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ABSTRACT

Effects of Inhibition of Membrane-Bound
Metal loendopeptidase (EC 3.4.24.11) on the Firing of
Neurones In the Substantlia Nlgra of the Rat
By
MICHAEL J. BIER

Adviser: Sherwln Wilk Ph.D., Professor of Pharmacology

The effect of Inhibitors of the membrane-bound
metal loendopept idase-24.11 (“enkephallnase’) on the
activity of electrophysicioglically ldentifliable
dopam!nerglc and non-dopaminergic neurones in the
substantia nlgra of the rat ls descrlbed. Only those cells
In which the stimulation evoked excltation C(alone or mixed
with Inhlbitlon) responded to the inhibitors. Infusion of
t umol of N-[1-(R,S)-carboxy- 2-phenylethyl!]l Phe-pAB
(CPAB>, | or 2 umol of N-[1-(R,S5)>- carboxy-3-phenylpropy!]
Phe-pAB (CPPAB) Into the lateral ventricle produced
signiflicant increases in the spontaneous activ!ity and short
latency evoked responses of non-dopaminergic and
dopaminergic cells. The increased firing freguency results
from Inhibltion of the enzyme as Infusion of
N-[(1-C¢R,S>-carboxy-2~ phenyl-ethyl] Leu-pAB (CPLAB>, an

inhlbltor astructuraily related to CPAB and CPPAB vet two



orders of magnitude less potent, was wlithout effect on the
scontaneous actlvity of nigral neurones. Enzyme lnhibltlon

was verifled through In vitro assay.

Inhilbitors were administered directly into the nigra
and strlatum In order to locallze the possible slte of
action of the CPAB l.c.v. effects. Perfusion of
approximateily 4% of the striatum wlth | uL of a 40
miilimolar solution of CPAB produces 60% of the response on
spontaneous activity of non-dopamlnergic and 30% of the
response of dopaminerglc cells obtalned following l.c.v.
adninistrat!ion of CPAB. Treatment of approx!mately 4% of
the strlatum with CPAB produces 25% of the evoked response
of dopaminerglic cells obtalned following CPAB i.c.v. It Is
concluded that the strlatum may be an important slte of
actlon in the generation of the increase in the spontaneous
actlvity of non-cdopam!nerglc and dopaminergic cells
follow!ing CPAB l.c.v. and may also contribute to, but can
not fully account for, the increase in the magnitude of the

evoked response of dopaminerglc cells.

The Increase in the spontanecus activity and magnitude
cf the evoked response of non-dopamlinerglc or dopaminerglc
cells following | umo! CPAB i.c.v. can not be accounted for
by Inhibitlon of the activity of endopeptldase-24.11 in the
substantia nigra alone. Application of 0.04 umo! CPAB (a

dose which was determined to yleld Inhlbition of enzyme
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activity nearly egulvalent to CPAB i.c.v.) Into the
substantja nigra had no signiflcant effect on the
spontaneous activity of nigral neurons., Signlflicant
increases in the magnitude of the evoked response of
non-dopaminergic (average increase 35%) but not
dopaminerglc cells was observed following Inhibition of the
activity of 24.11 In the substantia nlgra. Buf, the
Increase In the magnitude of the evoked response of the
non-dopaminergic cells could not account for the [ncreases

observed following CPAB [.c.v.

Increases in spontaneous and evoked activity of
dopam!lnerglc and non-dopaminerglic cells, followling
application of CPAB |.c.v., are dependent, in part, on
enhanced opliold peptlde (enkephalln and/or dynorphin)
activity in the striatum and substant!a nigra. In each
clrcumstance naloxone ( 1 mg/kg, i.v. or local Infusion of
0.002 nmol into the strlatum or substantia nigra)
significantly reduced CPAB l.c.v, induced increases In
activity with two exceptlons. Increases In the spontaneous
actlivity of dopaminergic celils followlng CPAB |.c.v. was
nct antagonlzed by applicatlion of naloxone |.v. or local

application Into the substantia nigra.

Application of 0.002 nmo! naloxone into the striatum
is able to antagonlze the CPAB i.c.v. lnduced increase In

the spontaneous firlng of dopamlnerglc cells while 0.002
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nmoi naloxone applled to the nigra or 1 mg/kg, {.v. 18
unable to antagonlze the effect of CPAB l.c.v. The effect
of CPAB [l.c.v. on the spontaneous actlvity of dopam!lnerglc
celis is therefore dependent on enhanced oplold peptide

activity Iln the striatum.

Appllication of 1 mg/kg, i.v. naloxone i3 able to
antagonize the effect of CPAB i.c.v. on the magnitude of
the evoked response of non-dopamlnerglc celis. Sustalned
oplolid peptide activity in elther the substantia nigra or
strlatum is sufficlient for expression of this effect In
non-dopamlnergic celis. Thls antagonlism (followlng
naloxone {.v.) can be accounted for by the actlion of
naloxone In the substantla nigra or strlatum. Appllication
of 1 mg/kg, i1.v. naioxone (s able to reverse the effect of
CPAB t.c.v. on the magnitude of the evoked response of
dopaminergic celis. This effect can not be accounted for
by the actlion of naloxone in the substantla nlgra or
Striatum alone. Enhanced oploid peptide actlvity In the
strlatum and nigra are necegsary for full expression of the

CPAB i.c.v. effect.
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INTRODUCTION

A. The Hvdrolvsls of the Enkephalins

In nervous tlssue two processes act to regulate the
duration of non-peptlde transmitter action; uptake and
Inactlvation via enzymatic degradation. Since there is no
evidence for speciflc uptake systems for the peptlide
transmitters, attention has focused on peptide degradation
as the primary regulatory mechanlsm of peptlde activity
followlng rejease. Much of the work which has been
performed on the metabol!sm of peptides has focused on the
lsolation and characterization of a group of enzymes that

metabolize the enkephallns.

Soon after the publication of the |sclation and
character|zation of the pentapeptides Met- and
Leu-enkephalin by Hughes and Kosterllitz In 1975 1t was
observed that these peptides are raplidly enzymaticalliy
degraded In vivo following Intrajuguliar InJectlion (Dupont
et al., 1977), perfusion of Met-enkephalin {nto the
cerebral ventricle and [n vitro In tissue homogenates
(Craves et al., 1978). This rapid metabolism of the
enkephal ins engendered the hypothesls that
enkephalin-specific enzymes might account for the rapida

speclflic hydrolysis of these peptides.



As of 1988 the study of the enzymes responsible for the
synthes|s and degradation of blological peptldes remains in
Its Infancy. Confuslon remains concernlng both the
identity of the enzyme or enzymes terminating the action of
speciflc peptides as well as the substrate speclficlty of
well characterlized enzymes. For example, there |s much
contention concerning the functlion of endopeptidase-24.11
In-vivo (Schwartz et al., 1985; Turner et al., 1986>. The
controversy over the In-vivo function of thl!s Iimportant
enzyme stems irom the Inltlal! findlng both In-vivo and
In-vitro that the enzyme degrades enkephalins while later
studles have clearily shown that the enzyme preferentially
cleaves substance P (Mauborgne et al., 1987; Matsas et al.,
1984; Hooper et al., 1985) and (ts distribution in the CNS
more closely parallels that of substance P than enkephalin
(Matsas et al., 1986). Early studies on
endopept idase-24.11 "enkephalinase® ascribed a ¥m of 41 nM
(Malfroy et al., 1978). Subsequently it was ascribed Km
values of 0.1 uM (Swerts et al., 1979b> and 33 uM (Patey et
al., 1981>. Further, various forms of the same enzyme
(with the same activity) have been given different names
(Gorenstein and Snyder 1980)>. One of the more vexing
problems has been the classification of the activity of
"enkephallinase® (which Is in most studles properly
attributable to the action of 24.11) as a dlpept!dy!

carboxypept [dase.



In preparations of synaptosomal membranes (Malfroy et
al., 1978>, CNS homogenates (Vogel and Aistein 1980), and
striatal slices (De La Baume et al., 1983) enkephalin |Is

cleaved primarily at two sites: the Tyr!-Gly® and Gly®-Phe'

bonds. Hydrolysls of the Tyr*-Gly® bond, releasing the
amlno terminal Tyr Is attributed to the action of
amlnopeptidases (Hersh, 1981; Gorensteln and Snyder,1980;
Vogel and Alsteln, 1980), whlle hydrolysis at the Gly®*-Phe*
bond has been varlously attributed to dipeptlidyl
carboxypeptldase action (Maifroy et al., 1978; Sulllvan et
al., 1978; Gorenstein and Snyder 1980; Schwartz et al.,
19815, origlnally believed to be anglotensin converting
enzyme (EC 3.4.15.1, peptldyl dlpeptidase) (Swerts et al.,
1979; Benuck and Marks, 1979)>. This bond s also cleaved
by endopeptldase actlon; speciflically a neutral
metalloendopeptidase (EC 3.4.24.11) "enkephallnase”
(Sulllvan et al 1978, 1980; Malfroy et al., 1978; Almenoff
et al., 1981; Blumberg et al., 1981; Fulcher et al., 1982).
Thils preoccupatlion wlth the hydrolysls of enkephalln has
misled some Investigators from considering a less
restricted range of activities for the enzymes they have
lsolated. This is especlally true of the enzyme cammonly
refered to as “enkephalinase"; metal loendopeptidase (EC

3.4.24.11).

A.1. Amingpeptidases



In 1981 Hersh ldentlfled two dlfferent aminopept!.dases
which have both membrane bound and soluble components which
he designated as M1 and M2. The two enzymes were primarily
distingulshed on the bas!s of thelr actlvity agalnst
synthetlic substrates and enkephalins. The fractlion called
M1 Is relatlively Insenslitive to Inhlbitlon by puromycin (Kl
1.0 mM> and exhibits low affinlty for enkephalin. The M2
fraction is potently inhiblted by puromycin (K1 1.0 uM) and
hydrolyzes enkephalins with a Km of 20-40 uM. There is,
however, confllcting data concerning the action of these
enzymes as De La Baume et al (1983) studied an
aminopeptldase which was sensitive to bestatin Inhlbltion
but not puromycin. De [La Baume suggested that the
Inablility of puromycin to Inhlblt the enzyme might be the
result of lnaccessiblllity of the inhlbltor to the enzyme.

A report by Hersh (1985) suggests that an amlnopeptldase
actlvity called M2, reieased by thlol treatment, Is highly
localized In the strlatum, hypothalamus and cortex of the
rat. These enzymes are largely soluble but have some
membrane-bound components (Hersh 198{,1985; Hortsthemke et
al., 1983; Gorensteln and Snyder, 1979>. 0On the whole, as
thelir distributions do not correlate well with localization
of speclflic peptides the aminopeptidases are thought to act
non-speclfically (Gorenstein and Snyder 1980; Sulllivan et

al 1978>.

A.2. Dipeptidy] Carboxvypeptidase and Angjotensin



Converting Enzyvme

Much research attentlon has centered on the

characterlzatlion of the enzyme which acts at the Gly>-Phe*

bond. Thls activity was first suggested to be a dipeptidy]
carboxypeptldase (Schwartz et al 1981, Schwairtz 1983,
Malfroy et at 1979). The possiblililty that the dlpeptlidyl
carboxypeptldase activity observed In vitro could be
attributed to anglotensin convertling enzyme was suggested
(Erdos et al.,, 1978, Benuck and Marks 1979). Gorenstein
and Snyder 1980 showed that the enzymes they characterized
as enkephallnase A and B were separable from anglotensin
converting enzyme via DEAE column chromatography. Largely
through the use of specific Inhilbltors the dlfferentlal
activity of *enkephalinase* and angiotensin converting
enzyme has been established. Sulllvan et al (1980)
demonstrated the independence of these enzymes on the basls
of dlfferent sensitivities of the enzymes to Inhiblition by
a snake venom nonapeptlide, chlcrlde dependence and
different activitlies |In phosphate buffers. The enkephalln
degrading activity was shown to be |nsensitive to Teprotlde
(SQ 20,881> and the potent antlhypertens!ve drug Captoprl]
(S0 14,225); both are Inhlbitors of anglotensin converting
enzyme (Swerts et al., 1979). Thus, the term
‘enkephalinase” has come to be assoclated with the

membrane-bound metal loendopeptidase,



In 1980 Roques et al. reported the synthesi|s of an
Inhibltor of "enkephallnase" called Thlorphan (
N-(DL-2-benzyl~3-mercapto- proplonyl)-glycine}. Thlorphan
has been reported to have no Inhiblitory actlon against the
activity of ACE (Roques et al., 1983, 1982). But thlorphan
ls non-selectlve as its Iinhlbitory potency agalinst ACE |s
wlithin two log units of endopeptidase-24.11 and could
therefore concelvably have |nhibitory action against ACE.
The enzyme which Is primarlly inhiblted by thlorphan Is
proposed to be a Zn-metalloenzyme since its Inhibltion by
1,10-phenanthrollne Is reversed by 2n*#* (Swerts et ai.,
1979>. This enzyme |s strongly Inhlblted by
phosphoramidon, metal chelating agents, and by thiols
(Gorensteln and Snyder 1979; Fournle-Zaluskl et al., 1979).

Thlorphan administered I.v. or |.c.v. was shown to
potentliate the analgeslc activity of D-Ala*-Met-enkephalln,
an am!nopeptidase resistant enkephalin analogue, when
adninistered L.c.v. by prolonging the the tall withdrawal
latency of mice (Roques et al,, 1980; Chipkin et al., 1982;
Yaksh and Harty 1982)>. The antinocliceptlive action of
thiorphan and bestatin have been shown to be separable.
Zhang et al. (1982) performed in-vivo Inhlblition studles
utllizing bestatln [(2S, 3R)1-3-amino-2-hydroxy-4-

phenylbutanoyl- L-leuclne), an amlinopeptlidase Inhibltor



which Is 1,000 times more potent than puromyclin In
Inhiblting the hydrolysls of Leu-enkephalln In striatal
s]lces (Challlet et al., 1983). Intracerebroventricular

adninlstration of bestatin falled to change strilatal

Met-enkephalin levels (as determined by radlolmmunoassay)
or to produce analgesla when measured by latency to Jump
off a hot plate, while thlorphan Increased the striatal
Met-enkephalin content 30% iIn 30 mlnutes. Zhang noted that
bestatin could potentlate the effects of thiorphan and he
concluded that the aminopeptldase had a higher Km than the
enkephal ln degradling enzyme and became pperatlve when the
extracellular content of the enkephallns reached an
appropriate level. Carenzl| et al. (1983) showed that only
concomltant |.c.v. administration of both Inhibitors
increased the threshold of pain as measured by hot plate
withdrawal In the presence and absence of exogenously
applied enkephalin. Only thiorphan was active |In
potentlating the effect of exogenously applled enkephalins
when the inhibltors were given 1.v. Constentin et al.
(1986) showed that the antlnociceptive action of the
inhibltors bestatln ana thlorphan were speciflic to the
tests belng performed. When administered together the
inhlblitors produced naloxone sensitive analgeslia |n
vocallzatlon, hot plate, and wrlth!lng tests but not to tall
wlthdrawal.‘hot plate-licking or tall fllck tests. These
results suggest amlnopept!dases and "enkephallnase® are

involved In dlfferent aspects of paln processing;: nelther



having a universal physliofoglcal role. Further,
nociception is a mult]pathway phenomena and any simple
correlation with a single peptlide or a single enzyme In the

expression of this behavioral event would not be expected.

Thlorphan was shown In-vitro to enhance the recovery
of potassjum stimulated Met-enkephalin released In rat
striatal silces while puromyclin (inhibltor of
amlnopept idases) and captopril (inhlbltor of ACE)> had
little effect on the recovery of the peptide (Patey et al.,
1981). Other experiments have shown, using the same
preparation, that complete recovery of enkephalin |s
achleved only following the application of both thlorphan
and bestatlin, Indicatlng that enkephalln released
synaptically s Inactivated by both enkephallnase and

aminopept!dase actlon (Schwartz et al., 1983),.

Kayser et al. (1984) studied the effects of a
systemically adminlstered derivative of thlorphan, ES52, on
the electrical activity of neurons {n the ventrobasal
thalamus In response to noxlous stimull. The rationale for
the study beilng that the ventrobasal thalamus functlons In
medlation of paln processes., They showed decreases in tall
Plnch "noxjious" stimulus response of 12713 neurons studled
following S mg/kg 1.v., ESS2. The time course of actlon of
the drug was 5 minutes to onset with maximal effect 15 to
20 mlnutes following administration. They observed a

reversal of the effect at 60 minutes., It Is of Interest



that naloxone reversed the effect of thls enkephal inase

inhibltor in only one half of the cells they examlned.

~A.4. Metalloendopeptidase-24,11

Blumberg et al). (1981) first suggested that the
cleavage at the Gly*-Phe“ bond was due to an endopept idage
attack rather than a dlpeptidyl! carboxypeptidase actlon.
Benzyloxycarbonylamino acld hydroxamate Inhlbltors were
prepared and the K, values determlined for "enkephallnase*
were compared wlth a known bacterlal metal loendopeptidase
thermolysin. Benzyloxycarbony) derivatives of leuclne,
phenylalanlne and D-phenylalanine with a free carboxyltic
group are weak Inhibltors of thermolysin (1-2 mM)> whereas
the hydroxamates are 1000 times more potent Inhibltors
(3-23 uM>. This also turned out to be true of the
*enkephal lnase” suggesting that "enkephal inase” may act

llke an endopeptidase.

The identlty of thls “enkephal inase® with the kidney
neutral endopeptlidase (EC 3.4.24.11), an enzyme flrst
isolated by Kerr and Kenny In 1974 from the brush border of
the rabblt kldney, has recently been establlshed. Thls
enzyme ldentity was establ ished through the use of speclfic
enzyme lnhibltors (Almenoff and Orlowskl 1983; Matsas
1984), Immunohlstochemical ldentiflicatlon (Almenoff and

Orlowsk] 1984; Matsas et al., 19686), and most Importantly
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through careful consideration of the substrate speclficlity
of the enzyme (Almenoff et al., 1981; Almenoff and Orlowskl
1983; Matsas et al., 1984; Mumford et al., 1981).

In 1981 Orlowsk! and Wilk Isolated and purifled a
membrane bound metalloendopeptidase from the bovline
pitultary. This enzyme directs Its speciflclity toward the
amino slide of hydrophoblc amino acld residues {n a manner
resembl ing thermolysin. They reported that this enzyme Is
also simllar to the neutral endopeptidase EC 3.4.24.14. In
1981 Almenoff, Wilk and Orlowsk]l reported that the purlflied
pltujtary enzyme cleaved the enkephallins, oxytocin,
bradykinin and neurotensin. They concluded that the enzyme
they had been worklng with was most llkely the enzyme
identlfled as the "enkephallnase" and that this enzyme did
not act as a dipeptidyl carboxypept!dase but Instead as an
endopeptldase, which preferentlally cleaves bonds on the
amino slde of hydrophoblc residues. The endopeptidase acts
llke a dipeptldyl carboxypeptlidame [ f the hydrophoblc
residue belng attacked Is in the penultimate position.
Studies using different substrates conflrmed the
endopeptldase activity of the enzyme (Matsas et al., 1984;
Hooper et al., 1985)., The specificity of the
metal loendopeptidase isolated from rabblt kldney, as
determined from the study of napthylamide substrates, Is
simllar to the speclficity of the metal loendopeptidase

isolated from bovine pituitary and rabbl!t braln. (Aimenoff
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and Orlowsk] 1983; Matsas et al., 1983; Aimenoff and

Orlowsk] 1984).

Many bloiogically active peptldes contaln Internal

hydrophobic residues and are therefore substrates for the

endopept idase-24.11. Studies using natural peptide
substrates demcnsatrate that the speclfliclity of the enzyme
is not directed primarl'y at the enkephallns. The |owest
reported Km values are for substance P and the specifliclty
of the enzyme Ias 3 fold higher for the tachyklinins than the

enkephal ins (Mumford et al., 1981; Matsas et al., 1984).

In 1983 Almenoff and Orlowsk|l reported the synthesis of
N-carboxymethy| derivatives of amino aclds contalning
p-amlnobenzoate which act as Inhlbltors of the
membrane-bound kidney neutral metalloendopeptidase. These
inhiblitors are quite speclific and are superlior to the other
Inhibltora of EC 24.11. for In vivo use (Matsas et al.
1984). Unllke the other commonly used Inhibitors of
endopeptidase-24.11, thlorphan and phosphoramidon, the
inhibitors used In this study selectively inhlbit only
endopeptidase-24.11 with no effect on peptlidy! dlpeptldase
activity (Fulcher et al., 1982; Matsas et al., 1984).
Thiorphan, which has been the most widely used lnhlbltor of
endopeptidase-24.11, 1s not as select]ve as Its inhibltory
potency agalnst anglotensin-converting enzyme (ACE;
peptidyldipeptide hydrolase, EC 3.4.15.1) i=s only two log

unhlts from that of endopeptlidase-24.11 (Roques et al.,
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1983). Anglotensin-converting enzyme Is present in high
concentration In the substantla nigra and Is abie to
hydrolyse substance P and enkephallin (Marks et al., 1980;
Strittmatter et al., 1984; Thiele et al., 1985,
Inhibltlon of ACE would therefore be expected to affect
both peptlide metabolism and electrical activity In the
nigra. The Inhlbitors used In thls study are also more
suitable for In-vivo use as they are more blologlcally
stable;: phosphoramidon |s susceptible to enzymatic
degradation whlle thlorphan |s susceptlble to oxldatlon at
Its sulfhydryl group (Fulcher et al., 19682; Matsas et al.,
1984). Thus, Inhibltors used In thls study avold effects
secondary to degradative products of the inhlblitors and

aspurlous enzyme inhibitlion.

A.S. Apnatomlc localization of 24,14

Early studies on the locatlon of “enkephalinase" In
the CNS tested the ldea that there may be a correlatlion
between the locatlon of enkephalins and oplate receptors
and the enzyme. The Initlal findings showed that
"enkephalinase" was Indeed found to be roughly locallized to
braln reglons which are rich In oplate receptors and
peptlides: the strlatum and hypothalamus (Malfroy et al.,
1979; Sulllvan et al., 1978). This enzyme was shown to
increase its actlvity In the striatum of mlce chronically

treated with morphlne (Malfroy et al., 1979),
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The distributlon of endopeptlidase-24.11 In the CNS has
been examined using enzyme assays on dissected areas
(Almenoff et al., 1981), autoradlography (Pollard et al.,

1978, 19B7a, 1987b; Waksman et al., 1986, 1987) and

Immunohistochemistry (Matsas et al., 1986). The enzyme was
shown to be an ectoenzyme (Kenny et al. 1983) which |=
hlghly heterogeneously distributed In the CNS with ts
highest actlvity and stalning In the striatum and
substantla nigra (Almenoff et al, 1981; Matsas et al.1986).
Matsas et a)l. (1986) alsoc showed In the plig strlatum that
the |lmmunohlstochemlcal stalning of 24.11 was highly
locallzed to strilosomes. Further, thls stainling was more
often assoclated with patches of substance P stainlng than
with patches of enkephalin. In the striatum the stalining
of 24.11 overlaps mu oploid binding sites but |s more
closely related to the distribution of the more dlffusely
distributed delta binding sites., Alternatively in the
substantla nigra the distribution of 24.11 was more highly
correlated wlth mu rather than delta sites (Waksman et al.,
1986>. Matsas aiso note that they observed very scant
labeling In the globus palllidus. This |s in contrast wlth
other studies In the rat which show very high stalning In
the globus pallldus (Waksman et al., 1986, 1987; Pollard et
al., 1987). Differences In staining may be accounted for
by specles varlation or dlfferences In methodology. There
Is agreement amon3 the studles In the rat showing a highly

heterogeneously distributed stalning of the enzyme wlth the
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most Intense stalning In the striatum, substantja nigra and
olfactory tubercle and scant stalning of the nucleus
accumbens, nucleus interpeduncularls, superlor colliculus,
hippocampus and entopeduncular nucleus. A recent study by
Pollard et al (1987) In the rat showed a contlinuous band of

24.11 immunoreactivity along the strlatonlgral pathway.

B. Basal Ganqglia: Apatomy

Eariy studies of the basal ganglla suggested that the
neurochemlcal clrcultry was organized In a relatlvely
s|mple manner. The strlatum recelves dopaminerglc
projectlons from the substantla nigra which affect
chollnergic and GABAerglic transmission (interneurons)
within the striatum. Chollnerglc, GABAerglc and
dopamlnerglc lnflunces shape the GABAergic efferent
transmiaslion of the striatum. The GABA flbers proJect from
the strlatum, globus palilidus Inner and outer segments, to
the substantla nigra; completing the "loop*". One Important
recent change in this scheme has been the identification of
densely stalning, highly heterogeneously locallzed
neuropeptldes In the strlatum, nigra and globus pallidus
(Graybie]l 1984). Speclal Interest has been focused on the
strliosomal stalning pattern of many of the transmitters In
the striatum (Grayblel 1984>, There has also recently been
the recognition, using advanced neurocanatomic tracing

methods, of the complexity and large number of
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Interconnections that exist between the basal ganglla and
areas such as the |imblc system (Nauta and Domesick, 1984).
More recently the entire notion of how information might be

proceased wlithln the nigro-striatal loop has come lnto

question with a new emphas!s on GABA’s role In permiss|ve,
feed forward, disinhibltory processes (which w!l] be
dlscussed below) through the nigra (Chevaller et al., 1985;
Gale and Casu 1981; Denlau and Chevaller 1985;
Schee )l -Kruger 1986). This |s opposed to the focus on the
nigro-striatal dopaminergic feedback on which many of the
mode!s concernling the neuropharmacologlical functloning of

the basal ganglla have been based (Groves 1983).

The striatum Is now recognized to be functlionally
spllt Into ventral and dorsal sectlons. The ventral portlion
includes ventral caudate-putamen, the nuclel accumbens
sept] and the adjolning olfactory tubercle (Helmer and
Wlison 1975). Thlis ventral strlatum provides a ]lnk
between the |Imbic system and basal ganglla. These
structures recelive afferents from sublcular cortex and
amygdala and projJect to a part of the substantia Innomlnata
that !s now recognlized to be an extension of the palllidum;
the ventral palllidum (Nauta and Domesick 1984). Efferents
of the ventral pallldum prolect to medlial dorsal nucleus of

the thalamus which In turn projects to prefrontal cortex.
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The existence of histochemically differentiated zones
within the striatum has, In recent years, changed the
simple view of the organization of the strlatum. In 1972
Olson et al. observed clustering of dopamine
histofluorescence |In the rat which he called dopamine
Islands. Pert et al. (1976 showed |slands of oplate
binding In the strlatum. Grayble] and Ragsdale (1978)
showed the dorsal striatum of cat, monkey and man ls highly
compartmentallzed Into zones of acetylchollnesterase-poor
staining 300 to 600 um wide which they called strlosomes.
The striosomes have subsequently been shown to correspond
to areas of hlgh enkephalln lmmunoreactlivity and are also
high In substance P, glutamic acld decarboxylase,
neurotensin, and dynorphln staining (Graybliel 1984;
Grayblel and Chesselet 1984; Goedert et al., 1983) and have
come to be called patches which stand out against the areas
rich |n acetyicholinesterase staining calted the matrix.
Opiate and muscarinic binding sites have also been
demonstrated to be organlzed around the strlosomes
(Herkenham and Pert 1981, Cortlcal and thalamlc
projections are organlized to elther avold (intralaminar
nuclel of the thalamus) or project directly to the
strlosomes (Grayble] 1983). Recent studies In the rat
(Donoghue and Herkenham 1985; Gerfin 1984) show patches
which recelve frontal cortical efferents and project to SNc
and matrix recelving motor and sensory cortical Input

projJecting to the SNr.
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Many of the studles on the striosomal organizat!ion of
the strlatum as well as the neurochemlical characterization
of the SN have been performed In the cat and monkey. Often

there are Important differences In the transmltter staining

between cat, rat and monkey. These dlfferences are noted

below.

B.1.b. Striatum : Cytology

The cells of the striatum have been class|fled
according to slze of the soma and appearance of neuronal
processes with speclial emphasis on the dendrlitic spines.
The most useful classification scheme |s that of Pastk et
al. (1979). His study |!s bamsed on examlnatlon of the monkey
striatum but can be generallzed to the rat (Helmer et al.,
19855,

Paslk distingulshes six major cel!l types; medium sized
(10 - 20 um) spiny type 1, medium sized spiny type II,
medium to small (10 - 20 um) asplny type I , large (30-60
um? aspiny type I, small (10 um? asplny type 1IIl and a
very small neuron which may be neuroglla. The medlum splny
type ] comprises the bulk {(up to 96%) of the neurons In the
striatum. These cells are long axoned with 4 to 8
dendrites which extend 200 - 300 um from the soma. The
primary dendrites and inltlal part of the mecondary
dendrites are spine free with dense splnes occurrling more

distally giving these cells a bottle brush appearance
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(Dimova et al., 1980). These cells have been retrogradely
labeied from the SN and globus pallldus (Grofova 1975;
Preston et al., 1980>. Immunocytochemical studies have
demonstrated these celle to be the principal GABAerglc
projectlon neurons to the SN. The splny type 11 comprlse
1% of the strlata) population. This cell has a iong axon
and has |ess numerous dendritic splnes with spines on the
soma (a feature absent on spiny type I neurons). The
tranamltter of this cell has not been established with
certainty but It may be tachykinin (Groves 1983>. The
aspiny type I cell |s short axoned and comprlises perhaps 1%
of the strjatal population. This cel] glves rise to
dendrites 150 um In length. Immunocytochemical evidence
Indicates this cell may be the Intrinsic GABAerglc neuron
of the strlatum (Ribak et al., 1979). The aspiny type II
also represents around 1% of the striatai populatlion. The
dendrites extend up to 250 um with short axon. The
neurotransmitter assoclated with thls neuron Is thought to

be acetylchollne (Bolam et al., 1984).

B.l.c, Striatum : Afferent Connections

Striatal afferents arise from at least flve well
characterized sources: cerebral cortex, substantia nigra
(compacta and reticulata), thalamus (Ilntralamlnar nuclel),
raphe and Jocus coeruleus., The anatomy of the

corticostrliate and nigrostrlatal projJections will be
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dlscussed here |In some detalil while other pathways will be

dlscussed as necessary In the text.

B.1.c.i. Corticostriatal

The striatum of the rat recelves afferent input from
the cerebral cortex (layer V). The proJection In the rat
appears to have a general topographic organization with
practlically all parts of the cortex projecting to
Immedlateiy adjacent parts of the striatum (Donoghue and
Herkenham 1985). There are of course many features of the
projection which compllcate any notlion of a simple
organization. For example prefrontal cortex projects
throughout the entire extent of the striatum and
assoclatlon cortex has a complex speclflic projectlon
pattern (Donoghue and Herkenham 1985; Veenlng et al.,
1980>. The corticostrlatal projection flbers apparently
terminate on the spines and most dlstal aspect of the
dendriltes of the medium spiny type I neurons and on the
spines of spiny type II neurons (Kltal 1981; Somogy!| et
al., 1981)>. There Is evidence that this (nput Is
excltatory and uses glutamate as ts transmitter (Fonnum et
al., 1981; Kltal 1981>. Different histochemical stainings
have further revealed that the cortical projections

termlnate In speclific patch |lke patterns (Gerfln 1984),.

B.l.c,1]1., Niaroastriatal
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This pathway arlseses largely from the medium slzed
dopamlnerglc neurons of the ipsilateral SNc¢ (Hokfelt and
Ungerstedt 1969; Lindvall and BJorklund 1974; Loughlin and
Fallion 1982>. There s a small contralateral proJection
from the substantia nigra (Loughiln and Fallon 1982). The
Ilpsliateral pathway |s 95% dopaminerglic and arises from two
types of neurons. One type suppllies collaterals to the SNc
and SNr whlie the other does not (Preston et al., 1981).
Not all nlgrostrlatal flbers are dopaminergic. Retrograde
HRP and histofluorescence studles have revealed a
population of celis in the ventromedial caudal SNr which
proJect to the striatum but do not stain for tyrosine
hydroxylase <(Faull and Mehler 1978). The nigrostrlatal
pathway terminates In the strlatum In an orderly
topographlc fashlon. Medially placed nigral neurons
project to the medlial, ventral and anterlor striatum,.
Laterally placed cells proJect lateral and posterlor.

There is also an anterlor-posterior topography as the
ventrally placed pyramidal shaped dopamlnergic cells
project dorsally and the more dorsally placed celils project
ventrally In the striatum (Lindvall and BlJorklund 1974).

The flne unmylenated dopaminerglic axons make eifther
diffuse, collaterallized endings |n the striatum or highly
fluorescent terminals known as dopaminergic lslands (Clson
et al., 1972). The terminals formed In the striatum are of
two basic types. First there are large asymmetrical

synapsea made on the spines of strliatal cells and the
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second type are small en-passant symmetric terminals with
several postaynaptic elements (Pickel et al., 1979; Freund
et al., 1984). Both of these types of synapses appear on
both GABAerglc and chollinergic cells In the strliatum. The
pre-synaptic action of dopamine on cells In the SNc Iis
apparently Inhlbitory (Aghajanian and Bunney 1973) while
the post synaptlic actlion In the strlatum has been shown, in
varlous preparations in a wide varlety of experimental
condlitions to be both Inhibltory and excltatory. For
example evidence for the excltatory actlion of dopamine
atems largely from electrophysiologlc studles which show
epsp and lpsp sequences In the strlatum followling
stimulation of the SNc (Frigyesi and Purpura 1967; Hull et
al., 1970; Kital et al., 1976>. Evidence for the
Inhilbltory nature of dopamline In the striatum stems largely
from lontophoretic application of dopamline which iIs aimost

universally lInhlbltory (Connor 1970; Groves et al., 1975).

B.1.d, Strilatum : Efferents

The efferents of the strlatum will be dlscussed below

under afferents of the substantia nigra.

B.2.a. Substantia Nigra : Cvtology

The substantia nlgra, a large well deflned nucleus in

the mesencephalon, lles dorsal and parallel to the crus



22

cerebr! and extends the length of the midbraln. Three
zoned of the SN are commonly cescognized: The pars compacta
SNc, the pars reticulata SNr and thz pars lateralis SNI.
Three general types of neurons have been ldentlfled In the
substantla nigra and class!ifled accordling to slze and
locatlon (Guiley and Wood 19713 Juraska et al., 1977;
Hanaway et al., 1970; Grofova et al., 1982). Large to
medlum slzed oval or elongated neurons 25 to 40 um |n
dlameter are found scattered In the SNr (and lateralis),.
These neurons glve rise to the efferents of the SNr; the
majority are nlgrothalamlic and nigrotectal. These neurons
have thick, sparsely branched dendrites and extensive
dendriti|c flelds. Medium slzed oval or multipolar neurons
15 to 20 um in dlameter are found largely in the SNc and
are thought to be the dopaminergic efferents. These ceils
may be further characterized by their retat|vely sparse
dendritic arborizatlon radlating laterally, medially and
dorsaily which remaln within the compacta. These cells
also emlt one or two dendrites ventrally or ventrolaterally
into the SNr. These thick dendrlites are highly branched
with secondary and tertlary dendrites (Tepper et al.,
1987>. Medlium to large sized dopaminergic cells are also
found scattered In the caudal and ventrolateral part of the
SNr (BJorklund and Lindvall 1975; Moore and Bloom 1978).
Small cells 8 to 12 um In diameter with short axons are

scattered through the SNc and SNr. These neurons have thin
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short dendrites which have no preferertial orientatlion

(Tepper et al., 1987).

