extending from the dorsal raphe to areas

between the anterior commissure and anterior hypothalamic
nucleus, and another from the dorsal raphe to areas between

"the ventromedial and posterior hypothalamic nuclei. These

~

authors also showed that ascending fibers from the °
dorsolateral tegmental nucleus ascend through the MFB.
'Alfhough these fibers travel from brain stem regions to the .

" MFB, it is not known, based on the description afforded by
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" these authors, if they directly link these caudal sites to
the ventral tegmenfal area. In é separate study, ascending
fibers with origins within the dorsolateral tegmental
‘nucieus,—dorsal'raphe, and caudal linear nucleus we§5~ﬂound
to -ascend through the MFB to the‘level of the most anterior
part of the dorsal hippocampus (Vertes, 1984). Agaih; the
trajgctory of the;e fibers was not described in sufficient

detsil to know if they link directly to the ventral

tegmental area.

Noradrenerqgic pathways

L.
é

"Early hypotheses involved a role for noradrenaline as a
mediator'of reward after it was observed that self-
stimulation could be obtained from sites near‘the locus
coeruleus or its major rostral efferent, the dorsal
tegmental bundle (see Crow, Spear and Arbuthnott, 1972;
Rifter and Stéin, 1973). Much of the available data are
correlational, ;owevefp and in;onclusive (see Wise, 1978).

A major catechol;mine system, however, known as the
tegmental Catecholgmine radiations and described by Lindvall
and Bjdrklund (1974), correapgﬁds well with the anatomical
constraings placed by our collision dats. The tegmental
catecholamine rediations are fed by the major ascending
noradrenérgic pathways originating in the brain stem such as

the dorsal tegmental bundle, central tegmentael trect and the

periventricular system. When passing from dorsal to ventral



124

'regions, these tegmental radiations are describgd to diverge
into a fanlike arrangement, in an aerea immediately gost;al
to the débussation of the superior cerebellar peduncles.
TQe‘radiating fibers are described to digérge into median,
medial and lateral components. ' The median flow of fibers
was traeced by these authors from the rostral.part of the

dorsal raphe, between the two medial iongituainal fasciculi,

to the region dorsal to the interpeduncular nucleus. , ;

s

Alfhough the ‘trajectory of the tegmental catecholamine
radiations cohforhs to the ana£0m1061 constraints placed by
the collision data, neuraphysiologfcal characteristics of
noradrenergic neurons are not compatfble with the criteria
established ip‘the'preéent study. First, the refractory
periods of noradrenérgic néhrons are longer thanOZ.O msec -
(Tak'igawa and\Mogenson, 1977; Guyenet, 1980), values too
long to account for tﬁe éising portion of the refractory‘
period curves. Noradrenergic neurons may, howeﬁer,
contribute to the late part of the refractor; period curve
(C-T > 2.0 msec). Stronger evidence against :a first-stage
role for noradrenergic neurons is that they ére fine and
uﬁmyelinated (Foote, Bioom and Aston—Jodes,\l983) and
consequently: have slower conduction velocities (0.4-0.86

m/sec) than those obtained in the present stuEy (Tek igawa

and Mogenson, 1977; Guyenet, 1980).
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Serotonerqic pathways .

A role for serotonergic neurons in &he mediation of brain
steﬁ reward was proposed following the observation that
self-stimulation could be obtained from the ddrsél and
median raphe, nuclei rich in serotonergic cell bodies (swce
Miliaressis, 1977). Parent, Descarries and Beaudet (15813
deécribed a major system oé ascending serotanergic ﬂ§bera,

) known as the transtegmental system, which conforms to the
andtomical boundaries set by'the presbnf study. This
serotonergic system was observed to originat;‘in the dorsal
raphe, and less.prominently form the median raphe. The
fibers of. this system were descriﬁed to course ventrally,
either medial to or through the medial longitddiﬁal
fasciCQIi, aﬁd penetrate the decussation of the superior
cerebellar peduncles. The;e serotonergic fibers were
observed to follow the trajectory of the tegmental )

catech;lamine raéiations, but“were mostly cox}ined té'the

median and medial components of the system. Transtegmental .