The substantla nigra of the rat may be roughly sald to

be organjzed into three dorsoventral layers based on

dendritic organization. The superlor layer Is the cellular
pars compacta which Is one to ten cells thick. Much of the
dendritlc arborization of these neurons remains within the
compacta except for a few large dendrites that are directed
ventrally Into the SNr (Tepper et al., 1987). Early
studies showed that the dendrlites which extend Into the SNr
were highly varicose and [t was suggested that these
varicosltles may reflect the morphological substrate for
dendritlc release of dopamlne which has been demonstrated
In varlous neurochemical studles (BJorklund and Llindvall
1975; Groves et al., 1975). Whether this extensive
varicomity revealed using histofluorescence represents
actual morphological structure or reglions of hlgh
accumuiation of dopamine or of histofluorescence reactlon
product has come [nto question as recent HRP studles have
revealed much less varicos|ty than previously shown (Tepper
et ai., 1987). The second layer |s the dorsomedial area or
the SNr where both SNc and SNr dendrltes run rostrocaudally
and dorsoventrally. The third layer |s the perlpeduncular
reglon where dendrites from all areas run paralle] to the
crus cerebri. One important feature of the SNr is the

extenslve axon coillateralization of the medium sized ancd
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targe neurons. The branching of these cells extends well
beyond the dendritic fleld of the parent cell. These axon
collaterals of the SNr cells have numerous dllatlons or
varlcosities suggestive of presynaptic terminals (Grofova
et al., 1982). This organization suggests that they are
involved In complex integration processes., Recent
intracellular electrophyslologlc study shows that
activation of the thalamus or superlor colliculus yields
Ipsp’s in the SNr which are consistent with monosynaptic
Inhlbltory responses generated by antidromic actlvation of
the collaterals of the SNr; these responses are found |n
cells other than those In which antldromic splkes are
recorded (Deniau et al., 1982). 1In 1980 Karabelas and
Purpura demonstrated using Intracellular recording and HRP
stalning, the existence of Inhlblitory autapic synapses In

the SNr of the cat.

Electron microscoplc studles have revealed several
different types of synaptlc contacts within the substantlia
nigra. The most common type, thought to be strlatonigral
afferents of the strlatum, are symmetrical axosomatlc or
proximal axcdendritic synapses (Bak et al., 1975).
Pallidonlgral afferents also make symmetrical axodendritlic
and axosomatic synapses (Hattorl et al., 1975).
Dopamlnerglc cells of the SNc are thought to be In
dendrodendritlic contact (Wlison et al., 1977) wl!th each

other and with terminals of strlatonigral or pajlidonigral
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neurons (dendroaxonlc) (McGeer et al., 1979). There |I=s
evidence that these cells may be electrotonically coupled
(Grace and Bunney 1983 a,b,¢). Luclfer yellow inJected

into a singie dopaminerglc cell has been demonstrated to

cross junctions and label multiple cells; somatic and
dendritlic coupling of 2 to S cells was seen by Grace and
Bunney (1983c). They suggest that such couplling may result
in a regeneratjve re-excltatory loop of excitatlon withln
select groups of dopamlnerglc cells which could lead to a
large amount of dopamine released wlthin select projection
areas. The appearance of some of the dopamlnergic Input
Into the strlatum as *“islands of fluorescence" could
represent a locallzed Input from these coupled cells. The
majorlty of strlatal afferents to the substantia nigra
terminate ventrally within the SNr (Hattorl et al., 1975;
Gerfen 1985), and affecents from the globus pallldus
termlnate preferentjally In the SNc (Hattor! et al., 1975).
A recent report showed that the majority of synapses onto
dopaminergic neurons are located on the proximal dendrites
wlth long stretches of distal dendrite extendlng ventrally
Into the SNr relatlvely devold of synaptic contact (Grofova

et al., 1986).

B.2.b. Substantja Nigra : Affecrept Connectlons

B.2.b.1., Strlatonigral
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The most extensively documented afferent of the
substantla nigra Is the strionligral projection. That the
striatum projects lipsilaterally to the substantl!a nigra
from med|um sized spiny neurons has been demonstrated by
retrograde transport of horseradish peroxldase (Preston et
al., 1980; Bunney and AghalJanlan 1976), degenerat!ion
following lesions of the strlonlgral pathway and
anterograde transport of ?H-Leuc!ne (Nagy et al., 1978),
These strlatal projection neurons also recelve direct
projJections from the cortex, and make local synaptlc
contacts within the strlatum itself (Somogy! et al., 1981).
Thease afferents make symmetric axosomatic and axodendrltlc
synapses as well as asymmetrlic axospinous synapses
predominantly on the nondopaminergic cells In the SNr
(Somogy! and Smlith 1979). This projecton wll! be dlscussed

below in more detall.

B.2.b.11, Pallidonigral

There |s much experimental evidence in support of a
palllidonigral projJection In the rat (Gerfen et al., 1982).
This projJection arises from the medium sized asplnous
neurons of the globus pallidus and terminatees In the
doras] part of the SNr and through the SNc. The
tranamitter used in this proJectlon has not been
estab) ished although GABA is thought to be the most |lkely
candidate (Ribak et al., 1980) and substance P has as well

been suggested (Kanazawa et al., 1977).
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B.2.b.111, Corticoniagral

The corticonigral projJection has been demonstrated

following retrograde horserad!sh perox!dase transport from
the SNr to the Ips|lateral prefrontal cortex (Bunney and

Aghajanlan 1976). Many other areas of the cortex may pass
through the nigra on the way to other terminations (Dray
1980>. This pathway has not been characterlized

electrophysiologlically or pharmacologlically.

The subthalamic and pedunculopontine pathway wlll be

discussed below.

C. Strionlgral Transmltters

C.i1.a, Substance P and GABA : Apnatomy

The highest density of substance P-1lke
immunoreactlvity (SPLI)> In the CNS Is found in a network of
terminals in the zona reticutata of the nigra; these
terminals are most |llkely of striatal origin (Hong et al.,
1977). It |l=s of Interest that this SPLI is tightly
assoclated with endopeptidase-24.11. On the macroscopic
level SPLI and endopeptlidase-24.11 staining in the striatum
are striosomal. On the microscoplc level SPLI and 24.11
co-locallze |n neuronal cell bodles and termlnal boutons

(Matmas et al., 1986).
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The SNr contalns the highest concentration of GABA in
the rat braln. GABA In the SNr |s located both on
terminals and cell bodles (Brownstein et al., 1977;: Ribak
et al., 1980). Both substance P (Brownsteln et al., 1977;
Cuello and Kanazawa 1978; Hong et al., 1977; Kohno et al.,
1984; McLean et al., 1985) and GABAergic (Bolam et al.,
1981; Grofova 1975; Jesse] 1978; Stalnes et al., 1980)
proJections arlise from medlum slzed spiny neurons |n the
lpsilateral striatum. Substance P has been shown to be
synthesized In the strlatum (Brownstein et al., 1977; Sperk
and Sinaer 1982) and transported to substantla nigra via
axonal transport (Krause et al., 1984). GABAergic
proJectlon is thought to arlse from the spiny type [
neurons while the substance P pathway |s thought to arise

from the splny type II populatlion (Groves 1982)

There 1s a poor correlatlon between substance P
immunoreactive terminals and substance P receptor density
in the substantia nigra (Rothman et al., 1984). Recently
the tachykinln substance kK was shown to project to the
substantia nigra In a fashion analogous to substance P (Lee
et al., 1986). Substance X has a high dens!ity of binding

s|tes in the SNc of the rat (Mantvyh et al., 1984).

C.,1.b, Enkephalln : Anatomy

There |s a well characterlzed enkephalinergic

proJection to the substantla nlgra from the strlatum In the
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cat and monkey. In the rat thls projection Is
controversial. In 1977 Hong et al. showed, using
radiolmmunoassay agalnst Met-enkephalln, that the striatum

of the rat was very heavily labeled. Using
Immunoh istochem]cal methods Sar et al. showed in 1978 that

cell bodles |n the striatum and terminals in the substantia
nigra of the rat stained for both Met- and Leu-enkephalin.
In 1980 Pickel et al., using PAP-lﬁmunoh!stochemlcal
methods, showed uneven distribution of Met- and
Leu-enkephalln in the striatum of the rat; greatest
concentrat|/on In the ventro- and caudo-lateral portlons.
They also showed staining was locallzed on medium spiny
proJection neurons. In 1981 Finley et al. showed, using
Immunohistochemistry, that the densest terminal staining
for Leu- or Met-enkephalln was iIn the giobus pallldus and
SNc with very littie stalining In the SNr of the rat. This
is in contrast to the pattern of stalning In the cat and
monkey which have moderate enkephallin stalining in the SNc
and SNr. These dlfferences may be Important when
considering interpetation of exper!ments on the physlologic
effects of the peptides and the consequences of the
inhibitlon of 24.11 In the rat. Many of the !mportant
models of the function of the strionigral locp are based on
exper |ments performed In the cat and thus are not directiy
applicable without modi!fication to the rat. Certaln

dl fferences or varlance with the models establ ished

(expected resyits) may be attrlbuted to the differences In
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the neurotransmitter prof!le between the specles. In 1982
Difiglla et al., using PAP-Immunohistochem!|stry, examined
Met-enkephalin {n the striatum of the cat on the electron
microscoplc level. She found staining In some of the
medium sized spiny type I proJection neurons. Electron
microscoplic study by Pasilk et al. (1976) revealed that the
majorlty of all synaptlc contacts examlined In the caudate
of the monkey are axosplnous and most of the presynaptic
elements belong to afferent axons. Difiglia showed boutons
which were enkephalln positive which synapsed with soma,
proximal dendrite=s and shafts of distal dendrites. It |s
poassible that the enkephalin positive neurons are
modulating the afferent (possibly cortical) Input Into the
spines. There |s some electrophysiologlc evidence to
support this as Met-enkephalin inhlbits cortically evoked
responses n the striatum (Fry and Zleglgansberger 1979).

As up to 96% of the striatal projectlion to the
substantla nigra Is thought to be GABAerglic (Oertel and
Mugnainl 1983) the possibllity of the co-localizatlon of
enkephalins and GABA has been ralsed (Zahm et al., 1985;
Aronin et al., 19684; Morelll et al., 1983; QOertel et al.,
1983). This suggestion has been supported by a recent
study whlch showed co-locallzatjon of stalning for glutamlic
acld decarboxylase and enkephalln on the 1lght microscope
level In the rat striatum (Aronin et al., 1984>. A more
recent study by Paslk et ai. (1987) on the electron

microscoplic leve]l in the monkey showed co-localizatlon



31

using double labeling with a polyclonal rabblt ant|-GABA
and monocional mouse antl enkephalin. This study suggests
that GABA and enkephalln may coex!st In striatal spiny type

I neurons. In the same paper they showed another purely
GABA posltive neuron In the striatum which resembles the

a-spiny I neuron. They suggest this purely GABAergic cell

functlions as an Inhiblitory Interneuron in the striatum.

C.i.c., Dvynorphin ¢ Apatomy

More recently a third pathway, arlsing from the medium
sized spiny neurons, has been ldentlfied. This pathway
contains proenkephalin B (prodynorphin) products; dynorphlin
A and B, alpha-neocendorphin and beta-neoendorphin (Vincent
et al., 1982; Palkovits et al., 1984; Zamir et al., 1984).
The peptides dynorphin A and B, alpha- and
beta-neoendorphln as well as Jower molecular welght members
of the dynorphin family, dynorphin 1-8 and leu-enkephalln
are found iIn hlgh concentration In the substantia nigra of
the rat (Zamir et al., 1984; Christensson-Nylander et al.,
1986; Vincent et al., 1982). Recently it has been
suggested that the strionligral dynorphin pathway may be the
source of the Leu-enkephalln staining seen In the
substantlia nigra (Zamlir et al., 1984)>. Dynorphin staining
has been demonstrated In the soma of striatal neurons and
terminals In the SNr (Fallon et al., 1985; Vincent et atl.,
1982). Leslons of the Internal capsule recuce the

Immunoreactivity of alpha neoendorph!n dynorphlin B and
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Leu-enkephalin but not Met-enkephalln |In the substantia
nigra (Paikovitz et al., 1984; Zamir et al., 1984),

Varlous experiments Includling leslioning (Zamir et al.,
1984; McLean et al., 1985), |botenic acld InjJections Into
the striatum (Vincent et al., 1982; Christensson-~Nylander
1986) suggest that the majority of the strlatonligral
dynorphln projJectlion arises from the rostral part of the
striatum. Processing of proenkephallin A should, in theory,
vleld a ratio of 4 Met- to | Leu-enkephalin. This lws [n
contrast to the 1:2 ratlo found In the substantla nigra
(Zamir et al., 1984). Both Zamir and Chrlstensson-Nylander
have demonstrated that iesions which decrease the
lmmunoreactlvity of dynorphin In the SNc also decrease the
stalning for Leu-enkephalin. The source of the

Met-enkephalln flber satalning In the SNc remalns uncertaln.

C.2.a, Neurotensin : Anatomvy and Phvalology

Immunohlstochemical analysls of neurotensin In the
striatum of the rat reveals a patchy distributlion of flber
staining (Jennes et al., 1982). These patches of
neurotensin staining coincide wlith patches of oplate
receptor binding (Herkenham and Pert 1981). But,
neurotensin receptors In the rat are not localized In the
patches and are found In the acetyicholinesterase rlch
neurotens!in poor matrix (Goedert et ai., 1984a). Goedert
et al. also show a large number of neurotensin blnding

Sites in the strlatum are on Intrinsic neurons as kalnlc
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acld leslonlng of the strlatum decreases neurotensin
binding 50 to 60%. Some neurotensin receptors In the
striatum are concentrated on presynaptlic dopamlnerglic

terminals (Quirion et al.,., 1985).

Neurotensin receptors are concentrated in the SNc of
the rat (Quirlon et al., 1985). Infuslion of
6-hydroxydopamine |Into the SNc of the rat decreases
neurotensin binding In the SN¢ (Palacios and Kuhar 1981)
and strlatum (Goedert et al., 1984b).

Neurotensin may act to facliltate the action of
dopamine In the strlatum and nlgra. Infusion of
neurotensin )l.c.v. lncreases the turnover of dopamine as
asaessed by the Increase In HVA In the striatum of the rat
(Nemeroff et al., 1983), Infuslion of 2 to 5 ug directly
into the SNc of the rat |ncreased the recovery of strlatal
dopamine, HVA and DOPAC.

Neurotens]n has also been shown to depolarlze
dopaminergic cells In the rat slijice (Plnnock 1985).
Neurotenslin depolarized 10/19 cells tested in a dose
dependent manner with a threshold dose of 0.01 to 0.03 u
and maxlinal responses at 1.0 to 3.0 uM. The responses wvere
slow to develop, 0.5 to 1.5 minutes, and sustained In
duration S to 20 mlnutes. Pinnock (1985) also examlned
changes in the splke frequency of dopaminerglic cells !n
response to local Infuslion of neurotensin and found
increased spike rates. Cells which were sllent could atlso

be Induced to flre.
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c.2.b, Somatostatip : Anatomv and Phyvsiclogy

Somatostatin levels are relatively high in the
striatum, and low In the substantia nigra of the rat with
label ing restricted to the lateralis of the nigra (Reub|
and Maurler 1985; Beal et al., 1983). Lesion studles
Indicate that much of the strlatal somatostatin |s present
In Intrinsic neurons (Beal et al., 1985).
Immunohistochemlical staining of the rat striatum reveals
labeling on the medium sized asplny neurons (Diflglia et
al.,1982>. These neurons which stain for somatostatin are
not the same cells which stain for acetyicholinesterase
(Vincent et al., 1983) and are present Iin the matrix
(Grayble! 1984>. Kalnlc acld leslonlng of the striatum of
the rat reduces somatostatin stalning by 40% (Arak! et al.,
1985).

Intrastrlatal infusion of somatostatin lncreases the
turnover of dopamine (Beal and Martlin 1984)>. In the rat
strlatal slice somatostatin Increases the spontaneous and

potassium evoked release of dopamlne (Starr 1982).

c.2.c. Cholecystokinln : Apatomy and Phyvsiology

In the cat the SNc contalns the highest proportions of
dopamine-CCK coexlistence (Hokfelt et al., 1980). In the
rat most dopamine cells in the rostral part of the SNc

contajn CCK-1lke immunoreactivity, but the peptide |8
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present In fewer cells In the caudal part of this zone
(Vanderhagen 1981),
Cholecystokinin may act to facllitate the actlon of

dopamine In those cells In whlch dopamlne and CCK are
co-localjized (Hommer et al., 1986), There |s evidence to

support the |dea that CCK may have two different actlons on
target cells. The sulfated form of CCK appears to have
direct excltatory actlon on dopamlﬂerqlc celis whlle both
sulfated and non-sulfated forms facilltate the Inhibltory
actlons of dopamine in the nigra of the rat (Hommer and

Sklrboll 1983),

D, Oplate Receptors

The neostrlatum of the rat |s one of the brain regions
which contains the highest density of oplate binding sites.
Delta receptors are apparently uniformly distributed
through the strlatum (Goocdman et al., 19083; Moskowlitz and
Goodman 1984) with mu and kappa receptors more
heterogeneously distributed and concentrated Into patches;
area outside AchE striosome (Quirion et al.,, 19682)>. Most
of the mu labeling Is on membranes and |as apparently
extrajunctional (Hame) and Beaudet 1987). Enkephallin binds
with high affinity to delta and at least one subtype of mu
receptor (Pasternak et al., 1983). Mansour et al. (1986)
using autoradiographic analyslis of tritlated agonist

binding showed low levels of mu binding in the caudal part
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of the strlatum wlth higher levels of binding in the
rostral strlatum. Relatlively dense kappa bindling was also
found in the striatum. Lesionlng of the rat nigrostriatal
pathway results In a significant decrease In the labellng
of oplate receptors In the striatum (Reslne et al., 1979).
Pollard et al. (1978) examined the effect of lesioning the
substantia nigra with 6-hydroxydopamine. They found such
lesions caused a 30% decrease In tritiated Leu-enkephalin
blinding In the caudate-putamen and 33% decrease in naloxone
binding sltes In the SN. Further, Intrastriatal kalnlc
acld lesionling lead to a 45% decrease in tritlated
Leu-enkephalin. These authors concluded that 1/3 of the
oplate receptors are on dopaminergic terminals In the
caudate-putamen and the cemalning 273 are intrinsic. These
experiments support the ldea that there may be pre-synaptic
opiate control! of dopaminergic activity at the dopamlnergic
terminais in the striatum. There |s also evidence for
opiate receptors on the cortical afferents of the strlatum
(Childers et al., 1978) and on local neurons
(Antklewicz-Michaluk et al., 1984; Pollard et al., 1978).
Lewls et al. (1985) analyzed adjacent striatal sectlons in
the rat and processed them for tritjiated naloxone bindlng
and Leu-enkephalin immunoreactlivity. They found no
correspondence between receptor rich patches and small
enkephalln rlch patches. In fact they demonstrated a
negative correlation between the distribution of the

naloxone blnding s]ltes and peptide stalinling.
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Although there !|s a very dense enkephalinergic
proJectlon to the globus pallidus (in the rat) the striatal
enkephal inergic prolJection to the substantia nligra shows

scant enkephalin labeling (Pickel et al., 1980; Somogy! et
at., 1982; Del Flacco et al., 1982). Transectlion of the

Internal capsule depletes substance P, glutamic acid
decarboxyliase and dynorphln staining in the substantia
nigra with tlttie measurable effect on enkephatllin
Immunoreactlivity (Paxinos et al., 1984). Thils suggests that
there |s no direct strionigral enkephallinerglc pathway In
the rat. The maJority of the enkephalln Immunoreactivity
extant In the substantla nigra of the rat is In the form of
flber stainlng In the compacta. A few enkephallnergic
immunoreactlve cell bodies have been seen in the SNc
(Paxlnos et al., 1984). The SNc of the rat ls rich In
naloxone blnding slites with the SNr showing a much lower
low density of these receptors (Lewis et al., 1985). These
results rase questions concerning the function of the
opiate receptors In the nigra of the rat and the apparent

absence of enkephal lnerglc afferents.

E. Electrophysjoloqgy of the Striatonlaral Proiectlion

Early studies on the responses evoked in the
substantia nigra followlng strlatal stimulation were
equlvocal but |t was argued that the short latency

(monosynaptic) responses were only inhibltory. But, In a
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study by Frigyes! and Purpura In 1967 both epsps and ipsps
were recorded at short latency In the cat. The epsps
recorded were of longer latency than the lpsp’s and falled
to follow low frequenclies of stimulation. Goswell and
Sedgwick (1971) argued that such epsps were most |lkely
evoked not from direct actlivation of the strionigral
pathway but from cortlcofugal stimutation due to stimulus
spread. Yosh!da and Precht (1971) worklng with
pentobarbltal anesthetized cats observed only Inhlbltory
responses [ntra- and extracellularly which occurred at
latency of 14.6 to 20 msec. They concluded that these
responses were monosynaptic because the lpsps recorded were
of conatant shape and latency, double stimull applled at
various Intervals gave no temporal faclllitation Iln response
to the second stimulus and regression analysis of the
distance between recording and stimulating sites versus
latency of the lpsps produced a value whlich was In
agreement with values obtained In other monosynaptic
preparalions. They observed that there was often a period
of Increased activity followlng the Inhibltlon which was
unexplained but may be the result of a disinhlbltory
process; such processes will be discussed in detall later
in the text. McNalr et al. (1972> workling with
pentobarbital anestheslzed cats observed inhlbition In 95%
of the nigral unlts they recorded. They observed that most
often ipsps were preceded by small depolarlizling potentials

especially followlng tateral caudate stimulatlon.
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Latencies reported were; 3 to 6 msec for the early positive
potential, 8 to 15 msec for the negatlve. McNalr proposed
that the barblturates used as anesthetlics might facllltate
the appearance of |psps recorded In the substantla nigra
following stimulation of the striatum. It was found that
Inhibltory responses could be produced in spontaneously
actlive substantlia nigra units by lonophoresing GABA
(Crosaman et al, 1973). Further support for the notlon of
the strionigral proJection as a purely Inhibltory GABAergic
pathway was the observatlion that strlatally evoked
Inhlbltlon In the substantia nigra could be blocked by
appllcation of GABA antagonlsts. (Crossman et al., 1973;
Dray et al., 1976; Collingridge and Davies 1981)

Work on encephaile isole cats was performed by Frigyes|
and Szabo (1975) In order to address the problem of
barbiturate anestheslia. They found both epsp and lpsp
sequences at short latency of 3 to 4 msec. Epsps evoked
from the head of the caudate nucleus were found only in
rostral portions of the nigra, caudal nigra was
unresponsive. They also observed short latency (3 to 5
msec) and long latency (15 to 20 msec)> ipsps. The
suggestlon was made, based on the appearance of epsps and
|psps at short latency, that there may be direct excltatory
and inhlbltory pathways from the striatum to the nigra
(Frigyesl and Purpura 1967; Frigyesi and Szabo 1975). In
1975 Feger and Ohye observed both excltatory and inhibltory

responses to striatal stimulation In the unanestheslized
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monkey using chronlcally Implanted electrodes. They found
no correlation between the site of striatal stimulation or
the locatlon of the substantla nigra cell and the type of
response (exclitation or Inhlbltion) they recorded. But,
they noted that the klnd of response seemed to depend on
the flring rate of the cell recorded; celis with higher
flring frequencles (70 Hz) responded with Inhibltion while
cells which flred more slowly (20 Hz) responded with
excltation.

Dray et al. (1976) studled the responses of 320 cells
in the substantla nigra of the rat using urethane and
pentobarbltal anesthesla. The most common response
followling stimutation of the striatum was Inhibitlon of
spontaneous actlvity which Is In agreement with the
previous studles In the cat and monkey. Dray found short
latency (5.4 +/- 0.2 msec) Inhlbition which was of variable
duration (8 to 380 mesec)>. In other units there was an
excltation preceding or during the Inhibltory perlod.
Sometimes the Inhibltory perlod was followed by an
excitation which often showed reverberation. These
rhythmically recurring nigral discharges have been observed
by other groups (Frigyesi and Purpura 1967; Colllingridge
and Davies 1981). Dray hypothesized that this
reverberatory response may be due to a local interaction
within the nigra Itseif. A small! number of units showed
only excitatlon with a latency of 5.2 +/- 0.8 msec and

duratlon of 21.6 +/- 1.7 mesec followlng 20 uA stimulation.
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GABA, glycine, acetylchollne, and glutamate were
lontophoretically applled directly onto nigral ceils
(undefined) In the urethane treated animals. GABA and

giyclne depressed or were ineffectlive In altering the
firing frequency of units tested, acetylcholine and

glutamate exclted or were Ineffective on the cells tested.
He noted a regional sensitivity only to GABA with the SNr
belng more responsive than the SNc. Dray concluded that
the short latency excitation and inhlbltlon he got could
have been monosynaptlic as he was using such small stimulus;
reducing the stimulus spread from the striatum. But, since
he could prolong the Inhlbitory latency using
pentobacrbital, he concluded that he could not rule out a
polysynaptic lpsp event. Flnally he states that hils data
support the |dea that GABA Is the Inhlbltory transmitter in
the nigra; a weak assertion as no antagonists were used.
Certalnly his results are not In conflict with this
hypothesis but the ldentlty of the excltatory transmltter
was not resolved.

Colllngridge and Davies (1981) studled the effect of
striatal stimulation and lontophoretic appllcatlon of drugs.
on the extracellular response of SNc and SNr neurons {n the
urethane anesthesized rat. They found both exclitation and
Inhibltlon of SNc cells following stimulation (40 to 1000
uA) of the striatum. The predominant response was
Inhlbition. Both short latency (less than 10 msec) and

long latency Inhilbltlon (20 to 100 msec), with a mean
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duratlon for both short and long latency of 128.2 +/- 12.5
msec. The longer latency inhibitlon usually occurred
following near-threshold stimuli. They also observed weak
excltatlon at short latency 14.6 +/- 2.7 msec with a
duration of 20.8 +/- 2.7 msec and a more robust excitatlion
followlng Inhlblitlon at a latency of 177.9 +/- 21.4 mmec
with a duration of B0.0 +/- 14.2 moec; thls was often
followed by Inhibltlon and was sometimes followed by
sequences of excltatlion and Inhlbition (reverberatlion).
The SNr neurons could be stimulated (both inhibitory and
excltatory responses) at lower Intensity than the SNc
neurons (20 to 300 uA). The responses of the SNr cells
were of four types; early Inhlbltlon, late Inhibltion,
eariy excltatlon and late excitation. They observed that
at Jow Intensity (Jjust above threshold) stimulation they
usually evoked short latency linhlbltlon or excltatlon In
SNr neurons, It |Is interesting that changing the stimulus
Intenslity changed the nature of the response they observed
in both the SNc and SNr with more complex responses
(mixtures of short and long latency excltation-inhiblitlon>
at higher stimulus Intensity. For example they show the
response of a cell [In the SNr which at 300 uA glves a
mixture of exclitatlon and Inhilbltlon but its near-threshold
response |s reduced to short latency excitatlon. This
obviously ralses questions concerning Justification of the
stimulus intenslity used |n all experiments discussed thus

far. They aiso showed that they were able to abolish the
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Inhibltory response In SNr and SNc¢ following striatal
stimulation by lonophoresing blcuculllne methachlorlde
directly onto the cells. In additlion teo reducing or

abollshing Inhibltlon In SNr cells bicuculline treatment
increased or revealed exclitations not present prior to

treatment. Thie result may support an additlional role for
GABA In the SNr; In addition to beling the primary
inhibltory transmlitter GABA may alsc play a role In

regulating excltatory transmission.

The dependence of dopamlherglc neurons on afferent
Input Is lndlcated, in part, by the dlifferences In
spontaneous activity observed between In vivo and in vitro
preparations. In vivo extracellular recordlings typlically
show dopaminergic neurons firing spontaneously at a
relatively slow rate (0.5 to 10 Hz)>, with an irreguiar
pattern that Is punctuated by short duration bursts of
actlvity (Bunney et al., 1973; Wilson et al., 1977; Tepper
et al., 1984; Grace and Bunney 1984a). Identlcal
parameters of spontaneous actlvity are also observed in
vivo using Intracelluiar recording (Grace and Bunney
1983b>. In contrast, Intracellular recordings of SNc
neurons |n =|lce preparations reveal that these neurons are
more hyperpolarlzed, exhlblt less spontaneous actlvity, and
possess greater Input resistances (Llinas et al., 19684;
Kita et al., 1986). They almso lack the bursting pattern

found In In vivo recordings (Grace and Bunney 1984b).
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These dlfferences suggest that the afferent Input to these
cells plays an Important role In the modulatlion of

dopamlnerglc neuronal activity.

One complication In the analysis of striatally evoked
potentlals In the nigra |Is that such stimull can
antldromically actlvate substantia nigra flbers which
terminate in the striatum. Antidromlc actlvatlion has been
used to characterize and |dentjify unlts Iin the SN. Guyenet
and Aghajanian (1978> found that they could antidromlcally
actlvate two classes of cells In the SN. The flrst, type 1
neurons, were slowly flrlng (0.5 to 8 Hz) had unusually
wide action potentlais (4 to 7 msec) and could be
antldromically activated from the striatum and globus
palildus. These cells were found, by location,
6-hydroxydopamine leslonlng, response to neuroleptics
(Guyenet and Aghajanlan 1978) and by retrograde horserad|sh
peroxidase transport (Preston et al., 1981) to be SNc
neurons, Type [I cells were generally firing at a higher
frequency (0.1 to 60 Hz)> and had narrow actlon potentials
(2 to 3 msec). These cells could be antidromically
activated from the thalamus whereas the type ] units could

not be, These celis were found predomlnantly in the SNr.

In summary, four general classes of synaptlicaliy
medlated (orthodromic) striatally evoked events have been
observed In the nigra. 1. Simple lnhlbltion occurring at

short and long latency. 2. Exclitatlon occurring at short
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Jatency preceding inhibition. 3. Post-1nhlbltory excltation
which may be reverbatory. 4. Short latency excltatlon,
Many of the short latency events are thought to be

monosynaptic. The source of the Inhilbltory lnput is
probably the medium mized spiny GABAerglc neurons residing

in the striatum. The nature of the excltatory responses
remalins equlvocal and theorlies concernlng the mechanli=sm of

generating such responses will be addressed below.

F. Excltatory Responses Evoked (n Nlaral Celis

In a recent report (Albe-Fessard and Sanderson 1987)
the technique of spreading depression was used to stimulate
the striatum whlile recording from the nigra of the rat.
Striatal spreadlng depression was provoked by perfusing the
head of the striatum with 0,06 M KCL for 2-5 seconds via a
push-pull! cannula. This treatment generates an initlal
excltation (2-5 seconds) followed by an arrest of cell
actlvity (depolarization block 30 seconds In duratlon).
Most of the responsive cells In the SNr (42/54; 78%)
exhlblted a short duratlon Increase In flring followed by
an arrest |n the flring (27/54; 64%) an Increase |{n
actlvity (9/54; 22%) or biphaslic changes In firing (6/54;
14%). Al)l change= |n the firing of SNr neurons were
correlated in time with the spreading depression in the
striatum. None of the SNc cells studied responded to the

treatment., They conclude that 64% of the cells tested In
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the SNr are under facllltatory Influence while 22% are
under Inhlbltory influence. The remalning celis In the SNr
are under a mixed Influence of inhibitlon and excltation.
Thelr results are Important as they Indlicate that the
majority of cells In the SNr (at |east In their sample) may
be under striatal faclljitatory Influence In contrast to
studies in which the striatum |s electrically stimulated
which ylelds Inhibltion In the majority of nigral cells.
It Is Interesating that the SNc¢ cells were not responsive
and may indlcate that under the condltions of thls
spreading depression stimulus, only those SNr cells which
are not Influencing the flring of SNc cells are activated

(selective stimulation).

F.1.a. Transmltters: Amino Acids and Acetvicholine

Several reports have shown that acetylchollne has an
excltatory actlon when applied to SNc (Colllngridge and
Davies 1981; Dray et al 1976) or SNr (Dray et al., 1976).
Recent immunohistochemical (Deutch et al., 1987) and
autoradiographic (Clark et al., 1984) studies demonstrate
nicotinic receptors locallzed In the soma and dendrites of
the SNc. Clark also showed that lontophoretic application
of nicotine |s able to excite SNc neurons. Calclum
dependent release of acetylcholinesterase (which |s
conslstent with a physiological role for acetylcholine) has
been demonstrated In the guinea plig mesencephallc s]ice

(Llinas and Greenfleld 1987). 1t has been proposed that
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this release of AChE 18 dendritic trom dopaminergic celils
In the SNc which also release dopamine (Greenfield 1984).
In 1986 Weston and Greenflield studied the
eliectrophysiologlc effects of acetylcholine perfused Into
the msubstantia nigra. They found acetylcholline |ncreased
the firing of dopamlnergic cells and Increased the release
of acetylchollnesterase (AChE) In the strlatum. Further,
dendrltic release of AChE In the sﬁbstantla nigra ltself |s
Independent of the firing of the dopaminergic cells and |Is
Instead dependent on a calclum conductance which |is TTX
resistant (Cheramy et al., 1981). Leslon studies suggest
that chollnerglc Innervation of the substantia nligra |s
extrinsic (Nagy et al., 1978). The major source of
acetylichollne afferents to the substantia nigra are thought
to arise from the pontine mesencephalon. This has been
demonstrated by combined chollnergic¢c Immunocytochemistry
and fluorescence tracing (Woolf and Butcher 1986 and
combined HRP retrograde tracing and choline
acetyltransferase Iimmunohistochem!stry (Benlnato and
Spencer 1987). The besat characterlized projection 1s from
the pedunculopontine tegmental nucleus (PPn) to the SNc
(Jackson and Crossman 1983).

Electrophysicologic studies have shown that stimulation
of the PPn evokes short latency excltatlion In the SNc
(Scarnat! et al., 19684). Microperfusion of low doses of
kalnlc acld into the PPN revealed a dose dependent increase

In firing in dopamlnerglc neurons (Clarke et al., 1987
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which was antagonized by mecamyiamine., 8ystemic
administration of mecamylaine (Clarke et al,.; 1985) or
direct application of AChE (Greenfleld et al., 1981) was
able to decrease the spontaneous firing frequency of SNc

dopaminerglic cells,.

Another possible source of excitatory afferents of the
substantia nigra Is the subthalamic nucleus, Subthalamic
projectlons to the SNr have been demonstrated by anatomical
(Klta et al., 1983; Kita and Kltal 1987) and
electrophysiologlc (Denlau et al., 1978; Nakanlishl et al.,
1987; Klta and Kltal 1987) studles. Recent electron
mlcroscoplc studies show subthalamlc axon terminals making
asymmetric synaptic contact wlth dendritic shatts of
substantla nlgra neurons (Kita and Kital 1987). 1In a
recent electrophysiologic study Nakan!shl et al. (1987)
showed both short latency epsp and |psp responses recorded
In SNr neurons foliowlng stimulation of the subthalamic
nucleus. The lIlpsp‘s could be elimlnated by transection of
the [nternal capsule. This suggests the {psp’s may have
been evoked by stimulatlon of striatonigral fibers. Small
ipsp‘s which persisted following transection were suggested
to be due to local inhibltory clircuit action rather than

direct subthatamic projection.

In 1979 Colliingridge and Dav!es studlied the effect of
fonophoretic application of d-alpha-aminoadlpate and

d-alpha-amlnosuberate (antagonists of L-glutamate and
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L-aspartate) on the strlatally evoked excltatory responses
In the SN. They found that these antagonists did not
abollsh the exclitatory responses |n the substantia nigra
and concluded that excltatory amlino acl!ds were probably not
responulble for mediation of these responses in the SN.
Acetylchollne I®s also unllikely to be the primary
transmlitter released following striatal stimulation as
ablation of thls pathway as weil as strlatal leslioning have
no effect on CAT levels In the substantla nigra (Kataoka et

al., 1974),

F.1.b, Substance P

Applicatlon of substance P to the SN affects the
electrophysiology of neurons In the SNc and SNr, the
release and turnover of dopamine and the behavior of the
anlmal. Infuslon of { to 10 ug of substance P directly
Into the SNr of the rat over a perlod of five minutes
causes contralateral turning and a 18% lncrease in the
dopamline, assayed post-mortem, In the lpsilateral striatum
(James and Starr 1979). Intranigral infuslon of 70.4 ug
into the SNr of the rat (60 minute infuslion) caused an
Increase In HVYA and DOPAC recovered postmortem from the
strlatum (Waldneler et al., 1978). These authors state that
they infused what they considered to be a rather large dose
of substance P and thl!s was necessary to obtaln measurable
results as the peptlde was subject to rapid enzymatlic

degradatlion. A 40 minute superfusion of 10-*"M substance P
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directly Into the substantia nigra decreased {psllateral
dendritic release of dopamine but increased lpsilateral
release at the nerve terminals in the strlatum (Michelot et
al., 1979). Antisera directed against substance P iInfused
Into the SNc decreased Ipwilateral release of dopamine In
the strjatum and Increased dendritic release of dopamine |n
the Ipsilateral SNc of the cat (Cheramy et al., 1978;

Micheliot et al,, 1979).

Studles on the effect of the lontophores|sa of
substance P In vivo on nigral cell electrical activity have
demonstrated that approximately one half of the cells
examined In the SNr and very few cells In the SNc¢ are
responsive. Davies and Dray 1976 lonophoresed (25 to 300
nA) substance P [nto the nigra (in this study no clear
distinctlon was made between compacta and retliculata) and
found 26 of 34 cells Increased thelr spontaneous flring
frequency 20 to 50% above baseline flring;:; they note that
some cells responded with |ncreases of greater than 100%.
The responses were characterlzed by slow onset (10 to 20
seconds following the onset of ejection) followed by a
suastained (0.5 to 3 minutes) period of excltatlon following
termination of drug eJection. All cells tested were
exclted by acetylcholine and glutamate and depressed by
GABA. The effects of substance P were not always
reproduclible and they suggest that the cells may become

desensitized to the effect of the peptlde. In 1982 Plnnock
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and Dray examlined the response of cells In the SNr and SNc
to the appllication of substance P In the rat. They found
the same siow onset and sustalned response wlth the same

timecourse as Davies and Dray. Ilontophoretic appilication
of substance P (50 to 150 nA) excited 3 of 10 cells in the

SNc with insignlficant Increases of 0.68% +/- 0.9 and
—sgnificantly raised the fliring above background (22.4% +/-
1.2) In 6 of 15 SNr cells examined. Al] celis in the SNc
were inhlblted by the appllication of dopamine or GABA and
acetylchollne produced no effect on the flring of these
cells. Jn the retliculata 7 of 11 cells were exclted by
acetyicholine whlile GABA Inhlblted all of the cells
examined. In 1983 Plnnock et al. got similar results
fonophoresing substance P (50 to 100 nA) with only 2 out of

10 cells In the SNc weakly exclted.

Substance P, substance P {1-9 amide and substance P {-9
methylester excited approximately one half of the cells
tested in the SNr while subsatance P 1-2, 4-9, 5-9 methyl
ester fragments had no effect In the SNr. These fragments
were not tested In the SNc due to lack of responsiveness |In
the SNr (Plnnock et al.,, 1983). Thls result was important
as endopeptidase-24.11 |I®s able to cleave substance P into
substance P 1-9, 1-7 and {-6. Therefore substance P 1-9
may retain activity but the actlvity of the other smailer
fragments |Is unknown. Stewart et al. 1982 tested the

substance P 1-7 fragment Iin vivo, l.v. and |.p. Injectlons
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Into mice and found a naloxone reversibie antlnociceptive
effect (hot plate escape latency). They attribute this to
an amino terminal substance P actlvity not previouslty
recognized. They falled to conslider the possibllity that
this substance P 1-7 fragment could inhibit 24.11 and thus
prolong the actlion of endogenous enkephalin (naloxone
reversible). Substance P itmselif has been reported to
produce antlnoclception when Infused l.c.v. or l.p. (Starr
et al., 1978; Stewart et al., 1976). All these findings
may, In part, be a function of the Iinhiblition of 24.11
although direct Interactlion with an endogenous oplate
aystem via receptor action can net be ruled out. Substance
P has been demonstrated to stimulate the release of
met-enkephalln In the spinal cord of the rat In vivo (Tang

et al., 1983).

Effects aimllar to those seen following iontophoresls
of substance P into the nigra have been found elsewhere In
the CNS. G. Le Gal Sa Salile and Ben-Ari 1977 showed slow
onset sustained excitation In select cells of the medial
amygdala and caudate-putamen of the rat. Henry 1976
atudled the effect of substance P on spinal dorsal horn
neurons In the cat and found slow onset excitation |n 50%
of the spontaneocusly active neurons he recorded. He
concluded that the sliow time course of actlion was
Inconsistent with the ldea that substance P was acting as

the primary transmitter of the spinal afferents mediating
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the short latency evoked responses. He found there was a
correlation between the units responsi{ve to substance P and
those which were responsive to noxlous radiant heat,
Several units were recorded which were not responsive to
heat before the applicatlon of substance P but became
responsive followlng appllication. He concluded that

substance P may be able to facllltate postsynaptlic

activatlon by other transmitters; 5-HT, acetyichol lne,

These experiments support the ldea that there may be a
select group of cells In the substantia nigra which may be
ldentlflable by some physiologic criteria (response to
noxlous stimuius or other evoked response) which which
might be consistently responsive to the lontophoretic
application of substance P. Jontophoretic appllication of
substance P to SNc neurons has been reported to have no
electrophysiological effect (Collingridge and Davies 1982)
or an excltatory effect on few of the SNc neurons selected
(Pinnock and Dray 1982), It is of iInterest that so few
cells In the SNc have been found to be responsive to the
lontophoretic appllicatlon of substance P as the appllcation
of substance P to the substantla nlgra produces rotatlional
behavioral and bliochemical effects which are assoclated
with the activation of dopaminerglc cells located In the
SNc. Clearly the effect on the release of dopamine In the

astrlatum may be through lndirect actlvation of SNc
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dopaminergic neurons or those few cells activated might

account for the pharmacologlcal effects seen.

F.i.c. Substance X

It has recently been postulated that the excitatory
transmission |n the nigra, formerly attributed only to
substance P, may more correctly be ascribed to substance K
or substance K acting Iln concert with substance P (Innls et
al., 1985). Jontophoresis of substance K (B0 nA) has been
reported to activate 14 of 30 SNr and 25 of 45 SNc units
tested (Innls et al., 1985). A positive response was
defined as an increase above baseline firing of greater
than 20%. But, Lanthorn et al 1984 found substance K
excited a population of cells near or In the SNc which were
not dopaminerglc cells but were In very close proximity.
Substance K |s a good substrate of endopeptidase-24.11 with
a speclificlity constant of 1.2 relative to substance P

(Hooper et al., 1985).

F.2. Posslpble Mechanism of Action
F.2.a., Tachvklnlns

The mechan!#sm of tachyklnin actlon remalins uncertain.
Depolarization evoked by substance P has been assocliated
with an increase (Nicoll 1978; frog splnal! motorneurons),
decrease (Katayama et al., 1979; myenteric plexus of the
gulnea pig =small Intestine) or no change (Zlieglgansberger

et al., 1979; dorsai horn of the cat) |In membrane



55

conductance. The Increase in membrane conductance has been
attributed to an Increase |n sodlum conductance (Nicoll
1978) whlle membrane conductance decreases have been

attributed to a decrease |n potassium conductance (Katayama
et al., 1979) or chloride conductance. Nowak and McDonald

(1981, 1982) studled conductance changes in cultured spinal
cord neurons and found that substance P depolarlized these
celils by decreasing the membrane potassium conductance in a
voltage sensitive manner which most resembles the
muscarinic sensitive potassium conductance. This
conductance was found to be activated following membrane
depolarization, absent at very negative potentials and
present at resting membrane potentlal. They account for
variatlion In the effects they observed and those n other
preparations, in which the membrane conductance was
unchanged or Increased, by notlng that they applled
substance P from a large tipped microplpet which bathed a
larger neuronal area than is possible using lontophoresis
making |t more llkely that small decreases In conductance
could be observed. They also speculate that In those
preparations In which conductance Increases were observed
the membrane depolarizatlion may have activated
voltage-dependent conductances which could mask colnclident
substance P Induced decreases In conductance. They
concluded that substance P induced excltabllity would be

strongly modified by (dependent on) concurrent synaptlc
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Input onto the post synaptlic cell. This supports a

neuromodulatory role for thls transmitter.

This result |s also of interest as it was postulated In
a recent report using a sllice of rat nlgral tlssue that the
electrical activity of cells in the SNr may be sensitive to
such neuromodulation (Nakanlshi et al., 1987). Nakanishl
et al. report that SNr neurons could be clasaifled Into two
types based on thelr electrical membrane propertles
(Nakanishj et al., 1987). Type 1 neurons have strong
voltage dependent potassium conductances and exhibit
spontaneous activity of high frequency. These celis are
thought to be GABAergic as they were encountered most
frequenttiy In the SNr, they had short duratlon actlon
potentjals and were able to fire at high frequency. Type 2
neurons have strong calcium dependent potassium
conductances with less voltage dependence. These cells are
thought to be dopaminergic as they had no spontaneous
activity, exhiblted long duration action potentlals and had
membrane properties similar to SNc neurons observed In the
sl lce preparation (Klta et al., 1986). From studies on the
voltage dependence of these cells, their responses to
changes In thelr membrane potentlals, the authors concilude
that responses recorded In the SNr to phasic synaptic Input
may dlffer depending on their level of tonlic lnput; with
the actlivity of the SNr celis more sensitive to the level

of the membrane potentlal than the SNc cells.
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F.2.b., Mechanlsms of generating short tatency excltatory
responses ln the sybstantia nlara

The identity of excltatory transmlitters and the

mechanisms of generating excltatory responses following

stimulation of the strionigral pathway remains uncertatln.
Electrophyslologlc and neuroanatomic studies support the
hypothesis that there are at least two different mechanisms
(to be dlscugsed In detall below> which may be responsible
for the generatlon of orthodromlic short latency excitatory
responses |n the substantia nigra followling striatal
stimulation, As dlscussed above the tachykinin afferents
to the SNr may account for slow onset sustained excltatory
drive (tonic lnput) on these cells and may act to modulate
the actlion of other transmitters with faster onset and
short duration of actlon (phasic Input). Both typesa of
transmitter actions mmay contribute to the short latency
excltatory responses evoked followlng strilatal stimulaton.
One postulated mechanism of generating short latency
excltatory responses in the SNr following striatal
stimulation |s through a process of disinhlbltion
(Chevaller et al., 1985>. Striatonigral GABAergic Ilnput to
the SNr may act to inhibit GABAerglc Interneurons In the
SNr resulting In disinhibitlon of a third neuron (SNc or
SNr) or auto disinhiblition of the secondary GABAerglc
neuron. The latter s supported by neuroanatomic evidence

of autapses |n the SNr (Karabelas and Purpucra 1980).
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Another possible mechanism for generating short
latency excltatory responses |n the substantla nigra
following striatal stimulation of GABAerglic efferents
involves the ldea that excltatory input to the substantia
nlgra may be under inhibltory control which |s released
when the activity of the Iinhibltory Ilnterneuron is
decreased (disinhiblition of an exclitatory nigral afferent).

These possiblliitlies wil] be discussed below with
speclal emphasis on the particlpation of the opiold

peptides in these mechanlsms,

F.2.c. Pharmacologlcal Action® of Opjiates and
Orjold Peptildes

The actions of oplates (morphine, enkephalln and
dynorphin) in the basal ganglia have been examlned wlth
special emphasis on the activity (blochemical and
electrophysiologlcal) of the nigrostrlatal dopamlnergic
projection. 1t could be inferred, based on examlination of
the anatomy alone (enkephalln and dynorphin stalning In the
striatum and substantia nigra with numerous oplate
receptors located on dopaminergic nerve terminals, striatal
interneurons and projection neurons as wel| as dopaminergic
celi bodles in the SN), that the oplates would have a role
in transmission here.

Initial studies on the effect of oplates on the
nigrostriatal dopaminerglic projectlion engendered the ldea

that the oplates exerted thelr action primarily in the
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strlatum. Thli!s conclusion was based on studles which
demonstrated that the increases in strlatal dopamine
synthesis and release in vivo (Smith et al., 1974; Clouet

and Ratner 1970) and In vitro (Gauchy et al., 1973
following systemic morphine or D-ala-met-enkephalinamide in

vivo (Biggio et al., 1978) could be repllicated by local
appllcation of thesae oplates Into the striatum (Blgglo et
al., 1978; Chesselet et al., 1983a). This conclusion was
also supported by the observatlon that enhanced dopamlne
turnover was sustalned following appllication of
alpha-methyi-tyrosine directly into the nigra (Moleman and
Brulnveis 1979). All these effects appear to be specific
as they are blocked or reversed by naloxone. It is
Important to note that Iincreases In dopamine release in the
striatum followling local or systemic appllicatlion of
morphine has been most documented in mice and cats, less in
rats (Slater and Bundell 1979; Wood et al., 1980; Chesseiet
et al., 1981, 1983a) which suggests that the reguiation of
dopamlnergic actlon in the striatum Is dlifferent in
different species. The paucity of oplate effects in the
rat may be a functlon of the apparent lack of a
striatonigral enkephalinergic proJection (Plcke] et al.,
1980; Somogy! et al., 1982; Del Flacco et al., 1982).
Subsequent experiments have addressed two general
questions concerning these observed oplate effects |n the
striatum. Flirst, are the observed effects mediated pre-

(dopamlnergic terminals) or post-synaptically (striatal
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Iinterneurons or projectlon neurons), Secondly, are the
oplates acting directly, blocking the action of dopamine at
the receptor or Indirectly, acting on an |nterneuron which
In turn !s moduiating the activity of dopamine.

As the release of dopamine |Is assumed to be correlated
with the activity of SNc dopaminergic cells (lncreased
turnover reflects lncreased eiectrical actlivity)
experiments have been performed examining the effects of
oplates on the eiectrical actlivity of these cells,

Iwatsubo and Clouet (1977) examined the effect of systemlc
and local strlatal appllcation of morphine and haloperldol
on the actlvity of SNc neurons in unanesthesized rats,.
Intravenous administratlion of S mg/kg of morphine Increases
the firing frequency 52-300% above baseline. Haloperidol
0.05 mg/kg, l.v. produced increases of 30-400%. Local
striatal Infusion of 25 ug of morphlne produced a naloxone
reversible increase in the firing frequency of these ceils
50-300% above basellne with Infusion of 0.5 ug haloperidol
causing a 50-400% increase, Appllication of 0.1 mg/kg, |.v.
of apomorphine was able to decrease th; spontaneous firlng
of SNc cells and antagonize the effect of haloperidol.
L-Dopa 200 mg/kg, l.v. was able to decrease the spontaneous
firing of'SHc cells and antagonlze the effect of morphine
and haloperldol. The effect of opiates on the actlivity of
the nigrostriatal dopaminergic projection Is not thought to
be due to a neuroleptic-1lke actlion as morphine is unable

to antagonize the decrease In dopaminerglc cell flring
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Induced by systemlc appllcation of apomorphlne or 1-DOPA;
also naloxone s able to block the action of systemically
or locally appllied morphline on dopamlnerglic flring but not
that of haloperidol. Antipsychotlcs such as haloperldol
stimuiate the synthesis and metabol ism of dopamine In the
strlatum (Car!sson and Lindgvist 1963) and Increase the
firing rates of nigral dopaminerglc cells (Bunney et at.,
1973). The effects of antipsychotics are attributed to the
blockade of dopamine receptors, while morphine affects
dopamlnergic transmission wlthout affecting receptor
biockade. [watsubo and Clouet (1977) also conclude that
morphine has no direct effect on post-synaptic dopamine
receptors In the striatum. They propose that the effect of
morphlne they observed In the striatum lInduces excitation
of strlatal projectlion neurcons which in turn lead to an
Increase in flring of dopaminerglic neurons In the
substantla nigra.

Both D-Ala-D-Leu-enkephalin, a delta receptor agonist
and FK 33-824, a mu agonlist, can elevate striatal dopamine
synthesis but not release in the rat striatum (Wood et atl.,
1980>. The suggestion that the actions of these mu and
delta agonlists are dependent upon oplate receptors on
atriatal dopaminergic nerve endings (Pollard et al., 1978
Is supported by experiments which show that changes In
dopamine metabollam which occur following Intrastrlatal
(local) Infusion of oplates are not blocked by kalnlc acld

lesionlng of the striatum (Bigglo et al., 1978; Moronl et
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al., 1978>. In 1980 Kondo and Iwatsubo reported that
kalnic aclid leslonlng of the rat striatum abollshed the
stimulation of dopaminerglic cell firlng lnduced by systemic
administratlon of haloperidol or morphlne. They conciuded
that this supported the notlon that systemlc appllication of
haloperidol or morphline Induced |ncreases in dopamlnerglc
cell firing In the substantia nigra via a post-synaptic

dopamine ceceptor actlivity on striatal neurons.

Herrera-Marschitz et ai. (1986) found that dynorphin A
Infused into the substantla nigra of rats Induces a
dose-dependent weak contralateral rotational response which
Ils similar to the response produced the by kappa agonjist
US0,4868H, delta agonist D-Ala-Leu-enkephalin (DALE),
substance P or substance K; with the tachyk!nins and DALE
producing a much stronger rotational response for an
equlvalent dose. Strlatal |botenlc acld lesloning reduced
substance P and dynorphin 1ike Immunoreactivity In the SNr.
Following lesloning, application of dynorphin caused a more
potent rotatlonal response when compared tc non-lesioned
rats with a diminished response to substance P. But,
following 6-hydroxydopamine lesioning of the nigra only
dynorphin retalned potency to lnduce rotatlon. They
conclude that the rotationail response to dynorphln does not
require an intact nigrostriatal dopaminerglc system and may
be due to stimulation of receptors located on

nigro-thalamic and nigro-tectal pathways. This has been
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verlfiled In simllar studles on rotatlional behavior
(Matsumoto et al., 1988). They also propose that these
results suggest that the response to dynorphln may be

mediated ln part by kappa receptors which |s consistent
with the results of other studies (Christensson-Nylander et

al., 1986). But, as the peptide receptor selectivity is
not absclute It |Is possible that dynorphin is working
partiaily through delta receptor stimulation and/or the
DALE |s exerting Its effect partly through kappa receptor
actlvatlion. Autoradlographlic studles of kappa blinding In
the substantlia nigra of the rat showed labelling restricted
to the SNr with scant labelling In the SNc (Mansour et atl.,
1986>. Electrophysiologlc and behavioral studies suggest
that the endogenous |lgands with the highest afflinlity for
the kappa receptor are prodynorphin products (Matsumoto et
al., 1988>. Pressure infusion of dynorphin (Lavin and
Garcla-Munoz 1985) directiy Into the SNr or kappa agonlist
USO,488H (Walker et al., 1987) produce a naloxone
reversible slow onset long duration decrease in the
actlvity of the majority of cells recorded extracellulariy
in the SNr. The electrophysliological response of SNc cells
ls equivocal with one study showing an increase in the
firing frequency In 2710 cells (Lavin and Garcia-Munoz
1985) following applicatlon of dynorphin directly into the
nigra whille the application of the kappa agonlst US0,488H 2
mg/kg, 1.v. produced a decrease in the activity of all

cells recorded In the SNc. Thlis dlfference could be due to
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actlivatlon of kappa receptors In the strlatum following
l.v. appllication of US0, 488H as striatal appllcatlon of
thils agonist has been demonstrated to decrease the actlivity

of the majJorlty of SNc cell recorded (Walker et al., 1987)

F.2.d. Interactlon of Qpjlates and GABA

Several recent publlications have suggested the
existence of a retationship between GABA and the oplates
(enkephal ins and morphine) within the basal ganglla.

Moronl et al. (1978) observed a dose dependent decrease !n
the turnover of GABA [In the striatum with a corresponding
increase in turnover in the substantia nigra following
system!c morphine or beta-endorphin. They suggest that the
short axoned GABAerglc neurons In the striatum may exert a
tonlc iInhibitory Influence on the striatal GABAerglc
projectlon neurons. It appeared that both mu and delta
receptor agonists could activate striatal oplate receptors
to eliclt an Increase In GABA turnover. Duka et al. (1980)
found that systemic appllication of muscimol or dlazepam
provokes a rapld decrease of Met-enkephalln levels In the
rat strijatum. In the rat strlata) slice, GABA agonists
have been demonstrated to both stimulate (Sawynok and
Labella 1981) and Inhibit (Osborne and Herz 1980) the
release of Met-enkephalin. These contradictory results may
be the result of differences in the experimental procedures
used. Bourgoln et al. (1985) showed, using a push pull

cannula Implanted In the rat strjatum that 10 uM GABA
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infused Into the striatum caused a transient increase in
Met-enkephalin release followed by a sustalned decrease n
release. At a concentratlion of 0.5 mM GABA caused a
decrease in enkephalln release with no translient [ncrease.
Burgoin et al. (1985) also demonstrated that both
spontaneous and potassium evoked release of Met-enkephalln
In a strlatal slice preparatlon were enhanced by the
addltion of 10 uM GABA but lnhlblt?d by 0.5 mM GABA. They
attribute these effects to differential GABA-A or GABA-B
receptor stimulation.

Simiiar effects (transient increase In release
fol lowed by decrease In release) using low concentratlons
of GABA have been observed for dopamine In vivo (Cheramy et
al., 1978>. Cheramy proposed that the Inltlal Increase In
dopamine release involves an Intrastriatal interneuronal
GABAerg!ic process while the subsequent decrease |s medlated

by strlatonigral feedback.

G, Mode] for the Disinhibltory Control of
Dopaminerqglc Cells

Although the dopaminergic neurons in the SNc are known
to be Inhlbited following direct appllicatlion of GABA
(Aghajan!ian and Bunney 1973), when GABA agonists are
aaministered Into the SNr or applled systemically an
Increase In the firing of dopaminergic cells |s found
(Grace and Bunney 1979). Additlionally, Introduction of

GABA or GABA agonlsts Into the substantia nigra results In
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an lncrease In striatal HVA and DOPAC (Blggo et al., 1978).
Grace and Bunney 1979 examined the effectms of GABA In the
nigra by recording extracellularly simultaneousily [In the
SNc and SNr whlle lonophoresing GABA into the SNr or
adaministering GABA 1v. They found an Inverse relatjonship
in the SNc and SNr firing followlng application of GABA
into the SNr with SNr firing decreasing and SNc firlng
Increasing. The dose of the GABA agonist muscimol which
Induced the maxlmal decrease in firing In the SNr
corresponded to the the dose producing the largest increase
In flring In the SNc. Low {.v. doses of the GABA
antagonist picrotoxln reversed the Increase In the SNc
firlng rate |nduced by GABA lonophoresed dlirectly onto SNr
cells. Hligher doses of plcrotoxin lncreased the fliring of
SNc cells. The SNr cells which displiayed this lnverse
firing relationship with the SNc cells were found to also
be responsive to noxious (foot pinch) stimulus. 1In fact
thls physiologic stimulus also induced the Inverse response
In SNc and SNr cells with an Immedlate short term increase
Iin the firlng rate followed by a longer decrease In SNc
with the lnverse In SNr. The dose response relationship,
following lontophoretic application of GABA, was determlined
for SNc and SNr neurons. The SNr cells were apparentity 20
times more sensitlive to the effects of GABA than the SNc
cells. They conclude that a GABAerglic neuron In the SNr
exerts an inhibltory Influence on SNc celils. As this SNr

cell |s more sensitive to the |Inhlbltory effects of GABA
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than the SNc cells this may serve as a pbasis for the

paradoxical effects of GABA on these cells,

In 1979 Finnerty and Chan found that 50 ug/kg dopamine

adninistered locally into the striatum of the rat resulted

In an Increase In the firing of nigral cells (unspeclfied
location although SNr recording is most ilkely) 120-200%
above control levels. GSystemically administered morphine
exerted a najoxone reversible suppression of this effect as
well as decreasing the spontaneous actlvity 25-57% below
contro]l values of cells In the In the SN (agaln most llkeiy
SNr cells). Subsequent Injection of dopamine |into the
striatum had no effect on the suppressed discharges of
these units. They propogsed that the morphline was actlng to
disinhiblt dopamine containing SNc cells by depressing the

activity of inhiblitory SNr neurons,

In 1982 Ceolllngricdge and Davies found that
lontophoretic application of Met-enkephalin (50-100 nA) had
no effect on the flring of SNc cells in the rat while
decreasing the firing of 4 of 8 SNr cells. Morphine
(30-100 nA) was tested on 7 compacta neurons and was
wlthout effect In contrast to an increase in flring 25-120%
Induced In 16718 SNr celis. Responses evoked by strlatal
stimulation were also examlned in SNr cells. Initlal
exclitatlon (in cells with mixed excitatlon/inhiblition) was
Increased In 3 of 4 cells and Inhlbition reduced in 2 of 6

cells by morphine, They concliude, In support of Flnnerty
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and Chan (1979)>, that the increases In SNc cell firing In
response to systemic morphine are med|ated indlrectly;
possibly through SNr cells. They cannot explaln the
dlfferences In responsea of morphlne and enkephalin but
suggest that thls may be the result of different receptor

activatlion.

In 1983 Hommer and Pert extended the study of the
action of oplates on the dopaminergic system by direct
Infuslon of oplates into the substantia nigra whille
moenlitoring SNr and SNc cell flrlng. They conflrmed the
results of Kondo and Iwatsubo (1980) by demonstrating that
systemical iy administered morphine was able to Increase the
spontaneous actlvity of cells recorded in the SNc iIn a
naioxone reversible manner while decreasing the firing of
foot plnch sensitlve celis [n the SNr. Morphine appljed
directly Into the substantia nigra via pressure injectlon
had no effect on 6 of 8 cells |n the SNc while 2 out of the
8 celils showed increased firing which could not be reversed
by naloxone. In the SNr 3 of 6 cells recorded Increased
their firing frequency. This effect could not be reversed
by naloxone. DADLE applied directly into the substantlia
nigra showed 0 of 9 celils in the SNc responding with 8 out
of B8 cells |in the SNr decreasing firlng In a naloxone
reversible manner. There was no response to the DADLE In
the SNr neurons which were not responsive to foot pinch.

These results support the suggestlon flrst made by Flnherty
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and Chan 1979 that the oplates act In the substantla nligra
to disinhiblt SNc dopamlnergic cells. Further, there Ils a
speclal population In the SNr (apparently sensitive to foot
plnch stimulus) which mediates thlis effect., Hommer and
Pert speculate that the oplates act to decrease GABA
release by these SNr cells. The non-speclflc effecta of

the morphline couid not be explalned but may be due to

activation of oplate receptors other than mu.

Further support for the key role of the SNr GABAergic
Interneuron was demonstrated by Grace and Bunney In
1985a,b. They proposed a mode)l for the relation between
the strlatonigral GABAergic pathway and SNc dopaminerglc
cel]l activity. Using Intracellular recording of SNc and
SNr cells they examined the effect of GABA agonlists and
antagonlsts on the striatally evoked responses of these
cells. Single puise stimulus (500ulA) dellvered In trains
evoked short latency ipsp’s In both SNc cells (1.8-2.2
msec) and SNr cells (1.5-2.5 msec). These latencles
correspond to the fastest reported conduction velocitlies of
antldromically activated striatonigral pathway (Richardson
et al., 1977). Rebound depolarizations were observed in
SNc but not SNr cells. They state that despite recording
of ipsp’s following stimulation they had difflculty cleariy
demonstrating Inhibltion of spontanecus activity Iin SNec

cells, As lower levels of stimulus were used (20-50 udA)
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they observed an |ncrease In SNc cell firing. This low
Intensity stimulus eas]ly Inhibited SNr cell actlvity.

They stress that the SNr cells they studled are of a
speciflc class. They are located typically within 100 um
of SNc cells (ventral). They respond to foot pinch with a
burst of actlvity and respond to striatal stimull and GABA
lontophoresla with a pronounced |Inhibltion of spontaneous
actlvity. This SNr cell Is thought to be an interneuron as
it could not be actlivated antidromically from the striatum,
superlor colliculus or thalamus,.

The responses evoked in SNc and SNr cells support
thelr hypothesis that the specific SNr ceilis are
selectively Inhibited at low strilatal stimulus |ntenslity by
activating strionlgral GABAergic pathway. The Increase in
SNc celil firlng recorded |Is the result of a process of
disinhibltion of this cell. They test thls |dea by
agdmninistering muscimol (7 mg/kg, 1.v.) a dose sufficlient to
totally Inhiblt the firing of these SNr cells. This
treatment causes a reversal of the evoked response of SNc
celis at the same stimulus Intensity which Initlally lead
to an increase In firing due to actlivatlon of direct
GABAerglc striatal afferents. Examinatlon of the reversal
potential of strliatally evoked lpsp’s recorded in SNc and
SNr cells lles withln the range expected for GABAergic
effects,

Support for this model also comes from experiments

using neurcleptics. Dopamine blockade, with haloperidol
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(Frey et al., 1987) results in GABAerglic supersens!itivity
In SNr cells but not In the dopamlnergic cells in the
compacta. Also, Infusion of GABA directly into the SNr
Induces a dose dependent increase |{n dopamine release as
determined by voltammetry in the striatum (Kamata et al.,

1986) .

The studies described |[n this thesis were initlated
followlng the isclation, substrate characterization and
anatomical localizatlon of endopeptlidase-24.11 (with
highest concentration in the substantia nigra and striatum’
and most importantly the synthesis of inhibjtors which
acted wlth great speclficity toward the enzyme. A
physiological role for the enzyme was suggegted [n
gtrijatonigral transmlission by those studies.
Electrophysiclogical characterizaticon of nigrai cells
followlng striatal stimulation made It an attractive site
to study the [In vivo consequences of enzyme inhlbitlon.

Initial studies Iinfusing CPAB j.c.v. Iindicated 24.11
was actlve In regulatling transmisslon In a speclfic
Identlfiable subset of cells In the substantia nigra. The
bulk of studies described here were performed In order to;
1. Locallze the anatomical salite of action.

2. Characteri{ze the spontaneous and evoked responses
foliowing Inhibitlon of 24.11.

3. Characterlze the pharmaccologlcal bas!s of the observed

eftects,
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A Surgery

Experiments were performed on male Sprague-Dawley rats

welghing 230-400 g. anestheslzed by lntraperitoneal (l.p.>
Injection®s of urethane (1.3g/Kg> (Sigma Chemlcal Co., St.
Louls, MO.)>. The onset of anesthesia was judged by loss of
response to tal]l pinch and the depth of anesthesia was
Judged by carefully monitoring the biood pressure. The
temperature of the animal was malintalned at 37 degrees
centlgrade via a heat lamp servo-feedback mechanlsm which
continuousiy monitored the core temperature of the animal
via rectal probe. Supplementary doses of urethane were
administered |.p. as needed based on the animal’s refiex
responslveness and blood pressure. The lllac artery was
cannulated (via the left femoral artery) with heparinlized
polyethylene tublng (PE 50> fc¢ measurement of blood
pressure.

The rats were placed in a Kopf stereotaxic apparatus
using the coordlnate system of De Groot (1959) wlth the
upper Incisor bar 5mm above ear bar zero; the {nteraural
line. After the skull was exposed and cleaned of all
connective tissue, holes | to 2 mm Iin diameter were drilled
to allow for the entry of stimulating and record!ng
electrodes and i.c.v. InjJection cannula. The monopolar

stimulating electrode array (described below) requlred
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removal of a larger area of bone (3 mm by 1.5 mm) overiylng
the striatum. The exposed tlssue was constantly molstened
with 0.9% saline through the duration of the experiments,.

The stereotaxic coordinates used for st!mulatlon,
recording and drug deilivery were obtalned from the rat
sterectaxic atlas of Pellegrino (Pellegrinc et al., 1979).
Electrode and cannula positlons were all referenced to
bregma; using the lntersection of bregma and the sagittal
suture as zero. Striatal stimulation and nigral recordlngs
were made on the [eft side of the animal wlth l.c.v.
Infusions Into the right iateral ventricle. Coordinates
referenced to bregma are:

1. Strlatal stimulation with blpolar electrode, Anterlor
((+) anterlor and (-) posterior Eo bregma): + 4.2 to + 2.0
mm, Latera] (to the midsagittal line): 2 to 4 mm,
Herlzontal (ventral placement of the electrode with the
brain surface as zero): 3 to 7 mm;

2. Strlatal stimulation with monopolar electrode,
Anterlor: + 2.2 to -0.2 mm, Lateral: 2 to 4 mm, Horlizontal:
3 to 7 mm;

3. Nigral recordings, Anterior: -2.2 to -4.8 mm ;
Lateral: 2 to 3.5 mm; Horlizontal: 7 to 9 mm;
4. Intracerebroventrlicular cannuia, Anterlor: -0.7 mm;

Lateral: 1.5 mm; Horlzontal!: 2.0 to 4.0 mm.

B Electrodes andg Cannulae
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Two dlfferent stimulating electrodes were used In
these experiments. In the first set of experiments a
single blpolar coaxlal electrode (Rhodes Instruments,

Woodland Hllils, CA), constructed of stainless stee] was
used (tip separation of 0.5 mm Insulated to the tip with
0.5 mm exposed). In the later experiments an array of
monopolar electrodes (0.5 mm In diameter with 0.2 mm tlp
exposed) were used. When blpolar stimulation was used a
single blpolar electrode was positloned. When monopoiar
stimulation was performegd flve electrodes were placed In a
speclally machlned plexiglass block with slots which held
the electrodes |In a flat array 2.5 mm in length with the
tilps separated by 0.5 mm. Thls apparatus was attached to
the David Kopf holder whlch aliowed for stereotaxic
placement, These electrodes were lowered together wlith
each lying In the same plane and flush at the tips. Each
electrode could be be actlvated Independently or driven in
sequence. The five monopolar electrodes were placed in the
anterlor-posterior plane In the strjatum.

The infusion cannulae used were constructed according
to Crane and Gllick (1979>. The system Includes a 26 guage
stainless steel gujde cannula which remalned {n place
through the experlment while the Injectlon cannula was
removable. The gulde was beveled to a sharp point <15
deg;ee bevel) to allow for penetration of the brain. The

injectlion cannula was 33 guage stalnless steel tublng which

extended, when placed into the guide, 0.5 mm below the
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gulde tip. The Injectlon cannuia was attachéd with epoxy,.
via a cuff of 26 guage stalnless steel tubing, to
polyethylene tubing (PE 103 which was connected to a {0 ul
Hamllton syringe. The syringe was In turn driven by a
syringe pump (Sage 341). Intracerebroventricular
infusions were dellivered at a nominal rate of 1 ul/min.