[vd ’

fibers were further observed to swsep rostrally through the_
. - ' i

ventrél-tegmentai decussation and enter the ventrel - a

tegmental ares.

[ ! 1

As,is the case with noradrenergic-fibers, neurophxsiolo-
gical characteristics of serotonergic fibers are not
compatible with the criteria estgblished in this study. The

. . . 7
Lt .refractory periods of serotonergic neurons are estimated to
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’ranée Frém 1.2 to 5.0 msec (ﬂang and Aghajanian, 1977).
Furtﬁérmore, only about 0.7% of “FB serotonergic neurons are
myelinated (Azmitia and Gannon, 1983). Although fast-
cohducting serotonergic fibe;s projéct from the raphe magnus
td the 9pinalycor? k3.l-6f0 m/sec) (Wessendorf, Proudfit and

" Anderson, 1981), the conduction'velocities of ascending
serotonergic neJ%oas have'been e%timatea tg‘range from 0.?
tof%.? m/sec (Wang and Agﬁajanian, 1977; Crunelli and Segal,
19827, Aslwith-the noradrenergic neurons, these
neurophysiological characteristics make it unlikely that

‘Berotoﬁergic.neurons constitute the directly stimulated

g

An important characteristic of the reward substraté;thgt

reward substrate. s

would help narrow the sélection of candidate pathways would

: ' : /
be knowlqygq ofs the normal direction of propagation of

o

action potentials within reward-relevant neurons linking the

{
ventralltegmental area with the pons. This can be achieved

with the hyperpolarization block technique developed by
Bielajew and Shizgal (1986). Using this technique, these
authors showed that at least sﬁme reward-relevant neurons

within the MFB conduct orthodromic action potentials in a

v

Tin

rostro-caudal direction. If, in future WO:;} application of

this techn}que to the areas's$udied in the present work

yleld similar results, this would provide support for the

notion that brain stem reward shares a common substrate with

" medial forebrain bundle reward. Indeed, the overlap in



k_estimgfes of‘refractcry periods and conduction velocities
seem tq suggest such cohtihuity. Moreover, the collision
1bata of subject M7 further strengthen(t%e idea of &

. \
continuous substrate.

° 4

A more direct way to test for continuity between the

1 B
o extend

substr;t? mepiating MFB aﬁd brain stem fewafd is t
thé present collision Findings'in a rogtr;] direction by -
testing for collision between ante}ior MFB sites and sites

; in the brain stem. Based on the resufts obtained from
subject MO, the c&lli;ipn data obtained in the preseﬁt-study/
could also be éxt;nded to caudal and lateral areas. Recall
that this subject's posterior electrode was located
appro#imafely 1.0 mm lateral to the midline. Replication of

g such a finding could be followed by application of the

collision t;st to postérior sipes'at diFfefent bilateral
distances from the midline butgwith the anterior electrode
implanted at a fixed location. Findings of sguch a study

would yield further information about the trajectory of .the

reward substrate in pontine regions.’

\\‘
\

»

’ \{hg results of the present study hgve extended our
knoﬂf@?ge about the neural circuitry }esponsible'for brain
stimulgigon reward. It was shown that reward-reievaqt‘
fibers directly link the lateral hypothalamus-ventral
tegmental area to sites in the—pons. Furthermore, these

fibers were shown to be fast-conducting and have refractory
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-7 - ‘ periods that ovérl'ap with estimates obtained from reward-
relevant fibers in_the MFB. These regsults bring us one step
forward towards the identification of the reward
substrate(s). ‘ ‘

] ¢ '
- —
n\ ‘
| ' _
S ~ . ,
7 ’
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B 500 ;' - 1000
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B - 402 402
‘AP ¢ ' 363 363
PA - c 269 363
M7 A "300 300
M8 A 809 199
’ B 732 402
c 516 402
: o e 402/,
E 444 382 .
F 444 ' 329
.G 444 313
H . 444 313
' : 1 444 313
3 444 7313
, K bt 313
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, L " 444 313
A
M 444 313
» Ne - 732 244
X2 A 542 516 -
B 542 491
; “Bl A 232 570
MO A 599 346