The patency of the ventricular contact was checked by
drawing CSF Into the tublng. The cannula used was flushed
wlith heparinized saline prior to contact with the
ventricular ¢fluld. The tublng was cailbrated and marked at
1 ul Intervals. As the fluld was advanced the progress of
the movement of the fluid was men]tored by tracking an ailr
bubble whlch was Introduced into the tubing. The rate of
infuslon Into the strlatum or substantia nigra was
dependent on the condition of the recording; 1 to 3 minutes
for delivery of 1 ul.

For those experiments In which there was Infusion of
drugs In close proximity to the recording electrode a
machlned plexiglass block was designed to hold both
Infuslon cannula and recording electrode. The apparatus
used was a modlflcation of the apparatus described by Adams
(1985) and is shown |ln flgure i1M. The assembly used In the
experiments was different from that described by Adams in
that glass microelectrodes were used and the Injection
cannulae/electrode extended only 0.5 mm from the guide. To
minimize disturbance of the tissue In the record!ng slte

the assembly was lowered with the recording electrode and
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Fiqure 1M Apparatus used for gimultaneous dryg Jinfuslon
and electrophyvsiological gecording In the substantla nlgra

The aasembly shown was taken from Adams (1985). The
assembly used in the experiments described In the text was
d!'fferent from the apparatus shown In that glass
m.croelectrodes wvere used and the Intectlon

canulaeselectrode extended only 0.5 mmn from the gulde.
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inJection cannuia In place. The bevel of the needle was
also placed facling 45 degrees away from the recording
eiectrode tip to minimize pressure on the cell belng
recorded durling drug [nfusjon. Tlp separation was 400 um.

Electrodes used In recording extracellularly from the
substantia nigra were pulled on a Kopf 700 C vecrticai
electrode puller (David Kopf Instruments, TuJunga, CA).
Omega dot glass tubing (0.D. 2.0 mm, I.D. 1.16 mm) was
used. Tlp resistances were 4-8 M Ohm with tlp dlameter 1
um. Electrodes were filled with elther 2 M sodlum acetate
or 2 M NaCl. Both 2% Pontamlne Sky Blue or a saturating
solution of Fast Green were used as a dye markers. There
was no cbservable dlfference in any comblnation of flillling
or dye solut!lons used. The position of the recording
electrode was marked at the end of each experiment by
passing 10 uA of cathodal current for 3 min.

The recording electrodes were connected directily to
the headstage via sllvers/sllver chloride Junction. The
ground to the headstage was connected to the stereotaxlic

apparatus which was In turn grounded to a master ground.

C Electrophysjiological Apparatus

Extracetlular activity was recorded using a high
Impedence Ortec 4661 dc headstage preampliflier which was
located Inside the faraday cage. Capacltive currenta from
the microelectrode were nulled using the negatlve capaclty

at the headstage: X 10 galn was used at thls stage. The
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signa)l was further ampllfied by an Ortec 4660 Bandpass
Ampllfier (Ortec, Dak Ridge, TN>. Depending on the galn of
the signal and the conditlion of the electrode, signais were
flltered at 100 to 200 Hz for the low frequency and 20 K Hz
for the high frequency. Single unit actlvity was displayed
on a Tektronix D-11 dual beam storage oscl|loscope durlng
each experiment (Tektronix, Beaverton, OR)>. All
experiments were stored on FM tape (Honeywell 5600, Denver,
C0>. Data stored for analys!s Included blood pressure,
command pulse, volce, and recording electrode trace. Units
were gated through an amplitude dlscriminator (Fredrick
Haer 74-45-1, Ann Arbor, MI) whlich converted the positive
on-going portion of the signal crossing the chosen
threshold Into single pulses of constant voltage. Oniy
opikes which were at least twlce the noise level were
considered for anailysijs. If two unlts were recorded
simultaneously the larger of the two was used. The output
of the window discrimlinator was fed into a rate analyzer
(Fredrick Haer Rate/Interval Analyzer 74-40-1). The rate
anaiyzer is able to count the number of events per unlt
time using a clock which is able to sample 1 to 10 k Hz
(adJustable). The dc voltage generated for each bin of time
(t = 0 |Is triggered by the input pulse from a schmitt
trigger and |s reset to zero by a puise from the clock)
depends on the final count for that time period. The
output of the rate meter was displayed In analogue fashion

on a Gould 220 chart recorder (Gould Inc, Cleveland, OH).
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Thls display glves a contlinuous record of the cell firing

frequency.

D Timina and Stimulus

Timing puises were generated by Ortec 4610 pulse
generators and Ortec 4661 delay controls. These triggered a
self contained, isciated, battery driven (constant voltage)
stimulators (Devices Mode] 2533, Devices Instruments,
Welwyn Garden City, Hertfordshire, Engiand).

In experiments uaslng bipolar stimulating electrodes
constant voltage 25 V, 0.5 m®s pulses were delivered in
trains 110 ms In duratjon wilth a pulse frequency of 250 Hz.
Currents were determined to fall withln the range 500-1200
uA. In experlments using monopolar electrodes, stimull
were S0-200 uA In amplltude delivered In 1.0 ms pulses at 1
or 2 Hz. Stimulation current was monltored by following
the voitage drop across a 100 Ohm resistor In serles with
the preparation,

The command pulse also triggered a 200 uV callbration
pulse (Stoelting, Chlcago, IL)>. The callbration pulse was
used to guage the conditlon of the recording electrode and
it serves as a measure of the ampllitude of the

extracellular potentlials.

EClassification of the cel|s

Cells recorded extracellularly in the substantla nigra

were classifled according to anatomlc location, zona
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compacta or zona reticulata of the substantia nigra (Figure
1>, waveform, spontaneous flring rate and firing pattern
(Grace and Bunney 1983a,b; Dray et al., 1976).

The cells recorded In these experiments were also
classlfled accordlng to thelr responses to striatal
stimulation. Cells exhlblting only Inhibltory evoked
responses are designated as displaying (-) responses.

Cells exhlbiting excitatory evoked responses are designated
as displaying (+) responses (table {; figure 2M>. The
cells exhiblting (+) responses displayed either a complex
mixture of excitation and Inhibltion or purely excltatlon.
The evoked response was Judged excltatory I1f the firlng

frequency showed at least 100% lncrease over the base)lne

spontaneous rate,

F Experimental Procedure

Only splkes which were at least twice the noise leve]
were considered for analysis. Data were obtained from only
one neuron per animal. After a cell had been isolated and
characterized |t was recorded for a perlod of 30 to 70
minutes before administratlion of the inhibltors. Cells In
whlch the spontaneous firing was not stable andrsor there
were major changes in the splke shape or ampiltude were
reJected. There were two perlods, preceding and following
drug Infusion, In which evoked responses were collected.
After Infuslon of the drugs, the anlmals were recorded for

as long as It was possible to hold the celi. In the flrst
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set of experiments shown In table 1 the spontaneous rates
were determined by averaging discrete one minute blocks of
time taken from the contlinuous rate recording. In the

second set of experiments the spontaneous firing rates and
the magnitude of the evoked responses were obtained by

computer analysis of the output of the ampl | tude
discrimlnator. The data used to determlne the spontaneous
flring rates excludes the stimulus and Infusion perlods.
Cells subjected to low Intensaity stimulatlion responded
with either excltatlon at short latency (5-10 msec) or
longer latency excltatlon which |s preceeded by inhibition.
Responses selected gave consistent evoked responses prlor
to appllcatlon of the drugs. The stimuius intensity
(amplitude) was selected to be the iowest stimulus which
ylelded a consistent excltatory response. Thlis was
generally less than 150 uA, typlically 100 uA and raretly
20-50 uA. Consonant with other studles higher Intensity
stimulul were required to activate the dopaminerglc ceils
than the non-dopaminerglic cells. The typical experimental
procedure involved msearchlng for excitatory responsive
cells at a relatively high current (150 uA) then working
back; findling the threshcld for the response and then
setting the Jevel of stimuius to glve the invarient
response. Generally as the stimulus was |ncreased above
threshoid, a plateau was reached In which lncreases In
stlmulus Intensjty falled to recruit more splkes, Below

thls range of stimull splkes were lost and the response
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would become Inconsistent and variable. Above this range
the response grew more complex with alternating periods of
Inhibltlon and excltation. A simllar relatlionshlip between
stimulus amplitude and response pattern was reported by
Collingridge and Davies (1981). They observed that when
they u=med a low Intensity (Just supra-threshold) stimulus
they evoked short latency excltatlion or exclitatlon In the
SNr. Changing the stimulus intensity changed the nature of
the response in both SNc and SNr cells wlth more complex
responses (mlxtures of short and long latency excitatlon

and |Inhibltion) at hlgher intensity.

G Data Apalvsis

The data stored on the FM recorder were analyzed by
playing the tapes back into (1) the Tektronix storage
oscl]loscope, (2) the Gould chart recorder and, (3) a
Tracor signal averager (Model TN-1505, Tracor Northern,
Middieton, WI)>. The tracor apparatus, used to generate
peristimulus histograma, provided frequency analysis coded
as Intensity vs time. Pulses were counted for pre-selected
dwell times and stored In memory sequentlally. The number
of addresses, the dwell time for each address and the
number of sweeps were all pre-selected. The number of
addresses was flxed at 1023 with a dwell time of 0.4
ma/address with 500 sweeps.

The TTL output of the amplltude dlscriminator was Input

into an Apple Ile for further analysis. The digitized
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splke traln Information was also analyzed using a modlfled
verslon of a program developed by R.C. Electronics (Santa
Barbara, C.A.). This program clocked the arrival time of

spikes and stored thils Information on disk. Frequency was
determined by referencing the arrival time of events to the

timlng of the Internal clock of the computer (Serlal Pro,
Applled Engineering, Carroliton TX>. Informatlon was
collected for determlnation of the spontaneous firlng
frequency In the 20 to 30 minutes prlor to the beglinning of
the first sequence of 100 stimull and between each perlod
of stimulation (of which there were five before and after
administration of drug>. Informatlion collected durlng the
peristimulus interval (evoked responses) was handled in the
followlng manner. First, the spontaneous firlng freguency
In the interval bounded by the command pulse, which
Initlated a sweep, and the stimulus pulse (Figure 2ZM), was
determined for each sequence of 100 stimulj. This Interval
was elther 40 or 100 milliseconds in length. The number of
splkes followlng the stimulus (evoked response) to the
beginning of the next sweep (command pulse) was also
counted. The evoked response magnltude computed was
corrected by subtracting the expected number of splkes
contributed by the spontaneous firing. Thls number was
determlined in the pre-stimulus interval (40 or 100 ms).
This subtraction was performed In order to avold skewing
the number reported for the evoked response due to

variations In the spontaneous firing frequency wi!thin the
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sequence of stimulatlon. Further, to avold Introducling a
negative bias In the number reported for the evoked
regponse by subtracting the spontaneous firing during the
delay between stimuius and the beginning of the response,
in whlch there may be noc firing at all, the awell time
between the stimulus, and the time when the computer began
countlng the evoked regponse, was adjustable. Therefore,
the delay on the evoked response was determined prior to
subtraction of the basellne firing frequency: the
spontaneous firing was only subtracted from the evoked
response itself. The computer stopped countlng the evoked
response when the response returned to the spontaneous rate
determined in the pre-stimulus Interval. Thus, the number
reported as the evoked response represents the actual
number of splkes caused by the stimuli above the
background.

The numbers reported i(n the tables for the evoked
responses, are reported as counts (followlng 500 astimull),

which are deflned as:

(A) Total number of spikes collected in the Interval
between the stimulus and command pulses (adj/usted for

delay?> for a sequence of 100 stimul!l,

(B> Spontanecus firing frequency (X duration of the

interval analyzed) calculated for the Interval between the
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command pulse and stimulus pulse for each sequence of 100

stimull.

Counts = ((A) - (B>>/50

H Inhjbitors and Infugion of Drugs

The Inhlbltors used in thlis study are N-carboxymethy|
derlvatives of amino aclid amides of p-amincbenzocate (pAB).
The Inhibltor CPAB
(N-[1-(R,S)-carboxy-2-phenylethy| ]-Phe-pAB) K.=7.1x10"°M,
was sgyntheslzed by following the procedure descr |bed by
Almenoff and Oriowski <(1983). The inhibltors CPPAB
(N-[1-(R,S)-carboxy-3-phenylpropyl 1-Phe-pAB) K,=3.8x10-°M,
and CPLAB (N-{1-(R,S8)-carboxy-2- phenylethyl]l-Leu-pAB> Ki=
2.6 X 10— M, were synthesized by following the procedure
descrlibed by Pozsgay et al (198B6). CPPAB, CPAB and CPLAB
were alil dissoclived in H;0 to a flnal! concentration of 100
mM. The pH of each solutlon was adJusted to 7.4. Stock
solutions (prepared weekly) were assayed for their ablility
to Ilnhibit the enzyme and checked for purity and identity

by HPLC.

1 Histology

At the end of each experlment the braln was removed
and quickly frozen |In freon (Ucon 12 Unlon Carbide Danbury

CTy. In the experiments in whlch monopolar stlmulatlon was
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used, the anlmals were perfused vla aort!ic cannulatlon
first with normal saline then with a solution of 10%
formalln acetate containing potassium ferricvanlde (2.5%).
The ferricvanide oxidlzed deposits left In the tlssue at
the slite of stimulatlion, leaving a black deposit which
gserved to Jocallze the poslition of the stimulatlng
electrode. For bipolar experimentsg the frozen braln was
sectioned without prior treatment. The braln was then
blocked so that microtome sections would be iIn the plane of
the Pelllgrino atlas. The brain was then cut into serlal
20um slices on a freezing microtome (SLEE London). The
sections were driec onto glass slides and fixed with a

atandard Hematoxalln and Eosln staln.

J Enzyme Asgay

Slices were made in the frozen brain through the full
rostral-caudal extent of the substantla nigra and
caudate-putamen. All cuts were made by hand uslng surface
features to estimate the positlon of both nuclel. The
sliced tissue was placed on glass sl ldes and kept frozen on
dry ice. Punches (1 mm> of substantlia nigra and striatum
were made with stalnless steel tublng. All! punches were
made In the center of the nuclel assurlng that no
surrounding t!ssue was gsampled. The fragments, blown free
of the tublng Into prewelghed centr!fuge tubes contalning

100 ul of cold S0 mM Tris-HCL buffer pH 7.8, were
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homogenized and assayed for enzvme actlvity . The assay
condltions were as follows: 10 ul of substrate (0.4 mM
glutaryl-Ala-Ala-Phe-2 -naphthylamide?, 50 ul of

homogenized tlssue, 10 ul aminopeptidase M (10 ug), 180 ul
of S50 mM Tris-HCL buffer pH 7.8. In a final volume of 250
ul. The tubes were incubated for 90 min at 37 C. The
reaction was stopped by addltion of 250 ul of a 10%
gsolution of trilchloroacetic acid. The enzymatic assay is
based on the following reactlion sequence:

endopept idase-24.11
Glutaryl-Ala-Ala-Phe-2NA - -\ - - —————————- Glut-Ala-Ala +
Phe-2NA

amlnopeptlidase M
Phe-2NA —---smme e m e e Phe + 2NA

The 2-napthylamlne released was determined In two
different ways. In the exper!ments In whlch ! umol CPAB
was administered |.c.v., (table 2> the napthylamine was
determined colorometrically by a modlification (Goldbarg and
Rutenburg, 1958) of the dlazotization procedure of Bratton
and Marshall (1939). For the experiments In which CPAB was
aadministered directly into the substantl!a nigra (table 13>
the presence of 2Z2-napthylamine was determined
fluorometrically using a Perkln~-Eilmer LS-5 luminescence
gpectrophotometer (Perkln-Elmer Corp, Oak Brook, I11)>» with
excitation and emission wavelengths of 280 nm and 410 nm
regpectlvely.

Speclfic activity lg expressed In unlts/mg. of tissue,

One unlt |s deflned as the amount of enzyme catalyzlna the
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release of 1 umol of Phe-2NA from Glutaryl-Ala-Ala~Phe 2-NA

Zhour.
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RESULTS

A. Blpolar Study: Spontaneous Actlvity

A.l. Firing characterjstics

Recordlngs In the lnitlal experiments In which blpolar
stimulatlion was used to character|ze the cells were made
through the entire rostral-caudal extent of the substantija
nlgra (Flgure 1). Of the 31 cells reported, 9 (29%) were
classifled as dopaminerglc and 22 (71%) as
non-dopamlnergic. The pre-treatment dopamine cell firlng
was slow (4.4 +/- 0.74 Hz; range: 1.8 to 9.6 Hz), Irregular
and often appeared In bursts of splkes (decreasing in
ampl itude); splkes were biphasic, 3 to 5 millliseconds In
duration with prominent negatlive phase. Non-dopaminergic
cells had faster flring frequencles (32.7 +/- 12.4 Hz;
range: 10.9 to 70.8 Hz) wlth a more regular firlng pattern
than the dopamine cells; spikes were biphasic with
duratlons of no more than one millisecond. All of the

reported cell®s were spontaneousiy actlve.

A.2, Infuslon of Inhibltors:
Excltatory and Inhlbitory Responses

Inltlal experiments were performed Infusing 1 umo!
CPAB l.c.v. 1t was noted that only certain cells responded

to the Inhibltor with an increase in firing frequency.
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Flaure 1.  Recording sltes In the substantia nigra,

Coronal sections shown are re-drawn from the atlas of
Pellegrino. The sections begln (top figure)> 2.2 mm and
extend to 4.4 mm caudal to Dbregma. Cpen circle column
shows the posltion of (+) responses. Closgsed clrcle column
shows the posltion of (-) regsrorases. Numbers correspond to
the experiments In table 1. eprinted with permission,
Elsevier Science Publlishers b. V. (Biomedical Division),
Bier et al., European Journal of Pharmacology, Vol. 142

(1987) 321-330.
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Analys|s of this data permitted identlflcation of the cells
responding to drug treatment as those In which striatal
stimulat|on evoked an excitatory (+) response. Thls
"functlonal identlflcation” allowed us, |n subsequent
experiments, to predict which cells encountered in the
substantla nlgra would be expected to respond to

Inhlbltors.

In order to test the predictive value of the evoked
response CPPAB was administered (i and 2 umol {.c.v.).
Intracerebroventricular (i.c.v.) infusion of either 1 umol
CPAB, 1 or 2 umol CPPAB increased the spontaneous flring
frequency of cells (n all experiments in which the cells
exhiblted (4) responses but not in experiments in which the
cells exhlbited (-) responses. [t can be seen, by
examining table 1, that the predictive value of the evoked
responses |s supported by the data. The increases In
spontaneous firling frequency (pre- to post-drug) are
statistically signlficant for values pooled under each dose
(palred t-test). If the post-infusion spontaneous firing
frequency s expressed as a percentage of the pre-drug
firing frequency, the range of increase for cells
exhlblting (+) evoked responses, treated with elther 1 umol
CPAB, { umol CPPAB or 2 umc! CPPAB, was 7% to 69%. For
cells exhibiting (-) responses that were treated wlth
either 1 umol CPAB, 1 umol CPPAB or 2 umol CPPAB , the

response range was -10.7% to 6.7% (Table 1). In
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TABLE 1
Effect of drug tnfusion on the firing ‘frequency of cells 1n the substantis nigra exhibiting (+}

and {-) responses.

- e ———— A ————— e - ——

DRUG DOSE RESPONSE  CELL  PRE-DRUG POST-ORUG %
(M) TYPE AND  TYPE  FIRING FIRING CHANGE
EXPT FREQUENCY FREQUENCY
NUMBER (M2} {HZ}
cPag e (91 DA 5.6 2 1.5(8)  1.510.7(4) <64  p<d0s®
2 NOA  36.7 ¢ 4.2(3) 42.6 £ 4.7(5) +i6.3
3 ADA  10.9 £ 0.7(3) 13.0 2 2.5(4) +19.8
. DA 3.4 20.9(4) 5.720.6(4) +67.8
CPPAB 1 (+) 5 A0A  34.6 £ 1.9(7) 39.8 £ 1.5(3) #15.1 p<0.0s0
5 ADA 38,1 ¢ 2.3(3) 50.0 + 6,8(12) +31.2
7 DA 8.5 % 1.1(4) 12.1 £ 0.2(4) s42.4
8 DA 6.2 20.8(6) 1.9 ¢0.5(4) +26.8
9 nDA  70.B & 6.5(5) 75.8 £ 7.4(3) 1.1
CPPAB 2* (+)10 nOA  32.8 % 2.3(¢)  #1.3 £ 3.3(3) +25.8 p<0.05°
n nDA  27.8 1 5.2(6) 39.7 £ 1.5(2) +42.5
12 DA 5.0 £ 0.2(6) B.5 ¢ 0.2(2) +ba.?
CPAB 1 (-)13 ADA  33.6 2 1.4(6) 35.4 ¢ 0.3(4) «5.4  wso”
" nOA  23.0 % 0.6(6) 20.6 = 0.7(5) -10.7
15 nDA  32.0 ¢ 1.9(B) 31.7 £ 0.2(5} -0.9
1% nDA 2072 0.3(6) 19.B ¢ 0.3(4) -4.6

1?7 nDA  32.6 - 32.5 ¢ 1.6{8) -0.5



cPPAR \ (-8 ADA  22.1 $£1.0(3) 2.1 2 1.8(2) 4.7 wsob

19 AOA  34.4 2 3.2(S) 35.4 ¢ 2.2(4) +2.9
20 MDA 27.6 2 1.7(3) 28.4 % 0.8(4) +2.8
21 ADA  S5.7 £ 3.1(4) 54.3 £ 2.5(4) 2.5

CPPAB 2 (-)22 NDA  29.7 £ 3.2(8) 26.6 £ 2.7(5) ~-10.4 so®
- - oA 44.5 £ 9.7(8) 40.4 £ 0.2(3) -9.2
24 DA 2.1 £ 0.0{8) 2.2 £ 0.1(3) +6.7

CPLAR 2 (#3258 BA 2.0 £ 0.3(8) 2.2 % 0.2(5) +6.8  neo®
2 NDA  30.1 £ 0.4(4) 30.3 £ 2.3($) +0.6
2 MDA 20.3 £ 2.2(5) 19.0 % 1.5(6} —6.8

VEHICLE (+)28 DA 4.9 £ 0.8(5) 4.920.9(4) +1.7 wspP
2 NDA  27.4 £ 1.4(5) 26.0 2 1.7(4) -4.9
(-)30 0A 1.9 2 0.1(4) 1.7 % 3.2(3) -B.6
N ADA  32.9 £ 2.5(5) 33.6 ¢ 4.0(3) +2.2

's1gnif1c|nt\y different from vehicls {Dunnetts: CPPAB 2 wmo) p<0.0V; CPPAR 1 wmot] p<0.05;

CPAB 1 waol p<0.01}. SPatred T-tast comparing pre- to post-rug. WSD- No Significant
Differance; na-'dopulntrq‘ic; nOA-non-dopaminargic. Firing frequencies are repertsd as means i
standard deviation. The number of 10 ain bins {in which data were collected) appear in
parenthesis. Post-drug data collection began 20 ain after the termination of drug tnfusion and
¢1 ended to the end of the recording period. Reprinted with permiesign Elsevier Science
Publishers B, ¥V, (Blomedical Divimion), Bler &t, al, Buropean Journal of Pharmacology

Yol. 142 (1987) 321-330
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experiments 1-12 a dlfference between the response of
dopamlnergic and non-dopamlnergic cells was observed. The
increase In spontaneous flring frequency of the
dopaminerglic cells (48.4% +/- 18.9 (n=5)>) |s significantly
greater than the Increase in the non-dopamlinergic
spontaneous firing rate (22.5% +/- 11.7 (n=7); paired
t-test, p<0.05). It should be noted that the basellne
firlng frequency of dopaminerglc celils |Is lower than that
of the non-dopaminerglc cells, and the absolute Increase |n
firing frequency |s lower for dopaminergic than for the
non-dopaminerglc cells (2.6 +/- 0.39 Hz vs 7.2 +/- 1.4 Hz;

t-teat, p<0.05),

A.3. Infuslon of Vehicle:
Excltatory and Iphibltory Responses

Infuslion of 2 umol CPLAB l.c.v. , a compound
structurally related to CPAB and CPPAB but two or:lera of
magnltude less potent as an endopeptldase Inhibltor (K.=2.6
X 10-+ M), had no slgnificant effect on the flring
frequency of cells exhlbliting (+) responses; range of
responses was -6.8% to 6.8%. By comparison, experiments In
whlch vehlcle was Infused |.c.v. (both (+) and (-)
responses) yvielded the expected non-significant effect; the
range of response was -8.6% to 2.2% (Table 1)>. Note that
the 2 umo! Inlection of CPLAB In a volume of 20 uL serves
as a volume control! for the experlment In which 20 ul of

CPPAB (2 umol) was infused 1.c.v.
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A.4. Tlme Course of the Drug Effect

The time course of the drug effect Is shown In figure
2. The onset of the drug effect, for cells exhibiting (+)
responses, occurred within S min of termination of the
Ilnfuslon for 1 umol Infusions (10 ul) and near the end of
the infuslon for the 2 umol (20 ul) infusions. In every
exper iment the flring frequency reached an apparent maxlmum
by 20 min after the end of the infuslon perlod. The
Infuslon period was 6 to 21.5 mlnutes for the { umol (10
ul) infusions and 12.5 to 21 minutes for the 2 umol (20 ul)
infuslons. In no case was the recording perlod long encugh

tc detect any reversal of the drug effect.

A.4. Blochemical Anajyals

Experiments were performed to verlfy that l.c.v.
appilcation of 1 umol CPAB (a dose sufflclent to produce a
statistically signiflcant change in the flring frequency of
cells exhibiting (+) responges) could also Inhibit the
enzyme In vivo. Enzyme activity In the controls was about
three times higher |In the substantia nigra than in the
striatum. Infusion of 1 umol of CPAB i.c.v. signiflcantly
Inhiblted the enzyme In both striatum and substantia nlgra
when compared to controls (Table 2). As this reversible
inhiblitor Is dlluted five fold In the assay tube, It is

Ilkely that Inhibltlon In vivo Is much greater.
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Floure 2. Time course of the change In flring freaguengcy In
responge to inhlbltors of epndopeptidase-24.11. Open
circles indicate cells exhipbiting (+) responses. Closed
circles indicate cells exhibiting (-) responses. Ciliosed
triangies in D (control experlments in which vehicle was
Infused) [ndicate both (+) and (-) responses to strliatal
stimulation. Ordinate: normallzed mean firlng freguency.
Each curve was agenerated by pooling the normalized flirling
frequencies of several experiments: the number of
experiments for each polnt is shown above that polnt. Each
point represents ejther twe minute averages (reported for
the first 26 minutes following drug Infusion) or 10 minute
averages. In each experlment the firing frequencies were
normalized to the mean flring frequency In the 10 minutes
preceding the Infusion. Arrows Indicate the end of the
infuslon period. Infusion times: 6-21.5 minutes (10 ul>,
12.5-21 minutes (20 ul). The firlng frequency of the cells
before drug infusion was compared to the firing freguency
>20 minute after the end of the infusion (table 1>. p<0.05
(palred t-test) for (+) responses. NSD for controls, (=)
cresponses and N-[{1-<(R,S)- Carboxy-2-Phenylethyll-Leu-pAB.
Reprinted with permission, Elsevier Science Publishers B,
V. (Biomedical Dlvislion), Bier et al., European Journal of

Pharmacclogy, Vol. 142 (1987> 321-330.
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TABLE 2

Inhibition of endopeptidase-24.11 i1n the substantta nigra and cavdate-putamen
after 1.c.v. administration of 1 wmol
N-[1-{R,5)-carboxy-2-phenylethyl]-Phe-pAB (CPAB).

CAUDATE NIGRA
VEHICLE CPAB VEHICLE "~ CPAB
4.06 = 0.50 2.60 = 0.40 11.92 £ 3.79 4.72 ¢+ Q.92
(3} (5} (8} {4

Nigra: vehicle significantly different from inhibitor (CPAB} treatment

{p<0,005, T-test}. Caudate: vehicle significantly different from {nhibitor
(CPAB) treatment (p<0.001, T-test}. Results are expressed as means * standard
deviation. Activity was determined with glutaryl-Ala-Ala-Phe-pAB as described

in methods. Data represent specific activities expressed in nmole product/hr

/mg tissue., ‘'‘~hicle and CPAB were administered at a rate of 10 y1 in 10 min,
Numbers in parenthesis indicate number of experiments performed.

Reprinted with permission, Elsevier Science Publishers B, V. (Biomedical Division)

Bier et. al. European Journal of Pharmacology, Vol, 142 (1987) 321-330
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B. Monopolar Studv: Evoked and Spontaneous Responses

The next set of experiments were performed In order to

determine |f responses evoked In the substantia nlgra usling
monopalar stimulation (1 ms pulses 50 to 200 uA at | or 2
Hz) were affected by the application of inhilbitors of 24.11}
In a manner consistent with the |ncreases in spontaneous
actlvity previously observed. Only the (+) cells were
examined. Experiments were also performed |in order to
begln to locallze the sjte of actlon of the inhibltors
(effect of iocal application of lnhiblitors on spontanecus
activity ang evoked responses) and to begin to characterlze
the possible transmitter actlons underlylng our results
using naloxone as a probe for enkephalin actlon.

Recordlings, for these experiments were made through
the entire rostral-caudal extent of the substantla nigra.
The stimulatlion and paired recording sjites appear In the
appendix along with the tabies which show the results for
individuat experiments. Of the cells reported, 54 (45%)
were classifled as dopaminergic and 65 (55%) as
non-dopaminergic. The pre-treatment dopamine cell firling
was (6.6 +/- 0.1 Hz; range: 2.5 to 12.6 Hz), Irregular and
often appeared In burste of splkes (decreasing In
ampiltude); splkes were blphasic, 3 to 5 milliseconds In
duration wlth prominent negatlive phase. Non-dopamlnerglc
celis had faster firing frequencles (23.7 +/- 2.9 Hz;

range: 12 to 37 Hz) with a more reguiar firing pattern than



103

the dopramine cells; splkes were blphasic with duratlions of
no more than one mlllisecond. All of the reported cells

were spontaneously actlive.

B.1. Intracerebroventricutar Infusjon of
inhibltors of 24.11;

B.1.a, Spontaneous Activ]ty,

Flgure 3 shows the effect of |.c.v. Infusion of 1 umol
CPAB, 1 umoil CPPAB, 1 umcol CPLAB, 0.5 umol CPAB or vehicle
(0.9% saline or H20)> on the spontaneous actlivity of
non-dopaminerglc and dopamlnergic cells In the substantia
nigra. Significant Increases In spontaneous activity for
both dopaminergic and non-dopaminergic cells, pre- to
post-drug, were observed for pooled values In those
experiments In which 1 umol! CPAB l.c.v., or 1 umol CPPAB
l.c.v., was appllied. No signiflcant effect on the
spontaneous activity was observed foliowing application of
0.5 umol CPAB |.c.v.(Tables 7 and 8>, § umol CPLAB |.c.v.
(Tabies 9 and 10> or control !nfuslons of 10 ul l.c.v. of
0.9% sallne or Hz0 (Tables 11 and 12). These results are
In agreement with the previous findlngs.

The mean Increase iIn the spontaneous flring frequency
of non-dopaminergic cells followlng application of 1 umol
CPAB [.c.v. was 54.0% +/- 4.0 (n=6) (palred t-test, p<0.01)
with a response range of 20.0% to 91.7% (Table 3 : Figure

3). Application of 1 umol CPPAB 1.c.v. increased the mean
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activity of cells in the substantlia nlara, The graph shows

the mean +/- SEM of the change in firing frequencu from
pre- to post-drug. The number of experiments represented
by each bar 13 shown In parenthesis, #p<0.01, palred

t-test. #x p<0.05, palred t-test.

Fiqure 4  Effect of the intracerebroveptricular infusion
of inhibltors of metallioendopeptidase 24.11 on the
magnitude of the evoked responge of cejls in the substantla
piara. The graph shows the mean +/- SEM of the change |n
the magnltude o©of the evoked response from the pre- to
post-drug. The number of individual experiments
represented by each bar is shown in parenthesis. In each
exper!ment evoked responses tc 500 stimull were summed both
before and after administration of drug or vehlcle. Stimull
were 100-150 uA puises, 1 milillsecond In duration. %p<0.01,

paired t-test #% p<0.05, paired t-test).
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spontanecu® flring of non-dopaminergic cells 44.1% +/- 5.4
(n=4) (palred t-test, p<0.05) with a range of 29.8% to
S2.8% (Table 4 : Figure 3)., The mean increase In

spontaneous flring frequency of dopamlnergic cells
following the application of 1 umol! CPAB |.c.v. was 93.7%

+/- 10.6 (n=6) (palred t-test, p<0.01) with a response
range of 72.2% to 141.7% (Table 5 : Figure 3) and 1 umol
CPPAB i.c.v. lncreasing the flrlnq'rate 83.0% +/- 17.1
(n=4) (palred t-test, p<0.05) with a range of 62.3% to
104.2% (Tablie 6 : Flgure 3>. The Increases in spontaneous
firlng frequency observed following l.c.v. application of
equivalent doses of CPAB and CPPAB are not statistically
dlfferent from one another for elther non-dopaminerglc or
dopamlnerglc cells (Newman-Keuls multiple range test).
When the values for mean Increase In the flring
frequency of dopaminergic and non-dopamlnergic cells
following application of 1 umol CPAB i.c.v. or 1 umol CPPAB
f.c.v. were compared with values followlng appllcatlon of
0.5 umol CPAB |.c.v., | umol CPLAB l.c.v. or vehicle they
were found to have signlficant differences among each pair
tested (Newman-Keuls multiple range test: p<0.01>. The
results obtalned from l.c.v. Infusion of 0.9% saline, H20,
1 umol CPLAB or 0.5 umol CPAB are not statistically
dlifferent from one another (Newman-Kegls multipie range

test),
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As In our Initlal study the value of the mean Increase
in spontaneous flirlng frequency of the dopamlnerglc cells
(pooled responses following application of 1 umol CPAB
f.c.v., and 1 umol CPPAB l.c.v. was B89.4% +/- 7.2 (n=10))>
was signiflcantly greater than the mean Increase in
non-dopaminergic spontaneous rate (50.0% +/- 6.7 (n=10>;
t-test, p<0.001>. Again, the baseline firlng frequency of
dopamlnerglc cells (6.1 +/- 0.9 Hz (n=10>)> |s lower than
that of the non-dopaminergic cells (22.4 +/- 1.9 Hz (n=10))
and the absolute Increase In firlng frequency is lower for
dopaminerglc than for the non-dopamlnergic cells (5.4 +/-

0.9 Hz va 10.5 4/- 2.8 Hz; t-test, p<0.05).

B.l.b. Evoked Responses

Responses evoked in the substantia nigra followlng
strlatal stimulation were affected by the appllcation
Inhibltors of 24.11. Signlficant Increases |in the
responses of dopaminerglc and non-dopaminerglc celis were
seen following application of 1 umol CPAB j.c.v. or I umol
CPPAB |.c.v. but not 0.5 umot CPPAB 1.c.v., 1 umol CPLAB
l.c.v. or Infusions of vehlcle.

Infusion of 1 umoil CPAB l.c.v. Increased the evoked
responses |n non-dopaminerglc cells by 152.3% +/- 26.6
(n=6) (paired t-test, p<0.01) with a response range of
93.0% to 277.9% (Table 3 : Flgure 4). Dopaminerglic cells
responded with a mean increase of nearly twlce that of the

non-dopamlnerglc cells (275.6% +/- 63.9 (n=6); paired
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t-test, p<0.05) with a range of 108.2% to 433.9% (Table 5
Figure 4>. There was no signiflcant dlfference between the
magnltude of the baseline (pre-drug) evoked response of the
dopaminergic and non-dopaminergic cells; dopaminergic (99.2
+/- 25.8 counts (n=6)), non-dopamlnergic cells (113.2 +/-

24.6 counts (n=6)>. Thus, It may be falr to compare the
effect of the inhibjtors of 24.11 on the evoked response
across these cell groups.

Infusion of 1 umal CPPAB l.c.v. Increased the evoked
responses !n non-dopaminerglic cells by a mean of 160.5% +/-
27.4 (n=4) (Table 4 : Figure 4, palred t-test, p<0.05) wilth
a range of 100.0% to 219.6%. Dopaminerglc cells responded
wlith a mean increase of nearly twice that of the
non-dopaminergic celils (238.4% +/- 51.8 (n=4); palred
t-test, p<0.05) with a range of 165.4% to 386.6% (Table 6
Flgure 4). There was no signlficant difference |n the
magnltude of the baseillne (pre-drug) evoked response
between dopaminergic (87.0 +/- 26.9 counts (n=4)) and
non-dopamlnergic cells (95.4 +/- 12.2 counts (n=4)),

There was no apparent relation between the Inltial
conditlon (pre-drug evoked response) and the increase In
the evoked response cbserved followlng applilcation of 1
umol CPAB {.c.v. or 1 umol CPPAB l.c.v. for dopaminergic or

non-dopaminerglic celils (Flgs. § and 6 ).

B.2, Bppllcation of Inhilbltors of 24.11 Into the
Substantia Nigra
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response before aoplication of 1 umoi CPAB l.c.,v and the
change In the maanjitude of the evoked responge jnduced Dy
the drug. The circles represent individual experlments
which appear in tables 3 and 5. Closed circles:
non-dopaminerglic cells. Open circles: dopaminergic cells.
The X-axis, magnitude of the pre-drug evoked response, -]

reported as the number of counts as deflned in the methods.
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Flaure 6 Retatlonshlp Detween the maanltude of the evoked
reseonge before appjlcation of 1 umel CPPAB J.c.v and the
¢hange in the maanitude of the evoked response lnduced Dy
the drug. The clirclies represent individual experiments
which appear In tableas 4 and 6. Closed circles:
non-dopaminergic cells. Open circles: dopam!nergic cells,
The X-axis, magnitude of the pre-drug evcoked response, ls

reported as the number of counts as deflned Iln the methods.
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Experiments were performed In order to determine f
the effects on the spontaneous firing frequency and evoked
responses cbserved following l.c.v. appllcation could be
replicated by applying Inhlbltors directly into the

strlatum or the substantja nigra.

B.2.a. Blochemical Analvsis

Experiments were performed to determine the dose of
CPAB which, when appllied localiy lnto the substantia nigra,
wouid Inhlbit the enzyme to the same degree as appllcation
of 1| umol CPAB i.c.v. (60.4% Inhibltion). Each experiment
shows the results of a single punch of tissue taken from a
single rat. Tabie 13 shows the results of these
experiments, Inltlal experiments, numbers 1, 2 and 3 were
performed to determlne the range of doses which might yleld
60% Inhlbltion. There was clearly no Inhlbltion produced
following Infusion of 0.01 umocl CPAB. There was an
apparent decrease In enzyme activity upon administratlon of
0.02 and 0.04 umol CPAB. The large standard error
precluded statlistical signlficance. Thls error may be
attributed to the small amounts of tilssue assayed, dllution
of the Inhibltor and/or =mall sample size. Experiments
were repeated at the 0.04 umol dose (experiments 4 and 5>
vielding signlficant Inhibltion. Average Inhibltlon at
that dose was $8.19% +/- 4.27 which was the dose used In

subsequent experiments,
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TABLE 13

Inhibltlion of endopeptidase-24.11 In the substantia nigra foliowing local
aaministration of N-[(1-(R.S)~-carboxy-2-phenylethyl )-Phe-pAB (CPAB).

DOSE NIGRA %
CPAB VEHICLE CPAB CHANGE
1. 0.010 umoli’ 11.72 +/- 0.27 11.85 +/- 0.20 + 1.1%
(3 (<}
2. 0.020 umol? 2.73 «/- (.63 0.33 +/- Q.90 - 87.91%
(2 (2)
3 0.040 umol® 9.37 +/- 3.15 3.88 +/- 0.86 - 5B.59%
(4) C4)
4. 0.040 umol™ 1.5 +/- 0.1 0.54 «/~- 0,11 - 65.38%
2) (2
S. 0.040 umol® 7.33 +/- 0.548 3.62 ¢/~ 0.16 - §0.61%
3 (2)

l, 2 ang 3 vehicle not signlflcantly difterent from inhibitor., 4. Vehicle
significantly clfferent from Inhlbitor (p«<D.02, t-teat). 5. Vehicle
signlficantiy dlfferent from Inhibltor treatment (p<0.02, t-test)., Results
expressed as meana +/- SEM. Activity was determined wlith glutaryl-Ala-Ala-
Phe-pAB as described In methods. Data represent speclific activitienm
expressed In nmoie proguct/hr/mg tlmssue., Vehlcle and CPAB were acdministered
at a rate of | ulL In 2-3 mlnutes. Numbers in parenthesis indicate number of
exper . ments performed,



The extent of enzyme Inhiblition In the striatum
following direct appllcation of 0.04 umol CPAB was
determined In inltial experiments to yield non-signlficant

reductlions In enzyme actlvity of 27.5% (0.40 +/- 0.5 (n=3)
ve 0.29 +/~ 0.12 (n=2) nmol/hour/mg tl!ssue). These

experIments were not contlnued, |n order to obtain
statlstically signlficant results, for the following
reasons., First, it had previousiy been determined that
enzyme actlvity, measured colormetrically, was about three
times higher In the substantja nigra than the striatum
(Table 2). Further, the control readings, for basel ine
enzyme actlvity, obtained from the nlgral tissue were small
with large variance (11.72 to 1.56 nmol/mg protein).
Readings for the actlivity of the enzyme In the strilatum
were very low wlth large variance. Thus, the accuracy of
the readings at the extreme low end of the scale was in
questlon. Considering these factors, low enzyme actlvity
and the diiution of the Inhibltor during assay, 1t was
declided that any further attempted measurement of the
effect of direct application of inhlbitor Into the strjatum

would be wasteful.

B.2.b. Effect on Spontaneous Activity

Figure 7 shows the effect of local infumsjon of 1 ulL of
a 40 mililimolar solutlion of (0.04 umol) CPAB (Tables {14 and
15>, 1 uL of a 40 miliimolar solution of (0.04 umol) CPLAB

(Tables 16 and 17> and control Infusions, 1 ul of elther



Figure 7 Effect of direct jnfusjon of Inhibjtors of
metaljioendopeptidase 24.11 into the substantla nigra on the
spontaneous actlivjty of celis Iln the substaptia nlara,
Each bar of the graph represents the mean of the change 1in
flring frequency from pre- to post-drug. The bars are
presented +/- SEM. There was no signlflicant effect on the
spontanecus activity followlng any treatment. See fligure 8

for the key to cell type and drugs used.

Flaure 8 Effect of direct application of jnhibitors of
metalloendopeptidase 24.11 on the magnjtude of the evoked
responses |n the substantia nigra. The graph show< the

mean +/- SEM of the change |In the magnltude of the evoked
respconse from the pre- to post-drug. The number of
individual experiments represented by each bar l|s shown |..
parenthesis. In each experlment evoked responses to 500
stimui! were summed both before and after aaministration of
drug or vehicie. Stimull were 100-150 uA pulses, 1

millisecond in duration. #® p<0.0%5, paired t-test.
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0.9% salline or HaO (Tables 18 and 19>, on the spontaneous
activity of non-dopaminergic and dopaminerglic cells In the
substantia nigra. No statistically signlficant changes |n
spontaneous activity for elither dopaminergic or
non-dopaminerglc cells were observed following appllication
of CPAB, CPLAB or controls (palred t-test). Saline, HaO,
0.04 umol CPLAB and 0.04 umol CPAB values are not
statistlically different from one another (Newman-Keuls
multiple range test).

The mean basellne (pre-drug’> firing frequency, in those
experiments In which 0.04 umel CPAB was Infused, |s lower
for the dopamlnerglc cells (5.6 +/- 2.3 Hz (n=3)) than the
non-dopamlnergic celis (21.0 +/- 2.0 Hz (n=6)). These
basel ine values, for both dopamlinerglc and non-dopaminergic
cells, are not stati|stically different from the basellne
values obtalned, for dopaminergl!c and non-dopaminerglc
ceils, In the experiments in which the inhibltors were
agministered l.c.v (Newman-Keuls multiple range test).
Thus, the presence of the cannulae In the substantla nigra,
in close proximity to the recording electrode did not, In
Itself, change the Initial conditions compared to those
experiments In which the Infusion cannula was In the
lateral ventricle. There |s no statistical difference in
the abmoiute change in fliring fregquency, following Infuslon
of 0.04 umol CPAB Into the substantia nigra, between the
dopaminergic and non-dopaminerglic cells (1.0 +/- 0.4 Hz vs

2.8 +/- 2.8 Hz).
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B.2.c, Effect on the Magnjtude of Evoked Responses

Infusion of 0.04 umol CPAB Into the substantla nigra
increased the evoked responses of non-dopaminergic celils
with a2 mean increase of 34.7% +/- 5.0 (n=6) (palred t-test,
p<0.05)> and a response range of 17.9% to 54.2% (Table 14
Figure 8). The evoked responses of the dopamlnerglc cells
were not sligniflcantly changed followling the application of
0.04 umol CPAB Into the substantia nligra: mean of (23.8%
+/- 5.7 (n=3}) with a range of 13.6% to 33.3% (Table 15 :
Flgure 8)>. The non-significance of the resuit ls supported
by the finding that there is no statistical difference
between the effect of infusing CPAB compared to the pooied
values of vehicle and CPLAB (Mann-Whltney). There was no
signlflcant difference between the magnitude of the
base] lne (pre-drug) evoked responses; dopamlnerglic (123.3
+/=~ 76.2 (n=3)), non-dopaminergic cells (113.7 +/- 30.3
(n=6)). There was no relation between the Iinitlal
condition (pre-drug evoked response’> and the change |in the
evoked response observed followling application of 0.04 umol
CPAB directly Into the substantla nilgra for elther the
dopamlnerglic or non-dopaminergic cells (Figure 9).

Infusions of 0.04 umol CPLAB or iulL vehlcle (0.9%
saline and H20) had no significant effect on the evoked
responses of dopaminerglic or non-dopaminergic ceils (Tables
16, 17, 18 and 19 : Figure 8). Four experiments wvere

performed on dopam!inergic cells, two with 1ul vehicle, and
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clrcles represent |[ndlvidual experiments whlch appear |
tables 4 and 6. C(Ciosed circles: non-dopaminergi~ cel 5
Open circles: dopaminergic cells. The X-ax!s, magnitude o
the pre-drug evoked response, |s reported as the pnumber of

counts as defined In the methods.
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two with 0.04 umol CPLAB Infused Into the substantla nigra.
These values were determined to be not statistically
different from the control vaiues seen following
agministration of 0.5 umol CPAB |.c.v., 1 umol CPLAB |.c.v,
or vehicle |.c.v. These values were also no dlifferent from
the values observed In the dopaminergic cells evoked
responses following application of 0.04 umol CPAB Into the

substantta nigra (Newman-Keuls multiple range test).

B.3. Appllcation of Inhlbjitors of 24.11 into the Striatum

B.3.a. Spontaneous Actlvity

Figure 10 shows the effect of local Infuslon Into the
striatum of 1 ulL of a 40 miilimolar solution (0.04 umol) of
CPAB, 1 uL of a 40 mlllimolar solutlon ¢0.04 umol) of CPLAB
and control Infusions | ul of elther 0.9% saline or HaO on
the spontanecus activity of non-dopamlinerglc and
dopamlinerglc cells |n the substantla nigra. Signiflcant
Increases In spontanecus activity were observed in
dopam!nerglc and non-dopamlnergic cells following
application of 0.04 umol CPAB directly Into the strjatum.
No significant effect on the spontaneous actlvity in elther
dopaminergic or non-dopaminergic cells was observed
following appllcation of 0.04 umol CPLAB (Tables 22 and 23

Flgure 10> or 1 ul of vehlcle (0.9% saline or HaQ)

(Tables 24 and 25 : Figure 10).
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Flauce 10 Effect of direct Infusion of tiphibltors of
metalloendopeptidage 24.11 |nto the caudate-putamep on the
gspontaneous activity of cells in the substantla nlara.
The graph shows the mean +/- SEM of the change |in the
flring frequency from pre~- to post-drug. The number of
experiments represented by each bar |s shown In
parenthesis. #x p<0.05, paired t-test. See figure 11 for

the key to ceijl type and drugs used.

metalloendopepticdase 24.11 into the striatum on the
magnitude of the evoked responses in the sybstantia njigra,

The graph shows the mean +/- SEM of the change In the
magn!ltude of the evoked response from the pre- to
post-drug. The numpber of Indlvidual experiments
represented by each bar |8 shown |In parenthesis. In each
exper iment evoked respconses to 500 stimull were summed both
before and after admlnlstratlon of drug or vehicie., Stlmul]
were 100-150 uA pulwmes, | mlllisecond |In duratlion. x»x

p<0.05, palred t-test.
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The mean increase in the spontaneous firing frequency
of non-dopaminergic cells following the appllcation of 0.04
umcl CPAB was (33.5% +/- 6.9 (n=4); palred t-test, p<0.05)
with a response range of 18.5% to 52.0% (Table 20 : Flgure
10> and a mean percent Increase of (36.9% +/- 0.72 (n=4);
palred t-test, p<0.05) with a response range of 23.2% to
55.9% for the dopaminerglc ceils (Table 21 : Fligure 10).

The baseline firing frequency of dopaminerglic and
non-dopaminergic cells, for those experiments In which 0.04
umol CPAB was adminlstered directiy into the striatum, was
(7.9 +/~ 0.9 Hz (n=4)) and (22.4 +/- 2.2 Hz (n=4))
respectlvely. These values are not statistically dlfferent
from the basellne spontaneous firing frequency values, for
dopaminerglc and non-dopamlnerglic cells, for those
experiments |n which 1 umol CPAB |l.c.v, 1 umol CPPAB f.c.v.
or 0.04 umot CPAB was appiled locally into the substantia
nlgra (Newman-Keuls muitiple range test>. There is no
difference In the absotute change In flrling frequency,
between the dopamlnerglc and non-dopamlnergic celis, for
those experiments In which 0.04 umol CPAB was adminlistered
directly Into the striatum (3.0 +/- 0.7 Hz va 7.5 +/- 1.9

Hz).

B.3.b, Evoked Responses

Infuslion of 0.04 umol CPAB directly Into the striatum
significantly increased the mean evoked response of

dopamlnerglc celis (69.6% +/- 7.0 (n=4); palred t-test,
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Fiagure 12 Relatlonshlp between the maqnltude of the
evoked regsoponse pefore direct aepllcation of 0,04 ymol CPAB
directly lnto the astriatum and the chapnge ln the maanitude
of the evokeq response induced by the druas, The circles

represent indlvidual experiments which appear in tables 20
and 21. Closed circles: non-dopamlinerglc cells. Open
clrcles: dopamlinerglc cells. The X-ax!{s, magnitude of the
pre-drug evoked response, |s reported as the number of

counts as deflned In the methods.
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FIGURE 12

RELATION BETWEEN INITIAL EVOKED RESPGNSE AND
RESPONSE FOLLOWING INHIBITOR TREATMENT
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p<0.05) with a response range of 54.0% to 86.7% (Table 21 :
Flgure 11). There was no slgniflcant increase In the evoked
response for non-dopaminergic celis (Table 20 : Figure 11).
There was no signiflcant glifference In the magnitude of the
baseline (pre-drug) evoked responses between the
dopamlnerglc (125.8 +/- 32.5 (n=4)) and non-dopamlnergic
cells (150.3 +/~ S51.9 (n=4)). There was no apparent
relation between the Inltlal conditlon (pre-drug evoked
response) and the change In the evoked response observed
following application of 0.04 umol CPAB directly Into the
atrlatum for elther the dopaminerglic or non-dopaminerglc
celis (Figure 12).

Infusions of 0.04 umol CPLAB or vehicle (D.9% saline
and H20> had no signiflcant effect on the evoked responses

(Tables 22, 23, 24 and 25 : Flgure 11).

B.4. Effect of Administratlon of Naloxone i maskqg. l.¥.

B.4.a., Spontaneous Activity

The admlnistration of naloxone 1| mg/kg, l.v. had no
signlficant effect on either the spontaneous or evoked
responses ln the substantia nigra. The mean change In the
non-dopamlnerglc cells spontaneous flring frequency
following the applicatlon of naloxone l.v. was (0.6% +/-
1.0 ¢(n=4)) with a response range of - 2.6% to 2.0% (Table
26) and a mean change of (0.2% +/- 4.6 (n=4)) with a

response range of -11.6% to 9.4% for the dopaminerglc cells
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(Table 27>. These values are not dlfferent from the mean
changes recorded for those experiments In which 0.9% saiine

or Ha0 were adminlstered l.c.v.

B.4.b. Evoked Responses

Infusion of naloxone 1 mg/kg, l.v. was without
signiflcant effect on the evoked responses of dopamlnergic
cells, with a mean change In the magnitude of the evoked
response of (2.2% +/- 6.2 (n=4)) and a response range of
-13% to 12.5% (Table 27). Non-dopaminerglc cells were also
not signiflcantly responslive to naloxone 1 mg/kg, l.v.,
with a mean change in the magnlitude of the evoked response
of - 11.4% +/- 3.B (n=4) wlth a range of ~-5.2% to -22.0%
(Table 26). These values are not different from the mean
of the changes in the magnltude of the evoked responses
obtalned In those experiments In which 0.9% sallne or Ha0
were administered i.c.v. There |las a difference between the
magn! tude of the basellne (pre-naloxone) evoked responses
of the non-dopaminerglc (226.0 +/- 53.1 counts) and
dopaminerglc (56.3 +/- 16.5 counts) cells (p<0.05, t-test).
Again the pre-treatment evoked responses do not effect the
outcome of the drug effect; there s no correlation between
large or small evoked responses and large or small drug

effects.

B.D, Applicatlion | umol CPAB I.c.v, |n the
Presence of Naloxone 1 maskqg, l.v.
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B.D.a. Spontaneous Actlvity

Naloxone 1 mg/kg, l.v. was adminlstered and a basellne
firing frequency was established for 30 minutes before
aaministration of 1 umoi CPAB l.c.v. It was established,
In the previous set of experiments, that {1 mg/kg, l.v.
naloxone had no signiflcant effect on the spontaneous or
evoked responses recorded in dopamlnergic or
non-dopamlnerglc cells In the substantia nigra. The
present experiments were performed in order to determine {f
the presence of naloxone 1| mg/kg, 1.v. could modlfy the
Increases In spontaneous and evoked responses recorded in
both non-dopaminergic and dopaminerglc cells induced by the
adminlstration of { umol CPAB l.c.v.

Figure 13 shows the effect of Infuslion of 1 umol CPAB
i.c.v., on the spontaneous activity of non-dopaminergic and
dopamlnergic cejls In the substantia nigra in the presence
of naloxone img/kg, l.v. Slgnlificant Increases In
spontaneous activity pre- to post-drug were observed, for
both dopamlnerglc and non-dopaminerglic cells, followlng
administration of 1 umol CPAB |.,c.v. The mean lncrease In
spontaneous actlivity of non-dopamlnergic cells fotlowlng
the appllication of 1 umol CPAB |.c.v. in the presence of
naloxone img/kg, |.v. was (21.3% +/- 3.5 (n=4); palred
t-test, p<0.05) with a response range of 11.3% to 27.6%
(Table 28 : Figure 13). The mean increase In flring

frequency of the dopamlnergic cells followlng the
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Flaure 13 Effect of Infuslon of 1 umc]l CPAB {.c.v, In the
pregence of naloxone 1 maskg, j.v.. . on the spontaneous
activit of cells .n the substantla nigra., The graph shows

the mean +/- SEM of the change In the flring frequency form
pre- to post-drug for the dopaminerglc and non-dopaminerglic
cells. The graph conirasts the effects of appijication of
CPAB l.c.v. taken from experiments descrlbed earlier
(Figure 3> and CPAB l.c.v. In the presence of naloxone. The
number of experiments represented by each bar is shown in
parenthesis. #- Pre-CPAB compared to post-CPAB (ail {n the
presence of naloxone) p<0.05, paired t-test. ¥ p<0.01}

palred t-test, #xx p<0.01, Mann-Whiltney.
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FIGURE 13

EFFECT OF 1 umol CPAB i.c.v. IN PRESENCE OF 1 mg/kg
1.v. NALOXONE ON NIGRAL SPONTANEOUS ACTIVITY
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appllicatlion of 1 umol! CPAB was (78.1% +/- 20.8 (n=4);
palred t-test, p<0.05) with a response range of 20.6% to
110.2% (Table 29 : Figure 13>. The change In firlng
frequency of the non-dopamlnergic cells in the presence of
naloxone are signlficantly smaller than those ween In the

absence of naloxone when compared to all experiments In
which measures for the change In spontaneous fjrlng
followlng 1 umole CPAB were obtalned (pooling 1 umol! CPAB
alone and experiments In which CPAB was administered prlor
to application of naloxene into the substantia nigra and
striatum). This poollng gives an lncceame In the
spontaneous flirling frequency of 60.0% +/- 5.6 (n=12) and
21.3% vs 60.0% for non-dopaminerglc spontaneous firing
frequency are slgnlificantly dlfferent (p<0.01:;
Mann-Whiltney>. The applicatlon of naloxone 1 mg/kg |l.v.,
|s able to antagonlze the lncrease In non-dopamlnergic cell
flring induced by 1 umol CPAB {.c.v.

Alternatively the dopaminergic firing was found to be
not significantly different from pooled CPAB [.c.v. (78.1%
vs 96.6% +/- B.6 (n=12, Mann-Whitney>. Thus, although
small reductlons in the firing frequency of dopaminergic
cells are seen, the presence of naioxone 1 mg/kg, |.v. does
not signiflcantly modify the Increases In spontanecus
actjvity lnduced by 1 umol! CPAB i.c.v.

The mean increase in spontaneous firing frequency of
the dopamlnerglic ceils following appllication of {1 umol CPAB

f.c.v. In the presence of naloxone img/kg, 1.v. (78.1% +/-
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20.8 (n=4>) |s different from the Increase in
non-dopaminerglic spontaneous rate (21.3% +/- 3.5 (n=4));
t-test, p<0.05). The apparent increased responsiveness of
the dopaminerglic celis, as compared to the non-dopaminergic
cells, to the l.c.v. application of 1 umot CPAB, seen In
the earller experiments, [{s not altered in the presence of
naloxone 1 mg/kg, |.v. The basellne firing frequency of
dopamlnerglc cells (8.0 +/- 1.8 Hz) |Is lower than that of
the non-dopamlnerglc cells (26.5 +/- 2.6 Hz). The absclute
lncrease |In flring frequency is not signiflcantiy different
for dopaminergic and non-dopaminerglc cells (5.5 +/- 1.6 Hz
vs 5.7 +/- 1.2 Hz)>. Thls Is in contrast to the earlier
experiments in which 1 umol CPAB was applled l.c.v., in the
absence of naloxone, and the absolute change In the firing
frequency lInduced by the inhibltor was signiflcantly lower
for the dopaminerglc than non-dopaminergic firling

freguency.

B.5,b, Evoked Respopmes

Infusion of 1 umol CPAB in the presence of naloxone
Img/kg, l.v. Increased the magnitude of the evoked
responses in non-dopaminerglc cells with a mean [ncrease of
36.2% +/- 2.7 (n=6) (palred t-test, p<0.05) and a response
range of 27.1% to 41.9% (Table 28 : Flgure 14). Although
this Is a significant CPAB effect, the magnitude of the
effect |s lower than that obtained with I umol CPAB t.c.v.

alone (152.3% vs 36.2%; Newman-Keuls; p<0.01). The evoked
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Figure 14 Effect of Infusion of | umol CPAB j.c.v. in the
presence of naloxone 1 ma’kqg., j.y. on the maqnlitude of
evoked regronseg of cellg Iln the substantla njiara. The
graph shows the mean +/- SEM in the magnitude of the evokeag
responses form pre- to post-drug for the dopaminerglc and
non-dopamlnergic cells. The graph contrasts the effects of
appllcation of CPAB l.c.v. taken from experiments described
earlier (Figure 4> and CPAB 1l.c.v. 1In the presence of
naloxone. The number of exper!ments represented by each bar
s shown in parenthesis, #» Pre-CPAB compared to post-CPAB
(all In the presence of naloxone) p<0.05, paired t-test. =«
p<0.01, Newman-Keuls. ##% p<D.05, palred t-test. L 222

p<0.01, paired t-test.
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FIGURE 14

EFFECT OF 1 umol CPAB i.c.v. IN THE PRESENCE OF
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response of dopaminerglc cells to { umol CPAB |.c.v. was
reversed by the presence of naloxone 1 mg/kg l.v.(Table 29
t Figure 14). These celils responded with a mean decrease

In the magnitude of the evoked response of -37.1% +/- 6.4
(n=4) (palred t-test, p<0.05) and a range of -54.6% to

~24.7%. This |s In contrast to the Increased evoked
response produced by 1 umol CPAB |.c.v. alone (275.6% vs
-37.1%; Newman-Keuls; p<0.01). Unlike other experiments
In thls group there was a signlficant difference between
the basellne (post-naloxone, pre-CPAB) evoked response;
dopaminergic (54.8 +/- 14.6 counts (n=4)), non-dopaminergic
celis (235.0 +/- 59.5 counts (n=4); t-test, p<0.05>. The
range of pre-CPAB, post-natoxone responses for dopaminerglc
and non-dopaminerglc cells s simllar to the baselline
responses In those experiments In which CPAB was glven
aione., Thus, the results cannot be accounted for by sample

bias,

B.6. Application of 0,002 nmol Naloxone into the
Substantla Nigra or Strlatum

B.6.a., Spontaneoys Activity

Appllication of I uL of a 2 micromolar solution (0.002
nmol) of naloxone into the substantla nigra or the strlatum
did not alter the spontanecus fining rates of either
dopaminergic or non-dopaminergic cells. The mean change In

the spontaneous flring frequency of non-dopamlnergic cells
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following the applicatlon of 0.002 nmol naloxone [nto the
substantia nigra was 1.1% +/- 3.4 (n=3) with a response
range of -5.1% to 6.8% (Table 30) and a mean percent change
of (15.3% +/- B.92 (n=3)) with a response range of 5.0% to
33.0% for the dopaminerglc celis (Table 31). Appllication
of naloxone into the strjatum produced a mean change in the
firing fregquency of non—dopamlnerg;c cells of (1.4% +/- 3.0
(n=4>) with a response range of -3.1% to 10.2% (Table 32)
and a mean change of (5.0% +/- 5.6 (n=3)) for the
dopamlinerglc cells with a range of responses from -3.9% to
15.3% (Table 33), These data were not different from those
obtalned following Infusion of vehicle Into the substantla
nigra or strlatum as previously described (Newman-Keuls

multiple range test).

B.6.b. Evoked Responses

Infusion of 0.002 umol naloxone lnto the striatum
slgnificantly lncreased the magnitude of the evoked
responses ln non-dopaminergic cells In the substantia nigra
(Filg 15 : Table 32). There was no signlficant effect of
the dlirect appiicatlion of naloxone Into the striatum on the
evoked responses of dopamlnergic cells nor was appllication
of naloxone into the substantia nigra effective In alterling
the evoked responses of dopam!nergic or non-dopamlnergic
cells,

The non-dopaminerglc cells responded to local

appllicatlon of 0.002 nmol naloxone lnto the striatum with a
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evoked responses of cells [n _the substantia nigra, The

graph shows the mean +/- S5EM of the change |n the firing
freguency from pre- to post-drug for dopaminerglic and
hon-dopaminerglic cells,. The number of experiments
represented by each bar 1s shown |In parenthesis. In each
experiment evoked responses to 500 stimull were summed both
before and after admlnlstration of drug or vehlicle. Stimultl
were 100-150 uA pulses, 1 milllsecond In duratlon. #* 9%

p<0.05, palred t-test
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FIGURE 15

EFFECT OF LOCAL APPLICATION OF 0.002 nmol NALOXONE
INTO THE CAUDATE AND NIGRA ON EVOKED RESPONSES
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mean |ncrease in the evoked responses of 111.9% +/- 34.6
(n=4> (palired t-test, p<0.05> and a response range of 28.2%
to 180.2%. There is a significant difference between the

mean change in the magnltude of the evoked responses,
induced by application of naloxene [nto the strliatum,

cbserved in the non-dopamlnerglc cells (which yleided the
statisticalily signlficant Increase of 111.9%; palred
t-test) and the response of non-dopaminergic cells to
vehicle Infusion |nto the striatum (Newman-Keuls multipte
cange test; p<0.01). The evoked responses of the
dopaminergic cells are noteworthy as there was a large
Increase in the magnltude of the responses following
application of naloxone into the caudate whlch was not
signiflcant by a paired t-test (95.7% +/- 23.8 (n=3)) wlth
a range of 55.3% to 137.5% (Flg 15 : Table 33). The
non-gsignlflcance of the resuit |s supported by the finding
that there Is no significant dlifference between the mean
change of the evoked response of these dopaminergic ce Is,
following appllication of 0.002 nmo! naloxone, and the mean
change In the magnltude of the evoked response of
dopamlnerglc celis following Iinfusion of vehlicle into the
striatum (Newman-Keuls). Also, there |s a signlficant
difference between the mean change In the magnitude of the
evoked response, followlng application of naioxone into the
striatum, observed |n the non-dopaminerglc cells (yleiding
a statistically signlficant Increase of 111.9%; paired

t-test) and the response of non-dopamlinergic cells to
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Infusion of vehlcle Into the strlatum (Newman-Keuls;
p<0.01).

There was no significant difference in the magnitude
of the baseline (pre-naloxone) evoked responses between the
dopamijnerglc (125.8 +/- 32.5 counts (n=3)) and
non-dopaminerglc cells (150.3 +/- 51.9 counts (n=4)),

There was no relation between the Initlal condltion
(pre-naloxone evoked response) and the change In the evoked
responses of dopaminerglc or non-dopaminergic cell for
those experiments |n which 0.002 nmol nailioxone was

administered directly into the striatum.

B.7. Application of 0.002 nmol Naloxone jnto the
Stclatum or Substantjia Nigra and i1 umol CPAB {.c.v,

The procedure for these experlments varled from the
previous]ly described experiments and the experimental
procedure, outlined |ln the methods, In the followlng way.
Normally, there were two perlods of electrical stimuiation
of the striatum In which evoked data was collected and
compared. There was a perlod of stimulation preceding
admlnistration of the |Inhlbltors of 24.11 with a second
perlod of stimulation following the development of the drug
effect; typlcally 20 minutes after the end of drug
adamlnistration. For the experiments descrlbed below there
was no perlod of stimulation directly following the
application of { umol CPAB |l.c.v. Instead the second

perlod of stimulation followed the local administration of
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substantia niara jn the pregsence of 1 umo] CPAB |.c.v. A.

Response of non-dopaminerglc cell appearling In table 34
exper iment number 3. B. Response of non-dopaminerglc cell
appearing In table 34 experiment number {. C. Response of
dopaminergic cell appearing In table 35 experiment number

1.
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FIGURE 16
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naloxone. Naloxone was appiled directly into the
substantla nigra or the striatum after the CPAB |.c.v. drug
effect had stabl]lized: this usually occurred within 15

minutes after the end of the infuslion of the |nhilbitor and
the naloxone wams applied 20 to 25 minutes after the end of

the tnhibltor Infuslon. The duratlion of appllcatlion of 1
uL of a 2 micromolar solutlion of naloxone (0.002 nmol) was
2 to 3 mlnutes and the onset of the drug effect occurred
within {1 minute after the onset of the perfusion reachling a

plateau effect within 3 minutes (Flgure 16).

B.8. Appllcatlon of 0.002 nmo! Najloxone into the
Substantia Nigra 1n the Presence of
1 umol CPAR l.c.v,

B.8.a Scontaneous Activity

Figures 17 and 18 show the effect on the spontanecus
activity of both non-dopaminerglic and dopaminerglc cells In
the substantia nigra followling application of 0.002 nmol
naloxone directly into the substantla nlgra In the presence
of 1 umol CPAB i.c.v. The mean change In the spcrtaneous
firlng frequency of non-dopaminergic celils following the
application of { umol CPAB |.c.v., the inltial Increase In
firing frequency, was 68.8% +/- 1.5 (n=3) (palred t-test,
p<0.01). Application of 0.002 nmoal naloxone [nto the
substantla nigra caused a signiflcant drop In the CPAB

Induced increase |In no-dopaminerglc fliring. The mean
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Figure 17 Effect of application of 0.002 nmol paloxone
directly lnto the substantla niara ln the bpreserce of |
umo| CPAB_ J.c.v, on the spontaneous firing freguency of
non-dopaminergic cells In the _substantla niara The graph
shows the mean +/- SEM of the change in the flring
frequency. The number of experiments represented by each
bar is shown I[n parenthesjs, # There was a significant
recluctlion in the firing freguency post-CPAB to

post-naloxone p<0.05, palred t-test

Flagure 18 Effect of appjication of 0.002 nmol [aloxone
directly into the gsubgtaptia nigra Ip the presence cf |
umo! CPAB l.c.v, on the gspontapneous flrina freuyue cv _of
dopaminergic cellg In the substantla nigra The graph shows

the mean +/- SEM of the change Iln the firing frequency. The
number of experiments represented by each bar Is shown 1}:

parenthesis,
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FIGURES 17 and 18

EFFECT ON NON-DOPAMINERGIC FIRING OF 0.002 nmol
NALOXONE INTO THE NIGRA IN PRESENCE OF CPAB i.c.v.
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decrease observed was -23.7% +/- 2.9 (n=3) (palred t-test,
p<0.01) with a range of - 27.5% to ~18.0% (Table 34 :
Figure 17)>. But the increase In firing from pre-treatment
to post-CPAB-naloxone of 28.5% was signiflicant (palred
t-test; p<0.02). Further there was a signiflicant
difference between the percent increase in flring frequency
followlng iocal naloxone and CPAB 1.c.v. and CPAB alone
(pooled values for all CPAB 1.c.v. experiments; 60.0%
(n=12) vs 28.5%; p<0.05; Mann-Whitney). The mean lncrease
In the dopamlnerglic flring frequency follow!ng the
application of 1 umol! CPAB {i.c.v., prior to the applicatlon
of naloxone was 120.5% +/- 24.8B (n=3) (paired t-test,
P<0.01)>. Naloxone also caused a drop in the dopaminerglc
firlng frequency of s!milar magnltude to the
nocn-dopaminerglc cells, wlth each of the 3 experlments
showing decreased firing frequency, but an Insufficlent
number of experiments were performed to yleld a
statistlically significant result by the palred t-test. The
mean decrease observed in the dopaminerglic cells was -20.3%
+/- 3.7 (n=3)) wlth a range of - 27.5% to -15.5% (Table 35
: Flgure 18). The Increase in firing from pre-treatment to
post-CPAB-naloxone of 76.7% was signiflcant (palred t-test;
p<0.01>. Further there was no signiflicant difference
between the percent increase in firing frequency followlng
local naloxone and CPAB i{.c.v. and CPAB ailone (pooled
values for al] CPAB |.c.v. experiments; 96.6% (n=12) vs

76.7%;: Mann-Whitney).
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The baseiine firing frequency (pre-CPAB) for the
dopaminerglc celis (7.7 +/- 1.48 Hz (n=3)) is signlflcantly
lower than that of the non-dopamihergic cells (24.7 +/~ 4.4
Hz (n=3)>; t-test, p<0.02). The initlal flring rate values,

for non-dopaminergic and dopaminergic cells, are not

statisticaily dlfferent from the basellne spontaneous
firing frequency values obtalned prior to appllication of
appllcation of {1 umol CPAB [.c.v, 1 umol CPPAB |.c.v.,
vehicle administered {.c.v, 0.04 umol CPAB or vehlicle
administered locally Into the subatantia nlgra or caudate
(Newman-Keuls multiple range test>. There Is no
statlstical dlfference, In the mean percent decrease In
spontaneous firing following application of 0.002 nmo!
naloxone into the substantia nigra In the presence of 1
umo] CPAB, between dopam!nergic and non-dopamlnergic cells.
There |s a statlstlcal difference in the absolute change In
firlng frequency between non-dopaminergic and dopamlnergic
cells in this same Intervail (9.5 +/- 0.8 Hz vs 3.4 +/- 0.9

Hz; t-test, p<0.01).

B.8.b. Evoked Responses

Infusion of 0.002 nmol naloxone Into the substantla
nigra appeared to antagonize the CPAB induced increases in
the magnltude of the evoked responses, of both
non-dopaminergic and dopaminerglic cells, when compared to

the Increases In the evoked responses seen In earlier
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experiments In which 1 umol CPAB |.c.v was appliled In the
absence of naloxone.

The dopamlnergic cells responded to local application
of 0.002 nmol naloxone Into the substant!a nigra and { umol
CPAB |l.c.v. with mean increase In the evoked response of
64.0% +/- 13.2 (n=3) (palired t-test, p<0.05> and a response
range of 40.9.8% to 86.6% (Table 41 : Flgure 22). This |s
a signlficant decrease, In the magnitude of the evoked
response, from the mean increase seen |In the dopaminerglc
cells following the application of 1 umol CPAB |.c.v. alone
(275.6% vs 64.0%; Newman-Keuls; p <0.05). The
non—-dopaminergic celis responded to the application of
0.002 nmo! naloxone and t umol CPAB i.c.v. with a
non-asignlficant mean change In the magnitude of the evoked
response of 49.0% +/~ 1.3 (n=3) with a response range of
46.5% to 51.1% (Table 40 : Flgure 22>. And, the response
of the non-dopamlnergic cells foliowing the application of
0.002 nmel into the substantla nigra and 1 umol CPAB |.c.v.
Is signiflcantly different from the mean lncrease in the
magnitude of the non-dopaminergic evoked response followlng
the appllcation of 1 umol CPAB l.c.v. alone (152.3% vs
49.0%; Newman-Keuls; p<0.02). It therefore appears that
0.002 nmol naloxone, when applied directly Into the
substant!a nlgra, Is able to signilflcantiy antagonlze the
actlon of 1| umo! CPAB l.c.v. on the evoked responses of

dopamlnergic and non-dopaminerglc cells,
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nlara, The graph shows the mean +/- SEM of the change in
the magnitude of the evoked response from the pre- to post
treatment for dopaml!nerglic and non-dopamlnergic cells.
Experiments shown also contrast the effects of application
of 1 umol CPAB i.c.v alone (taken from earlier experiments,
figure 4> and experlments In which 0.002 nmol! naloxone was
appllied into the substantia nigra with CPAB j.c.v. The
number of Individual experiments represented by each bar Is
shown In parenthesis. In each experiment evoked responses
to 500 sgtimulli were summed both before and after
adminlstration of drug or vehicie. Stimull were 100-150 uA
pulses, 1! m!llisecond Iin duration. ¥ p<0.05, palired
t-test. *# p<0.05, Newman-Keuls. * 0 p<0.032,

Newman-Keuls. ##xx p<0.01, palred t-test.
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There was no signiflcant dlfference between the
magnltude of the baseilne (pre-CPAB) evoked responses of
dopamlnerglc (140 +/- 41.3 counts (n=3)) and

non-dopaminergic celis (162 +/- 50.1 counts (n=3>).

B.2. Application of 0,002 nmoi{ Naioxone into the
Striatum jn the Presence of 1 umo|l CPAR

B.92.a. Spontaneous Activity

Figures 19 and 20 show the effect on the spontaneous
actlvity of both non-dopaminerglc and dopamlinergic cells in
the substantla nlgra following application of 0.002 nmol
naloxone directly into the strlatum in the presence of 1
umol CPAB |.c.v. The mean increase in non-dopaminerglc
cell firing followlng the applicatlion of 1 umol CPAB
l.c.v., the initial Increase in firlng frequency, was 63.1%
+/- 3.2 (n=3) (palred t-test, p<0.01>. The application of
0.002 nmol naloxone Into the striatum caused a signiflcant
drop In the firing Increase induced CPAB in the
non-dopam!nerglc cells. The mean decrease in the firlng
frequency observed was -16.5% +/- 3.5 (n=3) (paired t-test,
p<0.05) wlth a range of - 20.5% to - 9.9% (Table 36 :
Figure 19). The Increase !n firing from pre-treatment to
post-CPAB-naloxone of 36.1% was signiflcant (palred t-test;
p<0.05). Further there was a significant difference
between the percent increase |n flring frequency following

ijocal naloxone and CPAB |.c.v. anad CPAB alone (pocled
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directly Into the strlatum in the presenge of 1 umol CPAB
l.c,v. on the _ _sSpopntaneous firlng _frequency  of
noo-dopaminecrajc cells |p the substantja njgra The graph

showe the mean +/- SEM of the change In the fliring
frequency. The number of experiments represented by each
bar ls shown |n parenthesis. # There was a significant
reduction In the firling frequency post-CPAB to

post-naloxone p<0.05, palred t-test.

directiy Into the strjatum ln the presence of 1 umol CPAB
l.c.v, on the spontaneous flrinag frequency of dopamlnerglc

cellg ln the substantia niqgqra The graph shows the mean +/-
SEM of the change in the filrlng frequency. The number of

experiments represented by each bar ls shown in

parenthes!|s,
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FIGURES 19 and 20

EFFECT ON NON-DOPAMINERGIC FIRING OF 0.002 nmol

NAL%EDNE INTO THE CAUDATE IN PRESENCE OF CPAB i.c.v.
l" I

401

’

.

EFFECT ON DOPAMINERGIC FIRING DF 0.002 nmol
NALOXONE INTO THE CAUDATE IN PRESENCE OF CPAB i.c.v.

c0 ";14 PRE-INHIBITOR TREATHENT
& POST-INHIBITOR TREATMENT

POST-NALOXONE TREATMENT

MEAN FIRING FREQUENCY
%1

15

ol 3) [ &\\\ \\

-

MEAN FIRING FREQUENCY




156

values for all CPAB 1.c.v. experiments; (60.0% (n=12) vs
36.1%; p<0.05; Mann-Whiltney)>. The mean increase of the
dopamlinerglic cells followlng the application of | umol CPAB
f.c.v., prlor to the appilcation of naloxone, was 78.4% +~/-
2.8 (n=3) (palred t-test, p<0.01), Naloxone also caused a
drop In the dopaminergic firing frequency of sim]lar
magnltude to the non-dopamlnerglc cells, with each of the 3
experiments decreasing the firing frequency, but an
insuffliclent number of experlments were pecrformed to vield
a statisticalily signiflcant result by the t-test. The mean
decrease observed In the dopami!nergic firlng frequency was
~-18.3% +/- 6.9 (n=3) wlth a range of - 25.3% to ~ 4.5%
(Table 37 : Flgure 20)>. The increase In firing from
pre-treatment to post-CPAB-naloxone of 45.3% was
signiflicant (paired t-test; p<0.001). However, there was a
signlficant dlfference between the percent Increase In
firing fregquency followlng locatl nalo:sne and CPAB l.c.v.
and CPAB alone (93.7% vs 45.3%; Newman-Keu s). Thus,
although not revealed in the palred t-test, an effect of
tocal natoxone on the CPAB induced Increase |n spontaneous
firing was demonstrated.

There s no statistical difference, In the mean
decrease [n spontaneous firing following application of
0.002 nmol naloxone into the striatum in the presence of 1
umol CPAB, between dopamlinergic and non-dopaminergic celis

nor is the absolute change In firing frequency. In the same
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intervail, different (2.9 +/- 1.3 Hz vs 6.4 +/- 1.0 Hz;

t-test, p<0.01),

B.2.b. Evoked Respgnses

Infusion of 0.002 nmcl naioxone |nto the striatum
appeared to antagonlze the effect of 1 umol CPAB l.c.v. on
evoked responses |in dopaminergic and non-dopamlnergic
cells. The mean change in the evoked response when | umol
CPAB was glven l.c.v. and naloxone infused into the
strlatum was only 3.2% +/- 5.7 (n=3)) with a response range
of -7.4% to 12.2% (Table 39 : Flgure 21). Thlis decrease in
the evoked response In the dopaminergic cells |s
signlficantiy lower than the mean Increase In the evoked
response of dopaminergic cells following CPAB l.c.v. ailone
(275.6% vs 3.2; t-test; p<0.02),

There was no signlficant change in the CPAB |.c.v.
Induced Increases in the evoked response followlng the
Infusion of naloxone into the striatum on non-dopaminergic
ceils. The non-dopamjnergic celis responded to local
appllcation of 0.002 nmol naloxone Into the striatum and
tumol CPAB l.c.v. with a mean Increase in the magnitude of
the evoked response of 81.4% +/- 1.2 (n=3) (paired t-test,
p<0.05) and a response range of 29.8% to 140.4% (Table 38).
However thls ls signlficantly dlifferent from the mean
increase seen in the non-dopaminergic cells following the
application of 1 umol CPAB l.c.v. alone (152.3% vs 81.4%;

P<0.05; Newman-Keuls).
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Flaure 21 Effect of <the direct appllication of 0,002 nmol
naloxone into the striatum and | umol CPAB l.c.v, on the
magnltude of the evoked responges jn the gubstantia nlara.
The graph shows the mean +/- SEM of the change |In the
magnitude pf the evoked response from the pre- to post
treatment for dopamlnerglc and non-dopaminerglc ceils.
Experiments shown also contrast the effects of appllication
of 1 umol CPAB 1.c.v alone (taken from ear]ler experlments,
flgure 4) and experiments In which 0.002 nmeol naloxone was
applied Into the strlatum with CPAB l.c.v. The number of
indlividual experiments represented by each bar is shown |In
parenthesls. In each experlment evoked responses to 500
stimull were summed both before and after administratlon of
drug or vehicie, Stimull were 100-150 wA pulses, 1
mliilisecond in duration. ##x p<0.02, Newman-Keuls, *#

p<0.05%, palred t-test. #» p<0.01, palred t-test.
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There was no signiflicant dlfference between the
baseiine (pre-CPAB) evoked responses of dopaminergic (228.7
+/- 37.7 counts (n=3)) and non-dopamlinerglc cells (169.7
+/- 64 counts (n=3)). There was no apparent relation
between the Initlal)l condltion (pre-drug evoked response)
and the change in the magnltude of the evoked response of
the dopaminergic or non-dopamlinergic cells for those
experiments in which { umol CPAB was applled lL.c.v. and

0.002 nmol naloxone was lnfused directly Into the striatum.

B.10, Perjistimulus Interval Histograms

Examples of peristimuius histograms, representative of
several of the groups of the experiments dlscussed above,
appear in figures 28 through 34. The flgures are shown not
because any partlicular detall |s important, rather these
histograms [l lustrate several Important general points
concerning the group or experiments as a whole. First, the
stimulus |ntensity used In these exper.ments S50 to 150 uA
at 1 to 2 Hz was sufflcient to evoke simple monomodai
responses with delay and duratlon commensurate wlth
previously reported evoked responses (Colllingridge and
Davies, 1981;: Dray et.al., 1976; Frigyes| and Pupura, 1967.
Exampies 28R, 30R, 31R, 32R, 33R and 34R all show
peristimulus hlstograms of experiments In which the
application of inhibltor was effectlve in altering the
magnitude of the evoked response. Fligrue 29R shows an

example of an experiment ln whlich vehicie was Infused
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Flaure 23 Perligstimulus interval histoaram The flogure

shows the pre- to post-drug reaponse of a non-dopamlnerglc
cell (experiment number 1; table 3) In which 1 umol! CPAB
was appllea |.c.v. 100 uA pulses 1t ms I[n duration were
delivered at 2 Hz In 500 sweeps. Arrows mark the stimuius
artifact. Amplitide |ia reported 1in events per bin with

each bin 0.4 ms In duratlon.
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Figure 23
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Flaure 24 Perlstimulus [nterval histogram The flgure

shows the pre- to post-vehicle response of a non-
cdopaminergic cell (experiment number 3; table 11) in which
vehicle was applled i.c.v. 100 uA puises 1 me In duration
were delivered at 2 Hz In 500 sweeps. Arrows mark the
stimulus artifact., Ampllitide is reported in events per biln

wlth each bin 0.4 ms In duration.
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A. PRE-DRUG RESPONSE

I
Jiamt}- tetd
s
4

T

. poni
DT IS

I
¥
b
1

T
hyns puqs
1L
1
1

prat] eet

1ot
1
T

+
il

+4 - "Tl" Hra s

164



165

Flgure 25 Peristimulus Interval hjstoaram The flgure
shows the pre- to post-drug response of a non- dopaminerglc
cell (experiment number 4; table 14) in which 0.04 umol
CPAB was appllied directly into the substantia nigra. 100
uA pulses | ms In duratlon were delivered at 2 Hz in 500
sweeps. Arrows mark the stimulus artifact. Ampllitide |s

reported in events per bln with each bin 0.4 ms |in

duratlon.



166

Figure 25
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Flaure 26 Peristimulys jinterval hilstogram The flgure

shows the pre- to post-drug response of a dopaminergic cell
(experiment number 1; table 21) in which 0.04 umoi CPAB was
appllied directly into the striatum. 100 uA pulses I\ ms In
duration were dellvered at 2 Hz in 500 sweeps. Arrows mark
the stimulus artlfact. Amplitide |8 reported |n events per

bln wlth each bln 0.4 ms |n duration.
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Figure 26
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Figure 27 Perjistimulugs interval histogram The fligure

ahowsa the pre- to post-drug response of a dopaminerglic cell
(experiment number 2: table 413 In which 0.002 nmol
naloxone was appllied dlrectly into the substantlia nigra 1In
the pregence of 1 umol CPAB l.c.v. 100 uA pulses 1t ms 1In
duration were delivered at 2 Hz In 500 sweeps. Arrows mark
the stimulus artifact. Amplitide s reported in events per

bin wlith each bln 0.4 ms In duration.
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Figure 27
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Flagure 28 Perlstimulus Interval hlstogram = The flaure
shows the pre- to post-drug response of a non-dopaminerglc
ceil (experlment number 3; table 38) 1In which 0.002 nmol
naloxone was applled directly Into the striatum In the
presence of 1 umol CPAB |l.c.v. 100 uwuA pulses 1 ms |in
duration were dellivered at 2 Hz in 500 sweeps. Arrows mark
the stimulus artifact. Amplltide is reported In events per

bin with each bin 0.4 ms In duration.
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Flgure 29 Peristimulus interval histogaram The flgure
shows the pre- to post-drug response of a non-dopaminergic

ceil (experiment number 1: table 29> in which | umol CPAB

was applied |.c.v. in the presence of naloxone 1| mgrkg,
f.v. 100 uA pulses 1 ms in duration were dellivered at 2 Hz
in 500 sweeps. Arrows mark the stimuius artifact,

Amplitide i3 reported in events per bin with each bin 0.4

ms ln duratlon.
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l.c.v. They are shown to |]llustrate the polnt that the
Inhibltors effected the evoked responses In a simple
manner. Complex changes in the shape of the response

histograms, such as monomodal to bimodal or reverberations
were not Introduced by the drugs. The drugs effected the

magnitude of the responsme by increasing elther the

ampl itude or duratlon of the response.

B.11, Latency and Duratlon of Evoked Responses

Table 42 shows the relatlon between the latency and
duratlon of the evoked responses pre- to post-drug for
several of the experiments in which appllication of CPAB
caused a significant change In the evoked responses. There
was no drug treatment whlch caused a signiflcant or
cons|stent change in the latency or duration of the
responses. Only the magnitude of the evoked response,
change In the absolute number of splkes, was signiflcantly

changed by the drugs.
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Table 42

Reiatlon between the |atency and duratlan of the esvoked responses pre- to
post -drug.

Treatment Dalay Duration

Pre-Prug Post-Drug Pre-Drug Post-Drug
A)
DA (6} 7.0 +,- 1.8 B.4 +/- 2.2 46.8 +/- 26.0 81.0 +«, - 32.4
nbOA (5> 5.4 +/~- 1.7 .5 +/- 2.0 23.8 +/- 10.2 24.8 +,- 22.2
B:
DA (3 6.6 +/- 2.3 4.4 +/- 0.9 38.3 +- 8.1 IB.T +/- 11.5
nDA (&) 10.1 +/- 4.9 13.1 +/- B.0 23.0 +/- 17.86 22.2 /- 17.0
(o9 ]
DA (47 10.7 +/- 7.7 10.1 +/- 6.5 - 20.6 +/- 9.2 21.4 +/- 9.8
nDA (4) 6.0 +/- 2.5 6.0 +/- 2.3 25.7 +«/- 1B.3 25.9 +- 16.5
m
DA (3 6.7 +#- 1.3 7.8 +- 2.0 I19.6 +/- 9.4 23.5 +,- |6.1
nDA KA
£
DA HNA
nbA (3 4.0 +/- 1.4 4.1 /- 1.2 ZA.1 +/- 9.9 23.0 +s/- 3.4
)
DA (4> 4.0 +/- 1.5 4.4 +/- 1.7 23.4 /- 11.3 2.4 ¢/~ 12.6
nDA NA

Ay 1 umol! CPAB i.c.v. B) 0.04 umol CPAB Into the substant!a nigra. C}» D.04
umo! CPAB Into the striatum. D) §.002 nmol naloxone nto the substantia nigra
ana CPAB |.e.v. E) 0.002 nmoi naloxone Into the striatum and CPAB 1.0.v. F)
Naloxone | mg kg, |I.v. and CPAB |l.c.v. All valuse are in milllseconcs.

Number of experiments shown In parenthesls. NA data hot avaliable.
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DISCUSSION

The results reported here provide evidence for a
functlonal roie of the metalioendopeptldase-24.11, commonly
called “enkephallnase’ |n the regulation of the electrlical
actlvity of cells In the substantia nigra of the rat.

There |3 a specliflic set of cells in the substantla nigra
which may be identifled by thelr excltatory responses to
atriatal stimulation which are responsive to the inhlbition
of 24.11 (Table 1).

The effect of the Inhibitors of endopeptidase-24.11 on
the firing frequency of these select cella in the
substantla nigra Is due to the specific Inhlbltion of
endopeptidase-24.11 and not to a non-specific effect for
the following reasons. Flrst, 2 umole of CPLAB (an
inhiblitor structurally similar to CPAB yet two orders of
magn!tude less potent) had no effect on the flring
frequency of cells exhiblting excltatory responses which
vere expected, based on their classiflicatlion, to be
responsive to the same dose of CPAB (Tables {, 9 and 10 :
Flgures 2 and 3). Second, l.c.v. Infuslon of CPAB (at a
dose which is sufficlent to significantly iIncrease the
firing frequzncy of responsive cells in vivo) was shown,
using an in vitro aassay, to inhiblt the activity of
endopeptldase-24.11 (Tables 2 and 13). Third, the

Inhibitors used in thls study (CPAB and CPPAB) are the most
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gpecliflc inhlbitors yet synthes|zed against th!s enzyme.
Unlike the other commonly used lnhlblitors of
endopeptidase-24.11, thlorphan and phosphoramidon, the
Inhibltors used In this study selectlvely Inhibit only
endopeptldase-24.11 with no effect on peptlidyl!dipeptidase
activity <(Fuicher et al., 1982; Matsas et al., 1984).
Thlorphan, whlich has been the most widely used Inhibltor of
endopeptldase-24.11, |s non-selectlve as !ts Inhibltory
potency agalinst angiotensin-converting enzyme (ACE;
peptidyidipeptlide hydrolase, EC 3.4.15.1) s within two log
units of endopeptidase-24.11 (Rogues et al., 1983,
Angliotensin-converting enzyme (ACE) i3 present In high
concentration in the substantla nigra and |s able to
hydrolyse substance P and enkephalin. Inhibition of ACE
would therefore be expected to affect both peptlde
metabolism and electrlical activity In the nigra. The
Inhibitors used In this study are also more suitable for In
vivo use as they are more bicloglcally stable;
phosphoramidon s susceptlble to enzvymatic degradation
whlile thiorphan |s susceptlble to oxidation at Its

sul fhydryl group (Fulcher et al., 1982; Matsas et al.,
1984). Thus, inhlbltors used In this study avoid effects
secondary to degradatlive products of the Inhibltors and
spurious enzyme inhibltion. Flnally, the delayed conaset of
actlon of the Inhibltors Is consistent with the hypothes|s

that the compounds are exerting their effects through
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enzyme |nhlblitlon rather than actlng as agonists or

antagonlsts (Figure 2).

Initial studies were performed using a relatively
large blpolar stimulus. Thls fixed voltage, hligh
frequency, stimulus was used for the following reasons.
First, the release of peptides, In vivo, had been reported
to occur under different condltlions than those of the
classical transmitters (Lundberg et al., 1982a). Peptides,
according to the model establlished following studies of the
action of VIP In the periphery, may requlre a hlgher
frequency of stimulation for release and are released under
much more restricted circumatances compared to the
non-peptlde transmitters (Lundberg et al., 1982b>.
Secondly, using a single electrode, opposed to the five
eiectrode monopolar electrodes used In later experiments,
restricted the area of strjatal stimulation. One simple
way of increasing the area of the strlatum actlvated, to
Insure activation of strlatal efferents to the cel)
recorded |n the substantla nigra, |Is Increasing the amount
of current dellvered. Although the stimuius amplltude was
hlgh the response patterns observed In the nigra were not
different from those reported Iin the literature and our
later results (using much Jless current) dld not contradict
the early results. Further, currents dellvered, measured
post-hoc, 500-1200 uA although large, were not out of range

of some studies (Colllngridge and Davies 1981).
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In the flirst group of exper!ments (Table 1) the subset
of cells responding to the |l.c.v., appllcatlion of inhibitors
of 24.11 was ldentifled. In the experiments which
foliowed, these celis were characterlzed
electrophyslologlcally {(short latency evoked responses) and
pharmacoioglically (response followlng Inhlbltor and
naloxone treatment)., Studies on the possible mite of
action of the observed effects were also performed. The
Initial experiments showed significant increases In the
spontaneous firlng frequency of dopaminergic and
non-dopaminerglc ceils following application of 1 umol
CPAB, 1 umol CPPAB or 2 umol CPPAB. The Initlal hypothesis
for the effect was that inhlbitlon of 24.11 resuited in
increased tachyklnln activity in the substantia nlgra. In
the exper ments which followed, a smaller amp!ltude lower
frequency monopolar stimulus was umsed In order to
characterjze the short latency evoked responses, The
results of these studies confirmed the earljer results on

spontaneous actlvity.

& The Use of Naloxone

Naioxone was used In these studles In order to assess
the effects of possiblie oplold peptldes (enkephalin and-/or
dynorphin) In the strlatum and substantia nigra followling
attenuated degradation of these peptldes due to Inhiblitlion
of 24.11. As naloxone s able to block multliple oplate

receptors, especlaliy at high doses; doses greater than
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10-* M Induce non-speclific effects (Sawynok et al., 1979,
The dose administered |.v. and locally was determined to be
most selectlve for enkephalin antagonism. The estlmate of
the correct dose was based on the following observations
reported In the literature. Morphlne (10~* M) superfused
Into the rat striatum increased the release of *H-dopamine.
This effect was antagonized by 10-*% M naloxone. Naloxone
(1 mo‘kg |.v.) was able to antagonlze the effect of
D-ala-met-enkephalin (20 ug, l.c.v.) on the tall withdrawl
in the rat (Roques et al., 1980). HNaloxone ! mg/kg, |.p.
wag able to antagonize the effect of lntrathecal
agdminlistration of 1 ug of D-ala-met-enkephalin on hot plate
and tall flick latency In the rat (Yaksh and Harty 1982).
Misra et al. (1976) determlned, us!ing radioimmunoassay,
that the whole brain concentration of !“C-naloxone
following adminlstration of | mg/kg s8.c. to be 0.5ng/mg.
Therefore, 2 ul of a 10~* M sclutlon (0.002 nmot; 0.65 ng)
was dellvered locally. This volume was determined to cover
an area of 1.0 to 2.0 mm® with 1.3 mm® sphere having an
average concentration of 0.5 ng/mg assuming 1 mg

tissue/mm*.

Naioxone has been demonstrated to have pharmacoioglcal
effects which may be unrelated to oplate receptor biockade
(Sawynok et al., 1979>, It has been suggested that
naloxone may, at certaln doses have agonlst effects. For
example, naloxone at doses petween 10-“ and 10 M Is able

to block potassium evoked Met-enkephalln release In the rat
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strlatal sllce In a manner similar tc the blockade produced
by 10~ M morphlne (Sawynok et al., 1980). Superfuslon of
{0-« M naloxone into the strlatum of the cat |s able to
produce changes In dopamlnergic reiease which resembie
oplate agonist effecta (Chesselet et al., 1983a). However,
these apparent agonist like effects may be due to
antagonism of receptors other than mu which unmasks
activity which |s not ordlnarlly s?en. Walker et al.
(1987) studied the effects of morphine and the delta
agonist US0-448 on the firing frequency of dopamlnergic
cells In the nigra of the rat. He found that 0.02 mg kg
I.v. naloxone was able to antagonize the morphine effects
while D.28 mg/kg naloxone [.v. was necessary to antagonize

the effects of US0-448,

B Peptide facllltatlon and mechanl=ms of generating
excitatory evoked regponses Iln the substantia njigra
followlng striatal stimulation

The magnltude of the inltial response of nigral cells
following striatal stimulation (basellne response
magnitude) did not affect the response In the nigra
followlng treatment with lnhlbitor; large Initial responses
were not assoclated with large responses to the drug
(Flgures 5, 6, 9 and 12). Thls lindependence rajises
quest lons concerning possible mechanisms lnvolved in the
generation of excitatory responses in the substantia nigra

followlng striatal stimulation and the role of the peptlides
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In those responses. I[f It Is assumed that Inhibitlion of
24.11 acts to prolong the actlvity of one or several of Its
subgstrate peptides and that the peptides affected modulate
the action of non-peptlde transmitters then such modulatlon
may elther enhance the effectiveness of the non-peptide
transmitter as establ!ished In the periphery for vasocactlve
Intestinal polypeptide (VIP) and acetylcholine (Lundberg et
al., 19B2a.,b> or possibly decreasgse its effectlveness., The
results followling inhlbitor treatment are consistent with
the !dea that Inhibltion of 24.11 causes prolonged peptlde
action which ultimately acts to facllltate the actlon of
non-peptide transmitters as the size of the initjal evoked
response (presumably largely a measure of the fast
non-peptide transmitter action’) does not influence the
cutcome (post-drug change in the evoked response) followlng
inhibitlon of 24.11. The outcome of the experiment cannot
be predicted if one assumes the evoked response is a
consequence of peptlde actlon alone but s consistent with
facililtation. The drug effect Is not stimulus specific, Is
not additive, but appears to be modulatory |n nature,
Faclllitation of the short latency responses following drug
admintstration (lnhibltion of 24.112 increases only the
overall magnltude of the evoked response. The |ncreased
regponsiveness to striatal stimulation |s not restricted In
the time domaln (duration of the response); the
peristimulus Interval shows an increase in the absclute

number of splkes with no cons!stent change In the delay or
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duratlon of the response (Figures 23 to 29 : Table 42).
All responses vwere classifled as short latency: consistent
with such class!lfication in the llterature for

extracelluiar responses (Colllngridge and Davies 1981; Dray

et al., 1976).

C Spontaneous Activity: Dopaminecrqic Cells

The 93.7% lncrease |n the spontaneous flrlnhg frequency
of dopam!nerglc cells observed followlng appllcatlon of 1
umol CPAB [.c.v. cannot be fully accounted for by
Inhlbition of 24.11 In the substantia nigra or application
of 0.04 umol CPAB to the striatum. There |s some
indication that application of CPAB Intoc the striatum may
contribute to thils effect ags there |Is a signiflcant
Increase of 36.9% in dopaminergic cell spontaneous flring
frequency following local appilcation of 0.04 umo! CPAB
there (Flgure 10).

The Increase In the spontaneous firlng frequency of
dopaminergic cells followlng CPAB J.c.v. is partlally
antagonized by appllcation of 0.002 nmol naioxone into the
striatum; 0.002 nmol naloxone In the presence of CPAB
f.c.v. compared to CPAB |.c.v. alone (45.3% vs 93.7%,
p<0.05; Newman-Keu!s)., This Indicates opiold peptide
facilitation In the strlatum may medlate part of thls
effect. This conclusion |s consistent with the
observatlons of Iwatsubo and Clouet (1977) who showed that

Infusion of morphline directly into the striatum of the rat
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caused a naloxone reversible Increase in the spontaneous
firlng of dopamlnerglc cells 50% to 300% above basellne.
The peak flring frequeﬁcy of the dopaminergic ceils they
recorded followlng treatment with morphlne was 15 to 1B Hz.
Thls is close to the fastest firlng Induced by inhibltion
of 24.11 In the striatum (14.2 +/-1.3 Hz) with peak
dopaminerglc cell firing of 19.0 +/1.2 Hz foliowing CPAB
l.c.v. ana 22.0 +/- 1.3 following CPPAB |.c.v. The effect
of 1.v. morphine was abollshed followlng kainlc aclid
lesjonlng of strlatum. Thug, potentlatlon of oplold
peptide action In the striatum may be Important In
generating the effects seen foliowlng application of
inhlblitors of 24.1% l.c.v. or dlrect appllcation into the
striatum.

Appllcatlon of naloxone | mg/kg 1.v. was unable to
antagonize the actlon of CPAB l.c.v. on the spontaneous
flring of dopamlnergic cells. This indlcates that there
may be an oploid peptide procesa in the substantla nigra or
possibly an area projecting to the striatum that, when
blocked, either antagonlzes the effect of naloxone in the
strlatum ands/or has direct excitatory effects on the
dopaminerglic cellis In the nigra. But, the results of these
experiments do not clarlfy this issue nor is there a known
process which can explalin thils resuit,.

Support for the particlpatlion of endopeptidase-24.11
In regulatlon of strlatonigral processes comes from studles

using Inhibltora of the enzyme which demonstrate that
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appllication of these lnhlbltors are able to effect changes
In dopamine metabolltes recovered in the striatum (Algeri
et al., 1981; Wood 1982>. Wood (1982), using thliorphan
l.c.v. showed a naloxone reverslble increase in dopamine
metabol ites DOPAC and HVA. Algeri et al. (1981), using
phosphoryl-L-leucyl- L-phenylalanine potassium salt {.c.v.,
also demonstrated increased dopamine metabollite recovery.
These studies suggest that appllcatlon of inhlbltors of
endopept |dase-24.11 |.c.v. may act to lncrease the actlivity
of dopaminerglc cells In the SNc. Murthy et al., (1984)
using 12 umol/kg | .p. CPAB show |ncreased levels of
striatal enkephalin 3 hours post-treatment. The effect of
Inhibition of 24.11 in the striatum may be mediated by
enhanced enkephaljin actlon rather than dynorphin as the
kappa agonlist US50-488 Infused Into the striatum decreases
dopamlnergic celi flrilng (Walker et al., 1987).

A relation between striatal enkephalinergic
functioning and the cell firing recorded in the substantija
nigra was first suggested by studles showling that opiates
Inhlbit the spontaneous activity of select striatal
(Iwatsubo and Clouet 1977: Filnnerty and Chan 1979; Kondo
and Iwatsubo 1980) and nigral cells (Collingridge and
Davies 1982; Hommer and Pert 1983). The speciflc cells
affected are thought to be GABAerglc interneurons In the
nlgra and strliatum which may regulate the nigrostriatal
dopamlnergic outflow through a disinhibitory process

(Flgure 30).
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Flaure 30 Clrcutt dlagram showling the reiation of the
GABAergic Interneuron In the striatum and substantia nigra
toc the cells involved In the strlonigral "loop". These
interneurons are hypcthesized to be senaltive to inhlbition
by oplates and oplold peptides. Mu receptors are shown on
the soma of the Interneurons and terminals of the

dopamlnerglic projection.
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According to a model of strlatal functlonlng proposed
by Groves (1983) potentlatlon of enkephallinerglc activity
in the striatum would be expected to increase the actlvity
of the splny type I GABAergic projectlon neuron (through
disinhibitlon) with a decrease |In the activity of the spliny
type 11 tachyklnin cells. Thils lncreased spiny type I
activity may in turn be expected to preferentlally inhiblt
the GABARergic lnterneuron reslding in the retjculata which
Is thought to regulate the actlvity of certain dopaminerglc
cells (Grace and Bunney 1985a,b) and the primary efferent
cells of the substantia nigra (Deniau and Chevaller 1985;
Hikosaka and Wurtz 1983) (Filgure 30>. Also of Interest is
the findlng of Grace and Bunhney (1985a) that the level of
strlatal stimulus affects the response recorded In the
substantla nigra with lower leveils of stimulation (20 to S50
uA) giving cons!stent SNc excitation; presumably by
act!vatlon of the GABA sens!tjve interneuron. Thils low
stimulus result may be analagous to the results obtained
following Inhlbitlon of 24.1%1 alone on spontaneous
activity. Sustained peptlde activity (following lnhibition
of 24.11) and small amplltude stimuli (effectling iow levels
of peptlide release in the nigra) may have the same effect
on nigral celtl firlng. Larger stimulus apparently
actlvated GABA afferents of the dopamlnerglc cells leading
to the appearance of more Inhlbjiton In the SNc (Figure 30).

Moroni et al. (1978) showed decreased GABA turnover

in the striatum of the rat with Increased nigral GABA
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turnover followlng subcutaneous appllcatlion of morphine.
Thls observatlon supports the model! proposed by Groves,
Such lncreased GABA outflow may coinclde wlth decreased

substance P activity but this has not been demonstrated
experimentally. Increased GABA activity In the SNr could

act to dislinhlblt dopaminerglc cells Increasing thelr
flring (Grace and Bunney 198%a,b>.

Haloperidol has also been demonstrated to !ncrease the
actlivity of dopaminerglc cells in the SNc. This activatlon
has been shown to increase dopaminergic cell flring 30% to
400% above basellne following strlatal or |l.v. appllication
of haloperldo]l (lwatsubo and Clouet 1977)>. Antagonism of
the Inhlbitory action of dopamine by haloperldol on the
spiny type 1 GABAerglc projectlon neurons may contribute to
the activation of these striatal proJectlon cells; which |s
translated to activation of dopaminerglc cells in the SNc
through disinhibltory proceas in the nigra. Haloperidol
has been reported to raise dopaminerglc cell! activity
through local antagonism In the nigra (Bunney et al., 1973
and to have no effect wlthout prlor amphetamine treatment
(Piercey et al., 1987). Plercey suggests that th!s
treatment |s necessary In situatlions where dopamline release
Is low, for exampie due to the action of anesthetics, and
in this case amphetamine |Is able to rase the jevel of
dopamine release to reveal antagonism by haloperldol. This
effect |s assumed to be post synaptic. Support for

pre-synapt!c actlon comes from studies whlch show that
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dopamlnerglc termlnai excitablllty Is reduced by
apomorphlne whlie haloper!dol lncreases dopamine terminal
excltabllity (Tepper et al., 1984). Thus, the release of
dopamine from the termlnals |Is a functlon of the number of
impulses reachlng the termlnal and the pharmacological
environment of the termlnais. Sustained enkephalin and-/or
dynorphlin activity iIn the striatum followlng Inhibition of
24.11 may act directly on GABAergic Interneurons,
inhiblting thelr actlivity, which couid activate the
projectlion neurons via disinhibltion, and/or antagonizing
the actlion of dopamine either directliy on striatal
dopami{nerglc nerve endlngs (Bigglo et al., 1978; Moroinl et
al., 1979> or post synaptlcalily (Kondo and Iwatsubo 1980).

The observation that appllcation of 0.002 nmol
naloxone into the substantlia nigra does not signiflcantly
decrease the effect of CPAB |l.c.v. Indicates that local
opiold peptlde actlon does not contribute slgnlficantiy to
the increase in the spontaneous activity of dopamlnergic
cells (Flgure 18).

Neurotensin and CCK may aiso contrlbute to the
lncrease in dopaminerglic cell flring observed. Infuslon of
neurotensin |l.c.v. and direct appllication into the SNc of
the rat Increases the recovery of strlatal dopamine, HVA
and DOPAC (Nemeroff et al,, 1983). Iontophoretic
appllication of neurotensin into the SNc Increases the
actlvity of dopaminergic cells (Pinnock 1985). The

sulfated form of CCK appearsa to have direct excitatory



192

actlon on dopaminergic cells whlle both sulfated and
non-sul fated forms facllltate the Inhlbitory actions of
dopamine In the substantla nigra of the rat (Hommer and

Skirpbol! 1983>. But, the reduced speciflcity of these
peptides by endopeptidame-24.11 compared to enkephal!n and

gsubstance P (approximately 10 times lower K..:/K. relative
to Leu-enkephalln (Matsas et al., 1983)) indicates the
contripbutlion of these peptides may be small; but such

effects cannot be ruled out.

D Spontaneous Actlvity: Non-Dopaminerqic Cejls

The Injitlal experiments In which 1 umol! CPAB was
admin!stered 1.c.v. ylelded a mean lncrease in the
spontaneous activity of non-dopaminerglic cells of 54.0%
(Figure 3 : Table 3). This increase can be fully accounted
for by inhibltlon In the striatum (no signlficant
difference between 33.5% increase observed following
strlatal Inhlbltlon and $4.0% Increase followlng CPAB
l.c.v. by Newman-Keuls; Flgure 10). If the data from the
experiments In which 1 umoi CPAB l.c.v. was aaminlistered
prlor to appllcation of naloxone Into the nlgra and
striatum (Tables 34 and 36> |s comblned with data from
experiments in which the only treatment is I umol CPAB
l.c.v. (Table 3) then the Increase in spontaneous firing of
non-dopamjnerglc cells following CPAB |.c.v. |s 60.0% +/-
5.6 (n=12), The addltional experlilments were added for the

sake of the followlng stati!stlical analysls. Signiflcant
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antagonlsm of the CPAB induced Increase In spontaneous
filring of the non-dopaminergic cells s cobserved following
applicatlon of naloxone 1 mg/kg, 1.v. (21.3% vs 60.0%,
p<0.01, Mann-Whitney; Flgure 13), 0.002 umol Into the nigra
(28.4% vs 60.0%, p<0.05, Mann-Whitney) or 0.002 umol Into
the striatum ¢ 36.1% vs 60.0%, p<0.05, Mann-wWhiltney).

Inhiblition of 24.1! In the substantla nigra (Figure 7)
following local application of 0.04 umol CPAB did not cause
a signlficant Increase (15.2%) In the spontaneous flring
frequency there. Thls result was surprlsing in 1ight of
the studles demonstrating a large tachykinin projectlon to
the SNr, excitatory effects of tachykinlins on cells I1n the
reticulata and the high specificity of endopeptidase-24.11
for tachyklnins; all suggesting that Inhlbltion of 24.11 In
the nigra would cause large Increases [in the flring of
non-dopaminergic cells. The absence of the expected
lncreamse |Indicates that dl!sinhibitory processes may be of
primary Importance ln malintalning the spontaneous firing of
non-dopamlnerglc as wel]l as dopamlnergic cells.

A tachykinin induced lncrease in excltabllity of
GABAergic Interneurons in the SNr could make these cells
less senslitive to inhlblitlon by strlatonigral GABA. Thus,
the adual actlon of tachykinln and GABA on the Interneuron
woulid tend to make the disinhibltory process less efficlent
and may account, in part, for the absence of the expected
lncrease In the spontaneous firing of cells in the SNr

following inhlbltion of 24.11 |In the nlgra. Sustalned
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dynorphln action could also contribute to thls reasult by
inhibitlng SNr cel] flring (Walker et al 1987)>.
The Increase In spontaneous activity of the

non-dopamlnergic cell!s followlng 1 umol CPAB |l.c.v. Is
clearly sensitive to antagonism by naloxone. Antagonism of

the CPAB Induced increase in the spontaneous flrlng of
non-dopaminergic cells followlng Infusion of 0.002 nmol
naloxone [nto the striatum (Flgure.19> may be the result of
Increased activity of the GABAerglc Interneuron leading to
decreased dlisinhlbitlon of the splny type 1 GABRergic ceil.
This would In turn lead to decreased disinhibition in the
SNr which would oppose !ncreases in the flring of neurons
In the reticulata (Figure 30). Thls |s analagous to the
process affecting the dopamlnergic spontaneous firing
frequency. Thus, the main Influence on dopaminerglc and
non-dopaminergic spontaneous cell firing appears to be the
striatal GABAerglc afferent of the Interneuron In the
retlculata. In thls light the observatlon th treatment
of the strlatum with 1 umol CPAB is able to effect
increases In the activity of dopaminerglc and
non-dopaminerglc cells |Is not unexpected. The absence of
an effect on the spontaneous rate of non-dopamlnerglic cells
following Inhiblitlion of 24.11 in the nigra |Is the result of
decreased striatal GABAergic afferent actlvity (below CPAB
stimulated level), Increased tachyklnln action on the
GABAerglic Interneurons respbnslble for the disinhlblitlon

and sustalned dynorphln actlon on the cells recorded in the
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SNr. The cells recorded In the SNr may be facllltated by
sustained tachyklinin action but the appearance of such
facilltatlon may depend on phasic synaptlc lnput into these
cells; excitatory input (Nowak and McDonald 1981; Nakanlshi
et al., 1987). That nigral appllcation of naloxone
following CPAB |.c.v. |Is able to antagon!ze the effect of
CPAB |.c.v. indlcates that oploid peptlde actlvity in the
nigra 1s necessary or perml!ssive In the disinhibltory
process. Apparently Increased striatal GABAerglc actlvity
tollowlng treatment of the striatum with 1 umol CPAB Is
sufficient to significantly increase the spontaneous flring
frequency of the non-dopamlnergic cells |In the reticulata
and this effect is dependent on oploid actlon In the
reticulata. As GABA and enkephalin may be colocallized in
the gpliny type ] afferents of the strionlgral pathway (Zahm
et al., 1985; Aronin et al., 1984; Morelll et al., 1983;
Derte]l et al., 1983) It Is likely that enkephalin ls acting
to faclilitate the effect of GABA on the Interneuron in the
retlculata that Is regulating the spontaneous activity of

the cell recorded in the SNr.

E Short Latency Excjitatory Respopses In Non-
Dopamlnergjc Cells; Possible Mechanisms

The possilble mechanisms of generating short latency
excltatory responsesa is much leas well characterlized for
non-dopamlnergic cells In the SNr than for the dopamlnergic

celis |n the SNc. As there is |ittle support for a
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monosynaptic strlatonlgral pathway which could account for
the short latency exclitatory responses in the SNr and SNc
it is most likely that such responses are produced locally

(polysynaptically) via dlsinhibltory processes (Gale and
Casu 1981; Deniau and Chevaljier 1985; Chevaljer et al.,

19852>. The majority of cells recorded In the SNr are
inhiblted at short latency; lpsp’s recorded 1.8-2.2 msec
(Grace and Bunney 1985a) whlich may be a monosynaptic
response (Denlau and Chevaller 1985>. Celis which may be
exclted by disinhlbltlon include neurons wlth excltory
afferents from the pedunculopontine tegmental nucleus
(Jackson and Crossman 1983; Scarnatl et al., 1984) or
subthalamlic nucleus (Deniau et al., 1978; Nakanishi et al.,
1987), cells which are under auto Inhlbitory processes
(Karabela®s and Purpura 1980> and cells which are |n small
networks whlch may be turned on by dislnhlibitory processes
(Figure 30>. Evidence for such networks comes from
electrophysiologlical studies which show rhythmlcalily
recurring discharges In SNr celis followlng striatal
stimulation (Frigyes! and Purpura 1967: Collingrlidge and
Davies 1981). The latency of responses recorded
extracellularly cannot be used as the only criterla to
Judge |f the responses were monosynaptic or not. The
shortest ilatency lpsp’s recorded |In the rat are 1.8-2.2
msec (Grace and Bunney 1985a) (whlch are arguably
monosynaptic responses) whlle the shortest latency

Inhlbltory and excitatory responses recorded
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extracellularly |n the rat are around 5 msec (Dray et al.,
1976; Collingridge and Davies 1981) which is in agreement
with the shortest latency excltatory responses observed in

the experiments reported here (Table 42).

F Evokeg Responses: Non-Dovamlnerglc Cells

The magnitude of the evoked response of
non-dopamlnergic celis |s signlflcantly lncreased (152.3%)
following administration of 1 umol CPAB |l.c.v. (Figure 4).
This increase can not be fully accounted for by Inhlbltlon
of 24.11 in the substantla nigra (34.7% vs 152.3%, p<0.01;
Newman-Keuls) cor treatment of the striatum with 0.04 umoi
CPAB (20.5% vs 152.3, p<0.01; Newman-Keuls)., The fallure
of CPAB treatment in the nlgra or strlatum to account for
the full |l.c.v. effect may reflect a comblnatlon of
opposing influences on the non-dopaminergic cell flring.
Some of those Influences are revealed In the experiments
(descr |bed below) In which naloxone was administered alone
and in the presence of CPAB |.c.v. It ls also possible
that either the volume of striatum treated with CPAB was
insufficient (approximately 4% of strlatum covered by
Inhilblitor) or both strlatum and nigra need to be treated
simultaneously to get the maximal effect,

One key result which shed some ilght on the possibie
mechanlsms influencing the evoked response of the
non-dopamlnerglc celis was the significant increase In the

magnltude of the evoked response (34.7%) of these cells
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following Inhlbltion of 24.11 In the nlgra (Flgure 8).
This Increase may reflect the action of increased
tachykinln actlvity on the cell recorded in the SNr cue to

the combined effect of inhibltion of 24.11 and striatal
gtimulation. Of the experiments performed in whlich the

actlvity of 24.11 was lnhlbited In the substantla nligra
this is the only case In which sign!{flcant changes iIn the
activity of nlgral cella was observed. 1If the
disinhibltory process, which |s hypothesized to regulate
the spontaneous actlvity of non-dopaminergic and
dopaminergic cells, |s also actilve In the generation of
short latency excltatory responses of the non-dopamlnergic
cells In the SNr then Inhilbitlon of 24.11 in the substantla
nigra may be expected to attenuate this response due to the
action of tachykinin on the interneuron responslble for the
disinhibltion (Figure 30). An Increase In the firilng or
excitablllty of thls central SNr Interneuron would tend to
make the disinhlbitory process less efflclent. But, at
high stimulus Intensity (above spontanecus release) direct
tachyklnin action may become an Important influence on the
cell recorded In the SNr. The actlon on non-dopamlnerglc
celils suggests that there may be a mechanism which |s able
to lower the threshold of excitabjlity In these cells
enough to enhance excltatory synaptlc drive wlthout
affecting the spontaneous actlvity Iln those cells. Thls
finding supports the jdea that certain SNr cells may be

faclilltated by tachykinin and the apparance of such



199

fac!litatlon may depend on phasic synaptic Input onto these
cells (Nowak and McDonald, 1981; Nakanishl et al., 1987).
Thus, even with decreased excitatory Input, due to the
action of tachyklning on the GABAergic Interneurons
respons|ble for disinhlibltlon, the threshold of the celis
recorded could be lowered enough to get signlficant
excltation,

Application of 0.04 umol CPAB Into the strlatum had
no significant effect on the magnitude of the evoked
response of non-dopam!nerglc cells (Flgure 11>, The
flnding that infusion of CPAB into the striatum lncreases
the spontaneous but not the evoked actlvity may appear
paradox!ical but striatal stimulatlon coupled with inhlbitor
treatment causes greater activation of dlrect GABAerglc
lnput onto the celi recorded In the SNr (Flgure 30)>. This
ls supported by the experiments of Grace and Bunney (1985a>
showing that the jevel of striatal stimulus affects the
response recorded In the substantia nigra with lower levels
of stimulation (20 to S0 uA) glving conslstent SNc
excltatlon; presumably by activation of the GABA sensitlve
Interneuron. The results presented here support the
hypothesls that a simllar mechanism may be at work In the
SNr. Thi!s low level of stimulus may be analagous to the
resuits obtalned following Inhibltion of 24.11 alone |n
that the sustalned activity of the peptldes which regulate
these processes foliowlng Inhlbltion of 24.11 may be the

same as low levels of stimulus causing low levels of



200

pepticde to be released. Larger stlmul!! apparently
activated GABA afferents of the dopamlnergic cells leadlng
to the appearance of mocre Inhlbitlon In the SNc. Such

direct GABAerglc input could act to antagonize excitatory
input onto the same cell. This hypothesis is supported by

experiments In which naloxone aione was administered into
the striatum causlng a slgnlficant Increase of 111.9% In
the magnitude of the evoked responﬁe of cells In the SNr
(Flgure 15). Decreased actlivity of the GABAergic
projection neurons (resultlng from the local actlon of
naloxcne) along with Increased tachykinin actlvity (due to
the stimuli) could cause the increase observed. It appears
that the following influences may be actlve |n shaping the
evoked responses recorded In the SNr followlng strlatal
stimulation; direct tachyklnin actlon, direct GABA action,.
direct excltatory Input which |s modulated by disinhlbitory
procegses and GABAerglc input which s dislnhibitory
(Flgure 31>. The lack of an effect on the magnitude of the
evoked response of the non-dopamlnergic celis following
appllcation of CPAB into the striatum could be expialned by
the followling: antagonism of disinhibltion in the SNr by
increased tachykinln activity and decreased dynorphln
(which Inhibits SNr activity) and enkephallin (which may
faci{iltate dleslnhlbitlon) actlivity In the SNr.

Applicatlon of 0.002 nmol naloxone into the striatum
is able to antagonjize the CPAB |.c.v. effect (81.4% vs

152.3%, p<0.05; Newman-Keuls; Flgure 21). In the strlatum
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Figure 3% Circulit diagram showing possible synaptic
lnfluences on the cell recorded !n the SNE whlch are

conslstent wlth the results presented.



202

Figure 31
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the effect of CPAB (whilch Increases the GABARergic outflow?
|s opposed by the naloxone. Thus, there s less actlvatlon
of the dlrect GABAerglic afferent of the cell recorded iIn
the SNr with greater actlvatlon of the disinhlbltory
pathway. But, sustalned actlvity of tachykinin In the SNr
oppoges the disinhibitory Influences on the cell recorded
leading to less efficlent disinhibltory processes.

Further, sustained action of dynorphln could also
contribute to reduced excitabillty of the cell recorded.
Application of naloxone lnto the substantla nigra Is also
able to antagonize the effect of CPAB j.c.v. (49.0% vs
1562.3%, p<0.01; Newman-Keuls; Figure 22>. Thls result may
be a comblnatlon of the local effect of CPAB l.c.v. In the
striatum, activating direct GABA infiuences on the cell
recorded as well as antagonlsm of an oplold peptide which
is hypotheslzed (based on spontaneous results) to be
facilltatory or permissive on the disinh!bltory process |n
the SNr. The antagnism of the effect of CPAB |.c.v,
following naloxone |.v. (36% vs 152%, p<0.01; Newman-Keuls;
Figure 14) s thought to be the result of a comblnation of

these processes.

G Evoked Respopses;: Dopaminergic Cejls

The magn!tude of the evoked responses of dopamlnerglc
ceils |s jncreased 275% folliowing application of I umol
CPAB j.c.v. (Figure 4). The baseline evoked responses of

the dopaminergic and non-dopaminerglc cells acre not



204

dlfferent and both percent and absclute Increases in evoked
responses are greater for the dopaminerglic cells. Thus, |t
appears that the dopaminergic cells are approximately 2
times more resgsponsive to evoked stimulatlon followlng

inhibltor treatment than non-dopaminergic cells. The large

Increase in the magnitude of the evoked response of the
dopamlnerglc cells can not be accounted for by Inhlbjition
of 24.11 In either the substant!a nigra (28.8% va 275.6%,
pP<0.01; Newman-Keuls) or treatment of the striatum wlth
0.04 umol CPAB (69.6% vs 275.6%, p<0.01; Newman-Keuls)
(Figures 8 and 11>, It is possible that either the volume
of strilatum treated with CPAB was insufficlent
(approximately 4% of striatum covered by (nhibltor? or both
strlatum and nigra need to be treated simuitaneously to get
the maximal effect,

The significant increase In the magnitude of the
evoked response of dopamlnergic cells of 692.6% following
treatment of the striatum with 0.04 umo! CPAB is probably a
reflectlon of a decreased inhibltory environment in the
strlatum due to sustalned enkephalln actlon whlch may
either iower the threshold of stimulatlon of GABA efferents
or jncrease the number of efferents stimulated. Simllar
influences are affecting the magnltude of the evoked
responses of non-dopaminergic celils and dopamlnergic cells.
But, there are apparently asome important differences in the
afferents of these cells which may account for the

differences ln the responses of these cells followlng
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simllar drug treatments. The main difference between these
cells Is that the dopaminergic cells rece!ve much less
direct GABAergic and tachykinin input and are apparently
regulated primarily through the disinhibitory process,
Therefore, the processes which affect the inhibltory
interneuron In the SNr wlll have a greater effect on the
evoked responses of dopamlnergic cells than on the
regsponses of non-doapminergic cells. The increase of 69.6%
In the magnltude of the evoked response of dopaminerglc
cells following treatment of the gatr!atum wlith CPAB |s
different from the evoked response of the non-dopaminerglc
cells (where there |ls no increase ln the magnitude of the
evoked response fol!lowing treatment of the striatum with
CPAB). Thls may slmply be the result of less direct
inhibition by GABAerglc afferents. Thls dlrect GABAerglc
influence |!s postulated to significantly contrlbute to the
abasence of an effect on the evoked response of the
non-dopaminergic cells. In a llkewise manner the
significant increase in the magnltude of the evoked
response of the non-dopamlnergic cells (34.7%) followlng
inhlbitlon of 24.11 in the substantia nigra is postulated
tc be primalirly due to the direct actlon of tachykinins on
these cells. The paucl!ty of a tachykinin projection to the
SNc may account for the absence of a signiflicant effect on
the evoked response of these cells following lnhibltion of

24.11 In the nigra.
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The reversal! of the CPAB i.c.v. effect In the presence
of naloxone l.v. (-37.1% v8 275.6%, p<0.01; Newman-Keuls;
Flgure 14) suggests several possible Influences on the

evoked responses of these cells, First, this result
affirms the importance of enkephalin In the striatum i{n

facllltation of thls response (also supported by the
slgnificant decrease |In the magnltude of the evoked
response of dopamlnergl!c cellils folfowlng applicatlon of
0.002 nmol! naloxone into the striatum In presence of CPAB
i.c.v. (3.2% vs 275.6%, p«<0D.01; Newman-Keuls: Flgure 21i).
The difference In the response of dopaminergic cells (wlth
a non-signlficant increase of 3.2%) and non-dopam!inergic
cells (significant [ncrease of B81.4%) followlng the direct
application of naloxone into the strlatum !n the presence
of CPAB l.c.v. r also be the result of the influence of
the direct GABAerglc afferent of the SNr cell. Apparently
the maln influence on the evoked response of the
dopaminergic cells |Is the process of disinhibltion. When
that is blocked in the strlatum by the naloxone treatment
coupled to the sustained action of tachyklnin (acting to
attenuate the disinhibition) In the SNr (due to the
Inhibltlon of 24.11), the result Is a great reductlon In
the magnitude of the evoked response of these cells (Flgure
21). But, the non-dopaminergic cells are Infiuenced by the
gsame processes wlth the add/tionai Influencz of direct
GABAerglc inhibltion (ams evidenced by the non-signlflcant

(20.5%) Increase In the magnitude of the evoked response of
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these cells followlng infuslon of 0.04 umo! CPAB Into the
atrlatum (Flgure 112). When the effect of appl!lcatlon of
0.04 umoi CPAB Into the strlatum |s antagonized (follow!ng
treatment of the strlatum with naloxone |lh the presence of
CPAB |l.c.v., (Figure 21)) there [s |ess attenuation of the
evoked response (due to blockade of the direct GABAergic
Influence) of the non-dopamlnergic cells (81.4% increase)
compared to the dopaminergic cells (3.2% Increase).
Second, the significant reductlon in the evoked response of
dopaminergic celis followlng the application of naloxone
Into the nigra in the presence of CPAB |.c.v. compared to
CPAB alone (64% vs 275.6%, p<0.0!; Newman-Keuls) conflrms
the necessity of opiold actlon in the SNr for full
expression of this response. Dynorphin, applied to SNr,
has been shown to decrease cell firing (Lavin and
Garcia-Munoz 1985) and antagonlsm cof thls effect by
naloxone could contribute to the attenuation of
disinhlblitory effect®s In the SNc. The reversal of the
evoked response of the dopamlnergic cells folliowing
applicatlion of naloxone i.v. could be the resuit of
blockade of the disinhibltory processes comblned with the
direct actlon of GABA on these cells. Although this action
would arguably (based oq the paucity of direct GABAergic
afferents of the SNc) be small thls result supports the
suggest|on that there is some dlrect GABAerglc actlon on

theae celis,
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H Future Experiments

Marked heterogenitles in the distribution of

transmitters In the substantia nlgra and striatum have
recently been described (Graybiel 1983). In the striatum
many of the peptide and non-peptide transmitters, as well
as endopeptldase-24.11 (Matsas et al., 1986), show
compartmentaljzatlon which !3 organized around the
strlosomal pattern of acetyichollne esterase stalning first
descrlbed by Grayble! and Ragsdale (1978)>. In light of
this neurochemlcal organlizatlon it wouid be of interest to
know how the positions of the stimulating and recording
electrodes are related to the outcome of experlilments in
which Inhlblitors of endopeptidase-24.11 are used.
Approxlimately 4% of the entire volume of the striatum was
preofused (in those experiments In which drugs were
administered locally) with inhlbitors and naloxone.
Treatment of thls small volume was effectlve in many
experiments [n signlficantly Increasing the activity of
cells In the substantla nigra: appllication of naloxone into
the striatum was able to partially antagonize the effects
of CPAB l.c.v. on the apontanebus and evoked actijvity of
non-dopaminergic and dopamlnergic cells (wlth complete
antagonism of the evoked response of dopaminerglc cells),
But, In other cases the treatment had no effect on the

actlvity of the cells |n the nilgra: strlatal appllcatlon of

CPAB had no effect on the evoked responses of
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non-dopamlnerglc celis. The questlon that arises concerns
the speclfic location or critical volume which |s necessary
to induce maximal effects. For example, would increasing
the volume of the strjatum treated wlth naloxone cause
compiete antagonlam of the effect of CPAB on the activity
of celis |n the substantia nlgra. Also, how does the area
treated relate to the peptlde transmitter profile In the
atrlatum.

The Inablillity of naloxone 1 mg/kg, 1.v. to antagonize
the action of CPAB 1l.c.v. on the spontanecus activity of
dopaminerglc celis, while the appllcatlion of naloxone
directly Into the striatum was able to antagoenize the
effect of CPAB |.c.v., suggeats that there |s an oploid
dependent process in the nlgra (or elsewhere) that, when
blocked, either antagoni!zes the effect of naloxone In the
striatum and/or has direct excltatory effects on the
dopaminerglc celis In the nigra. This quesation could be
addressed by Infusion of naloxone Into the substantla nigra
following appllcation of naloxone into the striatum (in the
presence of CPAB |.c.v.). Thlis treatment may be expected
to replicate the effect of naloxone |.v. If there is an
oploid dependent process actlve in the nilgra.

Central to the proposed mechan!sm of actlon is the
existence of an oplioid peptlde sensitlve GABAergic
interneuron in the striatum and SNr. These neurons are
hypotheslzed to exert dlrect Inhlbltory control over the

spiny type I GABAerglc efferent of the strlatum,
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dopaminergic cells in the SNc and the cells recorded in the
SNr. The dilsinhibltory regulation of the dopamlnerglc cell
(by an oplolid sensitive cell intrinasfc to the SNr) has been

descrlbed In some detajil (Finnerty and Chan 1979;
Collingridge and Davies 1982; Hommer and Pert 1983; Grace
and Bunnney 1979, (985a,b>. But, cells exhlbliting

dislinhlbltory control over the splny type I strlatal cells
have not been described, Dislnhibltory mechanisms have
been suggested In order to explaln striataily evoked short
latency excltatory responses {n the SNr and ‘paradoxical”’
excltatory responses to profuslon of the SNr with GABA
(Chevalier et al., 1985).

Critlcal to the conformation of the hypothesls
presented In this thesis is the electrophysicloglical and
pharmacological characterlzatlon of the Interneurons actling
on the spiny type I ceils In the striatum and the SNr cells
exhibitlng excltatory responses to the striatal stimulation
in the SNr. The interneuron in the SNr wouid be expected
to be Inhiblted by striatal stimulation and local
appllcation of GABA. But, the Interneurons controllling the
dopamlinergic cells of the SNc and the primary efferents of
the SNr would exhibit the same characteristics.
Simultaneous recording from the interneuron and the cell
disinhiblted In the SNr, the kind of study performed by
Grace and Bunney (1985a,b) on the disinhlbition of the

dopaminerglc cell, would need to be performed. Repilication
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of the pharmacologlcal studles using Inhilbltors of
endopeptidase-24.11 could then be performed.

Appllcation of CPAB Into the substantlia nlgra had no
effect on the spontaneous firlng of non-dopaminergic cells.
This Is attributed toc the action of tachyklnins on the
interneurons. The tachyklnins are hypotheslzed to Increase
the excitablllty of these Interneurons maklng them less
sensjtive to inhibitlon by striatonligral GABA afferent
activity. Direct lontophoretic application of tachyklnine
onto the Interneurcons responsible for disinhibjtlon should
have no effect on the spontaneous firlng of the cell while
profuslion of the interneuron and the cell recorded with
tachykinin is expected to increase the magnitude of the
evoked response (situation analogues to evoked studies on
non-dopam!nerglc cells In which CPAB was Infused into the
nigra>. The best test of thls hypothesis would be to
antagonize the effect of the tachykinin. Thls depends on
the avallabliity of an acceptable tachyklnin antagonist.

Sustained action of opiold peptides in the striatum
(following inhlbltlon of the activity of
endopeptldase-24.11) has been postuiated to account for
many of the effects obmserved in these exper!ments. For
example, direct applicatlon of naloxone Into the strlatum
ls able to partlally antagonlze the effects of CPAB l.c.v.
on the spontaneous firing of dopaminergic cells. One of
the hypothesized actlons of the oploid peptides is thelr

direct [nhibitory action on the striatal GABAergic
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interneurons which are ln direct contact with the spiny
tvype 1 GABAergic efferents., As striatal application of
CPAB is able to Increase the spontaneous firlng fregquency

of non-dopamlnergic and dopamlnergic cells one simple test
which may confirm the action of opioid peptides in the

strlatum is the strliatal adminlstration of naloxone
following strlatal appllcatlon of CPAB. Naloxone would be
expected to antagonize the CPAB lnduced increase In firing
of the nlgral cells. Profusion of the strlatum with
enkephalln following striatal admin!stratlon of CPAB may
Increase the spontaneous flring of nligral cells above the
Increases induced by CPAB alone. But, this ls not
necegssarily expected ags the effect of CPAB may be max|mal.
l1f the hypothesls are to be tested, cells In the
strlatum which fit the criteria of the proposed
interneurons should be recorded from. These cells would be
expected to decrease thelir actlvity following local
{ntracerebroventricular administration of CPAB. This
decreased activity should be antagonized by naloxone if the
Inhibltion {9 directiy medlated by oplold peptldes,
Recording from the splny type I GABAergic proljection
neurons should show increased activity followlng treatment
with CPAB. This activity should be antagonized by naloxone
and thils antagonlsm should be reversed by bicucullline 1f 1t
Is mediated by the Increases actlivity of GABAergic
Interneurons. Sustalned oploid peptide actlvity could also

act pre-synaptlically on dopaminerglc termlnals in the
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strlatum. The contrlbutlon of the pre-aynaptlic effect
could be studied using the methods of Tepper et al.,
(1984>. The current necessary to antldromically actlivate
dopamlne cells in the SNc from thelr terminal flelds in the
strlatum |s assessed before and after treatment with CPAB.
Any decrease in the excitablllty Is Interpreted to arise
from autoreceptor mediated hyperpolarlization of the
terminals (Tepper et ai., 1984). One could then perform
experlments {n order to determine which peptlide or peptldes
mlight repiicate thles effect,

Striatal appllication of CPAB was able to Ilncrease the
gpontaneous flring frequency of non-dopaminergic and
dopam!lnerglc cells. The magnltude of the evoked response
cf dopaminerglic cells but not non-dopaminerglc cells was
increased following thls treatment. In order to explaln
the lnabllity of striatal application of CPAB to increase
the magnitude of the evoked response of non-dopaminergic
cells It Is postulated that treatment of the striatum wlth
CPAB promotes the activatlon of GABA afferents of the
non-dopamlnergic cells. Increased actlivity of these
afferents |is postulated to antagonize increases |n evoked
actlvity due to dlainhibitlon. The Increase In the
magnitude of the evoked response of the dopamlinerglc cells
is attributed the paucity of striatonigral GABA efferents
to the SNc. This ]la supported by anatomlical stucles
showlng the bulk of striatonligral GABAerglc efferents

terminating in the SNr (Brownsteln et al., 1977; Somogy and
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Smith 1979: Ribak et al., 1980>. Jontophoretic appllicatlion
of bicuculline onto the cell recorded !n the SNr should
reverse the effect of striatal CPAB on the evoked response

of this cell. Slmilar treatment of the dopaminergic cells
in the SNc shouid have less effect compared to the

non-dopaminerglic cells. Actlvatlon of the GABAerglc
afferent of the SNr |s attributed to a decreased inhlbltory
environment ln the strlatum due to‘sustalned

enkephal inergic actlon. The enkephalins are postulated to
lower the threshold of stimulation of these celis,

Lowering the amplitude of stimulation would be expected to
reverse the effect of CPAB treatment on the evoked response

of the non-dopaminergic cells.

1 Summary and Conclusions

A. Inhlbitlon of the actlvity of membrane-bound
endopeptidase-24.11 In the CNS of the rat 1s able to effect
signiflcant Increases in the spontaneous flring frequency
ang the magnitude of striatally evoked responses of cells
displaying excltatory responses in the SNr and SNc.

1. The inhibitlon of the enzyme by 1 umol CPAB l.c.v.
was verlfied through In vitro assay.

2. The increased firing frequency and evoked response
was shown to result from the Inhibltion of the enzyme, as
infusion of N-[1-(R,S)-carboxy-2- phenyi-ethyl)] Leu-pAB

(CPLAB), an Inhlbitor structurally related to CPAB and
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CPPAB yet two orders of magnltude less potent, was wlthout
effect on the activity of nigral neurones.

3. The |Increase |n the spontaneous activity reached an
apparent maximum approximately 20 mlnutes after the end of
Infuslon which 18 consistent with enzyme !nhlbltion rather

than agoniat or antagonlat action.

B. The strlatum may be an lmportant site of actlon
following application of CPAB i.c.v. in the generatlon of
the lncreases |In spontaneocus activity observed in
dopaminerglc and non-dopaminerglc cells and may also
contribute to, but can not fully account for, the increase
in the magnlitude of the evoked response of dopaminerglc
cells.

1. Perfusion of approximately 4% of the structure with
1 uL of a 40 milllmolar solutlon of CPAB produces 60% of
the response on spontaneous actlvity of non-dopamlinergic
and 30% of the response of dopaminergic cells obtalned
following 1.c.v. adminlstration of CPAB.

2. Treatment of approximately 4% of the striatum with
CPAB produces 25% of the evoked response of dopamlnergic

cells obtained following CPAB |.c.v.

C. The increase In the spontaneous actlvity and
magnitude of the evoked response of non-dopam!nerglic or

dopaminergic cells followlng 1 umol CPAB l.c.v., can not be
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accounted for by Inhlbitlon of the activity of
endopept idase-24.11 in the substantla nigra alone.

1. Application of 0.04 umol CPAB into the substantia
nigra has no signiflcant effect on the spontaneous fliring

of dopaminerglic or non-dopaminerglic cells,.

2. Appllcation of 0.04 umol CPAB into the substantia
nlgra was demonstrated to inhiblt the activity of the
enzyme in the substantla nigra in vitro to an equlvalent
degree (60%> as 1 umol CPAB l.c.v.

3. The Increase [n the magnitude of the evoked response
of non-dopaminergic cellis (34.7%) Is signlficantly less

than that observed folliowing CPAB |.c.v.

D. The lncrease In the spontaneous and evoked activity
of dopaminergl!c and non-dopamlnergic cells observed
followlng CPAB i.c.v. |ls dependent, ln part, on enhanced
cpioid peptide (enkephalln and/or dynorphin) activity in
the strlatum and substantia nigra. In every clrcumstance
naloxone ¢ 1 mg/kg, l.v. or Jocal infuslion of 0.002 nmol
into the strlatum or substantla nigra) significantly
reduced CPAB j.c.v. Induced Increases |n activity with two
exceptions. Increases In the spontaneous actlvity of
dopaminergic cells foilowlng CPAB l.c.v. was not
antagonized by appllcation of naloxone |.v., or locail
appllcatlon into the substantja nlgra.

1. Appllcation of 0.002 nmol of naloxone into the

gtriatum antagonizes the CPAB |.c.v. induced increases |n
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the spontaneous and evoked actlvity of dopamlinerglc and
non-dopamlnerglc celils.

2. Application of 0.002 nmol naloxone to the substantia
nigra or 1 mg/kg, l.v. Is unable to antagonize the effect
of CPAB l.c.v on the spontaneous activity of dopamlnergic
cells,

3. Application of 1 mg/kg, |l.v. naloxone i=s able to
antagonlze the effect of CPAB [.c.v. on the magnitude of
the evoked response of non-dopamlnergic cells,

4, Appllication of 1| mg/kg, |l.v. naloxone |s able to
reverse the effect of CPAB l.c.v. on the magnitude of the
evoked response of dopaminerglce cells.

S. Application of naloxone Into the substantla nlgra or
striatum is able to antagonize the effect of CPAB [.c.v. on
the evoked response of dopaminerglc cells but both
treatments are significantly different from the reversal of
the effect of CPAB l.c.v. followlng application of 1 mg/kg,

{.v., naloxone.



218

Table 3
Effect on non-dopaminerglc cellm of Intracerebroventricular Infusion of
1 umol CPAD
EXPT EVCIED L] SPONTANEQUS 8
NUMBER REISPONSE CHANGE RATE (Hz) CHANGE
PRE-DRUG POST-DRUG" PRE-DRUG POST-DRUG=-

i - ¥4 110 + 93.0 18 +/- 3.2 26 +/- 2.8 ¢ 44.4
2 210 456 + 117.4 25 +/- 1.7 3B +/- 1.2 + 40.0
3 158 386 + 144.3 12 +/- 0.6 23 +/- 0.7 + 91.7
4 112 58 + 130.4 22 +/- 0.0 33 +/- 0.2 + 50.0
& T4 186 +« 161.4 25 +/- 1.2 N +/- 1.3 + 20.0
6 &8 257 + 277.9 18 +/- 0.9 2 vw/- 1.2 + 77.8

MEAN + 152.3 + 54.0

T T T ke e

# Poamt-drug silgniflcantly different from pre-drug (Palred T-teat: p<0.01)>
#% Post-cdrug signlficantly different from pre-drug (Paired T-test: p«0.01)




1 umcl CPPAB

DPT EVOXED % SPONTANEOUS [
NUMBER RESPONSE CHANGE RATE <Hg) CHANGE
PRE~-DRUG POST-DRUG" PRE~DRUG POST-DRUG=*

1 r2 210 + 1917 18.0 ¢/~ 0.8 27.86 +/- 1.4 + 562Z.8

4 45 147 + 219.6 33.5 +/- 2.7 B51.0 /= 2.2 + 852.2

3 166 383 + 130.7 268.5 +/- 1.3 87.0 /- 1.7 + 29.8

4 64 128 + 100.0 24.0 +/- 0.8 34.0 +/- 1.3 + 41.7
MEAN + 160.5 + 44.1

# Post-drug wignlficantly different from pre-drug (Paired T-test: p<0.05)
#a Post-drug wignlflcantly difterent from pre-drug (Palced T-tewt: p<0.06)

219
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Table 6
Effect on dopaminerglc oelle of Intracerebroventricular Infuslon of
1 umocl CPAB
BPT EVOKED 4 SPONTANEOQUS %
NUMBER RESPONSE CHANGE RATE (Hz) CHANGE
PRE-DRUG POST-DRUG™ PRE-DRUG POST-DRUG" "=

1 & 127 + 108.2 8.0 «/- 0.9 14.56 +/- 0.4 + 81.9
2 112 (1] + 433.9 6.2 +/- 1.1 9.0 +/- 0.9 + 7.1
3 72 382 + 430.6 4.8 +/- 0.1 11.6 +/- 0.3 + 141.7
4 220 643 + 192.3 9.8 +/- 1.0 19.0 +/- 1.2 + 93.9
s a3 298 + 259.0 3.6 +/- 0.6 8.2 +/- 0.8 + 712.2
[ ] 47 155 + 229.8 2.0 +/- 0.9 5.6 v/~ 0.4 + 100.0

NEAN + 276.6 + 93.7

e A A R AL o A A e

# Post-drug signlficantly different fram pre-drug (Palred T-test) p<0.05)
#x Poet-drug eignlficantly difterent from pre-drug (Palred T-test: p<0.01?

a
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i ke i A -

Etfect on dopamlnergic cellm of Intracerebroventrlicular Infusion of
1 umol CPPAR

o —— T T T T T T o . = i e e A e e T

EXPT EVOKED 5 SPONTANEOUS &
NUMBER RESPONSE CHANGE RATE (Hz) CHANGE
PRE-DRUG POST-DRUG- PRE-DRUG POST-DRUG" =

1 102.0 383 + 168.6 4.5 +/- 0.2 8.2 +/- 0.5 + B2.2

2 74.5 248 + 232.9 12.0 /- 0.9 22.0 +/- 1.9 + B3.Y

3 127.0 6i0 + 386.6 4.8 +/- 0.8 9.8 +/- 0.4 + 104.2

4 T8 207 + 165.4 5.3 +/- 0.1 8.6 +/- 0.3 + 52.9
MEAN + 236.4 + 83.0

# Post-drug slgnlficantly dlifferent from pre-drug (Palred T-test: p<0C.05)
#4 Poat-drug smignlficantly dlifferent from pre-drug (Palced T-test: p<0.05)

]
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Effect on non-dopaminerglic celle of Intcacerebroventricular Infusion of
0.5 umo)l CPAB

EXPT EYOKED . SPONTANEOUS L]
NUMBER RESPONSE CHANGE RATE (Hz) CHANGE
PRE-DRUG PQST-DRUG* PRE-DRUG POST - DRUG™"=
)} 120 119 - 0.9 29.0 +/- 2.8 29.0 +7- 2.3 0
2 193 187 - 3.1 25.0 +#/- 1.3 235 +/- 0.7 - 6.0
3 G5 82 4+ 10.7 22.0 +/- 0.4 19.8 +/- 0.5 - 0.0
MEAN + 2.3 -~ 5.3

# Post-drug not significant|y dlfferent from pre-drug (Paired T-test)
s Post-drug not elgniflcantly dlfterent from pre-drug (Paired T-test)
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Effect on cdopam!nergic cella of Intracersbroventricular Infuslon of
0.5 umaol CPAB

BEXPT EVOXKED % SPONTANEQUS %
NUMBER RESPONSE CHANGE RATE (Hz) CHANGE
PRE-DRUG POST-DRUG" PRE-DRUG POST-DRUG=*
1 3 28 - 16.2 5.6 +/- 0.6 6.0 +/- 0.6 ¢+ 3.2
2 63 65 + 3.2 4.8 +/- 0.2 4.5 +/- 0.1 +]
3 89 56 - 37.0 3.8 +v- 0.2 3.2 +/- 0.2 - 15.8
MEAN - 16.3 - 4.2

W T T W S NN W T W TR M N A W NN W NN A M S Y e S = A - ——

# Pomt-drug not significantly different from pre-drug (Palred T-test)
#n Post-drug not signlficantly different from pre-cdrug (Palred T-test)
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Table 9

Effect on non-cdopaminerglc celle of Intracsrabroventricular Infuslon of

1 umol CPLAB
EXPT EVOXED % SPONTANEOUS
NUMBER RESPONSE CHANGE RATE (Hx) CHANGE
PRE-DRUG POST-DRUQG*- PRE-DRUG POST-DRUG-*
1 172 184 + 6.98 23 +/- 0.8 28 +/- 1.6 + 8.7
2 91 98 + 7.7 20 v/~ 1.3 22 +/- 0.4 + 14.3
3 261 2082 + 8.1 21 +/- 0.2 19.6 +/- 0.6 - 7.3
NEAN + 7.6 + 5.9

e L o . i T . 4ok i oy A ] - T 1§ A T T

# Post-drug not significantly different from pre-drug (Palred T-test)
## Post-crug not mignlficantly different from pre-drug (Palred T-test)
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Effect on dopaminerglic celis of intracersbroventricular Infuslon ot
1 umoi CPLAB

T T T o o e e

BXPT EVOXED 5 SPONTANEOUS &
NUNMBER RESPONSE CHANGE RATE (Hz)> CHANGE
PRE~-DRUG POST-DRUG" PRE-~DRUG POST-DRUG™*
1 38 32 15.8 12.0 +/- 0.1 10.5 «/- 0.2 - 12.6
2 iB 20 + 11.1 7.8 +/- 0.4 9.0 +/- 0.3 + 20.0
3 90 3 - 5.1 4.6 +/- 0.3 5.0 4/~ 0.5 + 11.1
MEAN - 3.3 + £.2

# Pomt-drug not signiflicantly different from pre-drug {(Palred T-test)
ue Post-drug not signiflicantly different fram pre-drug (Palred T-test)

a b




Effect on non-dopamlnergic cells aof Intcacerebroventricular Infusion of
0.9% salline™ or HaO™

EXPT EVOKED L} SPONTANEOUS %
NUMBER RESPONSE CHANGE RATE <(Hx) CHANGE
PRE-DRUG POST-DRUG- PRE-DRUG POST - DRUG"~

1= 9.8 az2.0 + 3.1 20.0 ¢/~ 0.2 20.0 +/- 0.1 0

2 185.0 168.0 - 9.2 32.8 +4/- 1.8 34.0 «/- 1.0 + 3.7

K o 54.95 89.3 + 4.8 19.2 +/~- 0.4 19.8 +/- 0.0 + 3.1

4™ 8.0 102.0 + 4.0 22.0 +/- 1.8 25.0 +/- 0.9 + 13.6
MEAN + 1.7 + 5.1

e i L L e A e o e L e e e e M R AL e e R e e A L M 4R e e R AR e e L e e e - —

# Powt-drug not wmignitlcantly dlfifecent f{rom pre-drug (Palred T-test)
## Post-drug not signiflcantly dlfferent trom pre-drug (Palred T-test)

o g -

o E' o
\ - T
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Table 12
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Effect on dopaminergic celles of Intracerebroventricular Infuslon of
C.9% wallne® or HaO~

EXPT EVOKED % SPONTANEOUS L
NUMBER RESPONSE CHARNGE RATE (Hy) CHANGE
PRE-DRUG POST-DRUG- PRE-DRUG POST-DRUG="
1= g :] g! - B.9 4.3 +/=- 0.2 4.9 +/- 0.2 + 14.0
2> 129 136 + 5.8 6.5 «/- 0.7 7.3 %/~ 0.4 + 12.3
3= 147 183 + 4.1 T.0 +/- 0.1 7.0 +/- 0.1 1]
MEAN + 9.2 + 8.8

. e R e e e i i A e MR e e e - e -

# Pomt-drug not significantly different from pre-drug (Palred T-test)
## Post-drug not signiflicantly different fram pre-drug (Paired T-tewt)
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Effect on non-dopaminerglic cellm of direct application of 0.04 umcl CPAB
into the substantlsa nigra.

BXPT BVOXED % SPONTANROUS 5
NUMBER RESPONSE CHANGE RATE (Hs) CHANGE
PRE-DRUG POST-DRUG™ PRE-DRUG POST-DRUG=~

1 96 148 + 54.2 21.6 +/- 1.2 14.0 +7- 1.2 - 36.2

2 k4 46 + 17.9 25.0 +/- 0.4 25.0 +7/- 0.3 o0

3 108 137 + 268.9 20.0 +/- 0.7 3A3.0 /- 1.3 + 65.0

4 41 57 + %0 19.4 +/- 1.0 1.8 +/- 0.8 + 26.4

] 171 229 + 33.9 19.0 »/~- 1.2 23.0 +/- 1.5 + 21.1

.3 227 109 + 35.1 27.0 +/- 2.1 31.0 +/- 3.4 + 14.8
MEAN + 34.7 + 16.2

# Post-cdrug significantly different from pre-drug (Palred T-test: p<0.05)>
#% Post-drug not slgniflcantly dlfferent from pre-drug (Palced T-test)

a
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Effect on dopamlinerglc cells of direct appiication of 0.04 umo! CPAB
Into the substantia nlgra.

EPT EVOXED % SPONTANEOUS 5

NUMBER RESPONSE CHANGE RATE (Hz> CHANGE
PRE-DRUG POST-DRUG* PRE-DRUG POST-DRUG*~

1 24 3z + 33.3 4.2 +/- 0.8 6.0 +/- 0.6 + 42.9

P4 73 21 + 24.7 10.C +/- 0.2 10.9 +/- 0.1 + 3.0

3 273 310 + 13.6 2.5 +/- 0.7 3.8 +/- 0.4 + 40.0

- R A L A L L ek - e e e

- ke e e e o o o s e o e ke e e e e = -

# Post-drug not significantly different from pre-~drug {Palred T-test)
## Post-drug not signiflcantly ditfferent from pre-drug (Palred T-test?

a
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Effect on non-dopaminerglc celle of direct application of 0.04 umal CPLAB
Into the substantia nlgra.

EXPT EVOKED L ] SPONTANEOQOUS L |
NUMBER RESPONSE CHANGE RATE (Hz) CHANGE
PRE-DRUG POST-DRUG" PRER-DRUG POST -DRUG=*
1 273 261 - 4.4 28 +/- 2.9 3 +/- 1.8 + 10.7
2 190 184 - 3.2 12 +7/- 1.8 18 +/- 1.3 + 28.0
b, 92 a4 - 8.7 25 +/- 0.4 26 +/- 0.1 D
MEAN - 5.4 + 11.9

# Post-drug not significantly dlfferent from pre-drug (P.lrtd T-test)
ne Post-drug not signlflicantly different from pre-drug (Paired T-temt)
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Effect on dopaminergic cetlle of direct application of ¢.04 umol CPLAD
Into the substantla nigra.

R A . R R o A E e S I S e A R - e A e e

EXPT EVOLED L SPONTANROUS b

NUMBER RESPONSE CHANGE RATE (Hx) CHANGE
PRE-DRUG POQST-DRUG* PRE-DRUG POST-ORUG"~

1 28 29 + 3.6 4.2 +/- 0.2 4.0 +/- 0.1 + 14.3

2 &0 T2 + 5.0 5.0 «/- 0.2 5.5 +/=- 0,2 + 10.0

A A e e e e e A A e e e e o L L N BN e e e = e T W A A =y T A
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Effect on non-dopaminergic cells of direct appllication of 0.9% waline*
or HeU" Into the substantia nigra

EXPT EVOKED % SPONTANEZOUS ]
NUMBER RESPONSE CHANGE RATE (Hz? CHANGE
PRE-DRUG POST-DRUG~ PRE-DRUG POST - DRUG*="

1= a1 83 + 2.8 30.0 +/- 0.3 3.0 +/- 0.2 0

2= 83 ec - 3.6 37.0 +/- 1.7 32.3 +/- 1.8 - 12.7

3= 101 109 + 7.9 20.0 +/- 0.5 19.0 «+/- 0.8 - 6.0

4= 174 182 + 4.6 12.0 +/- 1.2 14.5 +/- 1.9 + 20.8

5= a4 az - 2.4 25.0 «/~ 0.1 24.0 +/- 0.4 - 4.0
MEAN + 1.0 - 0.2

- R e R MR L R AL e e e e n M e e e e T T e e W W W A = R W ER A e = - -

# Poet-drug not significantly ditferent from pre-drug (Paired T-test)
#a Poet-drug not signlficantly dlfferent from pre-drug (Palred T-test)
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Etfect on dopaminecgle celle of direct application of 0.9% sallne*
or HeO*™ Into the subetantia nigra

EXPT EVOKED % SPONTANEROUS L}
NUMBER RESPONSE CHANGE RATE (Hx)> CHANGE
PRE-DRUG POST-DRUG” PRE-DRUG POST-DRUG"~
1= 21 25 + 19.0 4.2 +/- 0.8 6.0 +/- 1.3 + 42.9
2 66 54 - 5.8 5.0 +/- 0.2 5.2 +/- 0.1 + 4.0
MEAN + 12.4 + 23.5

e o e o o e e e e  h e A R e e e e N R R NN N N TE W e v mi R A e e e e = —
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Effect on non-dopaminerglc cetliw of direct appllcatlon of 0.04 umo) CPAB
Into the cauultc-putuun

EXPT EVOKED % SPONTANEOUS ]
NUMBER RESPONSE CHANGE RATE (H1> CHANGE
FRE-DRUG POST-DRUG™ PRE-DRUG POST-DRUG=~

1 63 -] + 19.0 27.0 +/- 2.4 32.0 +/- 2.9 + 168.5

2 277 N2 + 9.0 26.0 +/- 1.9 3.0 +/- 1.6 + 52.0

3 193 190 + 2.6 17.5 «=- 1.3 23.0 +/- D.8 ¢ 3.4

4 58 103 + 51.5 20.0 +/- 1.7 26.5 +/~ 1.4 + 32.5
MEAN + 20.8 + 33.8

e R A e e A e o e L L S e e e R e e e = e e T ——— — _ ——

# Post-drug not significant!|y dlfferent from pre-drug (Palred T-test)
## Post-drug signiflicantly different fraom pre-drug (Palred T-test: p<0.05)

a ‘ b




235

Table 21

Effect on dopaminergic collu of direct application of 0.04 umol CPAR
into the caudate-putamen

EXPT EVOKED % spwrmwus S
KUMBER RESPONSE CHANGE RATE (H1)> CHANGE
PRE-DRUG POST-DRUG™ PRE-DRUG POST-IRUG~"

1 53 92 + 73.6 10.1 +/- 3.1 14.2 +/~ 1.3 + 40.6

2 189 291 + B54.0 5.6 +/- 0.B 6.9 +/~ 0.8 4+ 23.2

3 171 201 + 64.3 0.2 +/- 0.2 10.8 +/~ 0.1 + 20.0

4 90 168 + B85,/ 7.7 +/- 0.9 12.0 +/~ 0.7 + B5.9
MEAN + 69.6 + 3.9

# Poat-drug significantly dliffersnt from pre-drug (FPalred T-test: p«<0.08)
## Post-drug signlficantly dlfferent from pre-drug (Palced T-test: p<0.05)

a




236

e e e e e L R AL e e R e e e e e L e e e e e e e e A L L A L e e A e o - A - M e

Effect on non-cdopaminecrgic cells aof direct application of 0.04 umal CPLAB
into the caudate-putamen

BPT EVOXED ] SPONTANEOUS %
NUMBER RESPONSE CHANGE RATE (Hz) CHANGE
PRE-DRUG POST-DRUG™ PRE-DRUG POST-DRUG="
1 186 192 + 3.2 18.5 ¢/- 2.2 20.0 +/- 1.7 + 8.1
2 110 L ] - 21.0 26.0 +/- 0.3 23.0 +/- 0.2 - 8.0
3 245 252 + 2.9 32.5 +/- 1.4 28.0 +/- 1.6 - 13.9
4 as a4 - 1.2 12.0 +/- 0.1 12.5 +/- 0.3 + 4.2
MEAN - 4.2 - 2.4

# Poet-drug not signilflcantly different fraom pre-drug (Palred T-test)
#w% Post-drug not significantly different from pre-drug (Palred T-tewt)
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Effect on dopaminergic celles of direct appllication of 0.04 umol CPLAD
into the caudate-putamen

EXPT EVOXED 5 SPONTANEOUS 5
NUMBER RESPONSE CHANGE RATE (Hzx) CHANGE
PRE-DRUG POST-DRUG* PRE-DRUG POST-DRUG==
H 16.0 20.0 + 25.0 5.3 +/- 0.3 5.9 +/- 0.4 + 11.3
2 37.0 34.5 - 6.0 4.6 +/- 0.1 3.9 /- 0.1 - 13.3
MEAN + 9.1 - 1.0
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Effect on dopaminergic cells of direct appllcatlon of 0.9% salins*
orf HeO*™ into the caudate-putamen

EXPT EVOKED L] SPONTANEOUS X
NUMBER RESPONIE CHANGE RATE C(Mz) CHANGE
PRE-DRUG POST-DRUG" PRE-DRUG POST-DRUG=~
23 27 + 17.4 5.0 +/- 0.2 4.8 +/- 0.4 - 4.0
> 29 45 + 21.1 3.8 +/- 0.3 3.6 +/- 0.1 0
3= 248 261 + 1.2 9.0 +#/- 1.2 11.5 +/- 1.7 + 27.8
MEAN + 13,2 + 7.9

# Post-drug not wignificantly different from pre-drug (Paired T-test)
#a Post-drug not wignlflicantly dlfferent from pre-drug (Palred T-test)
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Table 25
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Effect on non-dopaminerglic cells of direct application of 0.9% saline*
or HeO™ into the caudate-putamen

EXPT EVOKED ] SPONTANEOUS L]
NUMBER RESPONSE CHANGE RATE <Hz) CHANGE
PRE-DRUG POST-DRUG" PRE-DRUG POST-DRUG="

1= 84 92 + 9.5 12.% +/- 0.0 15.0 +/- 0.8 + 20,0

2~ av 103 + 15.7 236 +/- 0.8 25.0 +/- 0.8 + 6.4

3~ 167 173 + 3.6 26.0 +/- 1.0 29.0 +/- 1.7 + 11,58

4= 81 97 + 19.8 18.0 +/- 2.3 21.8 +/- 1.9 + 19.4
MEAN + 12.2 + (4.3

# Post-drug not significantly dlfferent from pre-drug (Pairsd T-temt)
## Pomst-drug not significantly different from pre-drug (Palred T-test)
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Table 26
Effect on non-cdopamlnerglic cells of naioxone 1 mg/kg, l.v.
EXPT EVOEED % SPONTANEOUS 1
NUMBER RESPONSE CHANGE RATE (Hz) CHANGE
FPRE-DRUG POST-DRUG™ PRE-DRUG POST-DRUG™~
1 250 237 - 5.2 19.56 +/- 1.3 19.0 +/- 1.7 - 2.6
2 118 110 - 6.8 32.0 «/- 2.9 32.0 +/- 3.% 0
3 363 328 - 11.86 29.4 +/- 0.5 28.9 +/- 0.2 - 1.7
4 173 13% - 22.0 256.8 +/-D.2 26.1 +«/- 0.1 + 2.0
MEAN - 11.4 - 0.6

e o e - e T N e T ER R e W A e e A A — T = R e B - A o e YR R e W A =

# Pomt-drug not algnlflicantly different from pre-crug (Palred T-test)
un Post-drug not amigniflicantly different from pre-drug (Palred T-teat)
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Table 27
Effect on dopmlncrqlc c.ll. of nalm:on- t mgrkg, 1.v
EXPT EVOKED t SP(NTMIWS %
NUMBER RESPONSE CHANGE RATE (Hz) CHANGE
PRE-DRUG POST-DRUG- PRE-DRUG POST-DRUO"*

1 20 22.5 + 12.5 4.3 +/- 0.4 3.8 +/- 1.4 - 11.6

2 s - 73.0 - 2.7 12.2 +/=- 1.0 12.8 +/- 0.7 + 4.9

3 38 33.0 ~ 13.2 ?.5 +/- 0.8 2.3 +/- 0.5 - 2.1

4 92 103.0 + 12.0 5.3 +/- D.9 5.8 +/- 1.3 + 9.4
MEAN + 2.2 + 0.2

e e AL e e e MR W R ML AL e e o A AS e v L — i  m  — —

# Post-drug not msignificantly different from pre-drug (Palred T-test)
#% Post-drug not elgnificantly diffecent fram pre-drug (Palred T-temt)

a
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Effect on non-dopam!nergic celle of Intracersbroventricular infusion of
1 umol CPAB and naloxone | mg/kg, |.v

e e T N S N L e e ALy o L L A e i i - T T - —— -

EXPT EVOKED S SPONTANIOUS 8
NUMBER RESPONSE CHANGE RATE (H)> CHANGE
PRE-DRUG POST-DRUG" PRE-DRUG POST-DRUG=~

i 272 s + 41.9 19.5 +/~- 1.7 24.0 +/- 2.1 + 23.1

2 180 211 + 40.7 31.8 +/- 2.8 40.2 +/- 3.0 + 27.6

3 g 492 + 278 28.6 +/- 2.9 3B.0 +/- 2.9 + 22.4

4 131 177 + 3] 26.5 +/- 1.3 29.5 +/- 0.8 + 11.3
MEAN + 32.6 + 21.3

% Pomt-arug signlflicantly dlfferent from pre-drug (Palired T-teet: p<0.05>
#n Post-drug significantiy different from pre-drug (Paired T-test: p<0.05)
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Effect on dopaminergic cells of intracecebroventricular Infuslon of
1 umol CPAB and naloxone 1| mg/kg, |.v

T T L o e A . = = T

EXPT EVOKED L] SPONTANEOUS ]
NUMBER RESPONSE CHANGE RATE (Hz2) CHANGE
PRE-DRUG POST-DRUG- PRE-DRUG POST-DRUG"*

1 23.0 14.4 - 37.4 4.4 +/- 0.8 7.7 /- 0.4 + 75.0

2 63.0 20.6 - 64.6 12.6 +/- 1.1 16.2 +/- 1.7 + 20.6

3 42.5 32.0 - 24.7 9.0 +/- 0.3 18.6 +/- 0.4 + 106.7

4 ?1.0 682.0 - 31.9 5.9 +/- 0.7 12.4 +/- 0.7 + 110.2
MEAN - 371 + 78.1

# Post-drug signlflcantiy different from pre-drug (Palred T-test:r p<0.05%5)
## Post-drug weigniflcantly dlifferent from pre-drug (Palred T-test: p<.05)




Etfect on non-dopamlnergic cells of dicect applilcation of 0.002 rnmol naloxone
into the substant|a nigra

EXPT EVOKED L SPONTANEOUS 5
NUMBER RESPONSE CHANGE RATE <(Hz) CHANGE
PRE-DRUG PDST DRUG= PRE-DRUG POST-DIUG“
1 147 136 - 7.8 22.0 +/- 1.3 23, 5 +- 1.6 + 6.0
2l 2589 251 - 3.1 3.5 +/- 2.8 32.0 +/- 2.8 +« 1.8
3 a9 a7 - 2.3 19.85 +/- 0.8 1.5 +/- 0.2 - 6.1
MEAN - 4.3 + 1.1

T W L e e e A AR AL L e e e v L AR e e e e A R A AR B e AR AR R e e ke e e e

# Post-adrug not signifilcantly d!ffecent from pre-drug (Palced T-test)
#4 Post-drug not signiflcantly different from pre-cdrug (Palred T-test)

244
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Effact on dopaminergic cells of direct appllcation ot 0.002 nmcl naloxone
Into the substantla nigra

EXPT EVOKED b SPONTANEOUS %
NUMBER RESPONSE CHANGE RATE <Hz> CHANGE
PRE~-DRUG POST-DRUG™ PRE-DRUG POST-DRUG~*
1 112 110 - 1.0 6.5+ 0.2 7.0 +/~ 0.2 + 7.7
2 253 2560 ¢ 2.8 10.0 +/=- 1.1 10.5 +/- 0.9 + 5.0
3 61 56 -~ 4.9 4.8 +/- 0.6 6.0 +/- 0.1 + 33.0
MEAN - 1.3 + 16.3

# Pomt-drug not esignlflcant!y ditferent from pre-drug (Palred T-test)
s Post-drug not slgniflcantly different from pre-drug (Palred T-test?
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Table 32

e e T T W RN ML e A S e R A R A A L R M

Effect on non-dopaminergic cells of direct appllication of 0.002 nmol naloxone
into the caudate-putamen

EXPT IVOKED % SPONTANEQUS ]
NUMBER RESPONSE CHANGE RATE (Hz) CHANGE
PRE-DRUG POST-DRUG" PRE-DRUOG POST-DRUG™"

1 177 227 + 28.2 24.5 +/- 1.9 27.0 +/- 2.4 + 10.2

2 1 258 + t80.2 18.2 +/- 1.2 17.9 +/- 0.9 - 1.6

3 59 151 + IE68.9 32.0 +/- 2.3 31.0 +/~ 1.7 - 3.1

4 126 229 + 83.2 20.0 +/- 0.3 28.0 ¢/~ 0.1 0
MEAN + 111.9 + 1.4

# Post-drug significantly dlffecent from pre-drug (Palred T-teat: P<0.086)
##% Post-drug not signlticantly different from pre-drug (Palced T-test)
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Eftect on dopaminerglic celle of direct applicatlon of 0.002 nnol! naloxons
Into the caudate-putamen

o T e g A e

EXPT EVOKED 8% SPONTANROUS %
NUMBER RESPONSE CHANGE RATE (Hz)> CHANGE
PRE-DRUG POST-DRUG- PRE-DRUG POST-DRUG=-
1 32 76 + 137.6 10.2 +/- 0.7 9.8 «/- 0.9 - 3.9
2 248 402 + 94.4 5.3 +/- 0.2 5.5 +/- 0.6 + 3.7
3 190 295 + 85,3 1.2 +/- 0.4 a4.3 +/- 0.2 + 15.23
MEAN + 98.7 + 5.0

» Post-drug not signiflicantly dlifferent from pre-drug (Palred T-test)
#n Post-drug not elgnilficantly different from pre-drug (Paired T-test)
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Tablae 34

Etfect on non-dopaminergic cells of intracerebroventricular Infuslon of 1
umo! CPAB and direct application of 0.002 nmol naloxone Into the substantla
nlgra.

EXPT SPONTANEQUS 5 SPONTANEOUS L
NUMBER RATE (Hz) CHANGE RATE (H2) CHANGE
PRE-CPAB POST-CPAB POST ~-NALOXONE=
1 23.0 +/- 2.% 4C.0 +/- 1.9 + 73.9 29.0 +/- 1.7 - 27.86
2 33.0 +/- 2.4 51.8 ¢+/- 2.4 + 57.0 42.5 +/~- 6. 1 - 18.0
3 18.0 +/- 1.3 31.6 +/- 1.0 + 75.6 23.5 +/- 0.0 - 25.6

MEAN + 68.0 - 23.7

# Pomt-naloxone signiticantly difterent from powt-CPAB (Paired T-test:
p<0.01)

a
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Effect on dopaminergic cellm of Intracerebroventricular infusion of | umol
CPAB anc direct application of 0.002 nmc! naloxone Into ths substantla nigra.

e e e L S b S i e A e

EXPT SPONTANEOUS ] SPONTANEOUS L]
NUMBER RATE (Hz) CHANGE RATE (H2) CHANGE
PRE-CPAB POST-CPAB POST-NALOXONE"

1 7.0 +/- 0.3 14.8 +/- 0.9 + 111.4 12.5 +/- 0.6 - 18.5
2 10.5 +/- 0.6 19.3 +/- 0.9 + 83.9 14.0 +/- 0.7 - 27.5
3 5.6 +/- 0.4 14.7 +/- 0.8 + 166.4 12.0 +/- 0.5 - 18,0

MEAN + 120.5 - 20.3

e e e o e e R W S EE L e e ke o T M AR L e e e e Ak

# Post-naloxone not elgnlficantly different from poet~-CPAB (Palred T-test)
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Effect on non-dopaminergic calle of lntracerebroventricular Intumlon of 1
umo! CPAR and direct applicatlion of 0.002 namol naloxone Into the caudate-

putamen

EXPT SPONTANEOUS % SPONTANEOUS L ]

NUMBER RATE (Hz) CHAMNQE RATE C(HZ) CHANGE

PRE~-CPAB POST-CPAB POST-NALOXONE"™

1 25.0 +/- 1.9 40.3 +/- 2.13 + 61.0 32.0 +/- 1.8 - 20.5

2 19.0 +r- 1.2 32.2 +/- 0.9 + 69.8 26.0 +/~ 0.8 - 19.3

3 30.0 +/- 0.9 47.7 /- 0.3 + 89.0 43.0 +/- 0.5 - 9.9
MEAN + 83.1 - 16.6

# Poat-CPAB wignificantly ditferent from powt-naloxons (Paired T-test:
p<0.06>
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Table 237

Effect on dopaminerglc cells of lntracerebroventricular Lnfusion ot |
umo| CPAB and direct appllcatlon of 0.002 nmol naloxone Into the caudate-
putamen

e e e M o R e e R e

EXPT SPONTANEOQUS % SPONTANEOUS %
NUMBER RATE (Hz2) CHANGE RATE (H2) CHANGE
PRE-CPAR POST-CPAB POST-NALOXONE"

1 10.4 4/- 0.2 186.7 /- 0.4 + 79.4 14.0 +/- 0.7 - 25.1
2 5.2 +/- 0.3 .0 +/- 0 + 73.1 8.6 +/- 0.2 - 4.8
3 7.5 +/- 0.8 13.7 +/- 0.6 + 82.7 10.2 +/- 0.8 - 256.3

% Poat-CPAB not signiflcantly dlfferent from post-naloxone (Palred T-test)
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EFFECT ON NON-DOPAMINERGIC CELLS OF { umol CPAB (l.c.v) AND DIRECT INFUSION

OF 0.002 nmal NALOXONE INTO THE CAUDATE-PUTAMEN

T T . T Y — i —

EXPT EVOKED RESPONSE

NUMBER PRE-CPAB PUST-CPAD/HALOXONE-
1 82 128

2 106 322

3 272 asa

e ————— e ke

e ——— - —

# Poat-crug eigniflecantiy different from pre-drug (Palred T-teamt: p<0.05)
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EFFECT ON DOPAMINERGIC CELLS OF 1 umol CPAB tl.c.v) AND DIRECT INFUSION
OF 0.002 nmo! NALOXONE INTO THE CAUDATE-PUTAMEN

e . Ty L e o e T i T A e . e e e e T ————

EXPT EVOKED RESPONSE L

NUMBER PRE-CPAB POST-CPABR/NALOXONE* CHAN?E
1 190 176 - 7.4
2 04 41 + 12.2
3 192 201 + 4.7

A L e e R N e e T W R e L L e e A T e A = W e e e e R e e W R A =

e e e e e e e A e e i T R e e T m Rk T e e o o T W L e = M = Tk = — = =

+ Post-drug not significantly different from pre-drug (Palred T-test)
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TABLE 40
EFFECT ON NON-DOPAMINERGIC CELLS OF 1 umcl CPAR (l.c.v) AND DIRECT INFUSION
OF 0.002 nmol NALOXONE INTO THE SUBSTANTIA NIGRA

e T T R e i RN W e A i e W T MR T WS N R S e -

EXPT EVOEKED RESPONSE %

NUMBER PRE-CPAB POST-CPAB/NALGXONE- CHANGE
1 139 210 + 51.1
2 258 J7e + 46.%
3 a9 133 + 49.4

e T e e e e e e T N L N S e e R T W B e W MR M R M R AR e e e A A A R

# Poat-drug not wignificantiy diffecrent from pre-drug (Palired T-test)
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TABLE 41

. B S N R MR AN A A R L e e e R B AN ke e e e e e A e e R W W W W WP W W AR R A e e ———

EFFECT ON DOPAMINERGIC CELLS OF 1 umol CPAB (|.c.v) AND DIRECT INFUSION
OF 0.002 nmal NALOXONE INTO THE SUBSTANTIA RIGRA

L e o A o e e T e o o e 1 — . E i i o = S e

EXPT IVOKED RESPONSE %
NUMBER PRE-CPAB POST-CPADL/NALO{ONE” CHANGE

1 a2 183 + B6.86
2 118 194 + 64.4
3 220 310 + 40.9

D e e b e T T T EE AL e e e e M L e e e e e

# Post-drug smignlficantliy dlfferent from pre-drug (Palred T-test: p«<D.01?
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