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I. Introduction

RESEARCH over the last decade has dramatically ad-
vanced our understanding of how drugs modify synaptic
function. This knowledge encompasses a wide range of
mechanisms involved in the production, release, and
postsynaptic coupling of received chemical signals. It is
the purpose of this review to integrate data from a
number of biochemical approaches which are relevant to
evaluating the concept that 3-methoxytyramine (3-MT)
is a metabolite of dopamine (DA) that is formed after
DA release and is therefore a biochemical index of DA
release (for abbreviations, see table 1).

Detailed studies of neurotransmitter synthesis and
postsynaptic receptor function have been made possible
with the introduction of molecular approaches to neu-
roscience research. However, the intervening process,
neurotransmitter release, is still the most difficult proc-
ess to study, requiring in vivo procedures with which
tonic actions of afferent fiber systems to chemically
defined pathways can be monitored. Such in vivo release
studies require sensitive analytical methods and, in many
cases, complex surgical procedures are needed. In the
specific case of DA release, a number of approaches have
been extensively investigated, all of which use DA over-
flow as an index of DA release (see ref. 122 for review).

(a) With the push-pull perfusion technique (26, 126),
the push-pull cannula consists of two concentric tubes
which are stereotaxically inserted into a defined brain
region. A perfusion fluid is pumped into this local brain
region via the inner tube (“push”) and the perfusate
collected from the outer tube (“pull”’). This approach,
however, suffers from the major problem of local and
variable tissue damage at the tip of the cannula (122)
and has therefore been used to a greater extent in species
larger than the rat where larger brain regions can be
perfused. Although never proven, this presumably limits
local tissue damage compared to the use of this technique
in the rat.

(b) With the cup technique (26), a brain region of
interest is exposed and covered with a small plexiglass
cup containing a perfusion fluid. The leakage of trans-
mitters into this fluid bathing the surface of the area
under study is then monitored. This technique requires
radical surgery to remove overlying cortical areas to
obtain access to subcortical structures, such as the stria-

tum, and has mainly been used in species larger than the
rat.

(c) With the ventricular perfusion technique (146),
artificial cerebrospinal fluid is perfused into the lateral
ventricle and collected from the cisterna magna; how-
ever, the site of origin of released neurotransmitters or
their metabolites can only be inferred.

(d) With in vivo voltammetry (111), the oxidation of
locally released catecholamines is monitored with a
graphite electrode. In vivo voltammetry is unique in that
it offers a real-time analysis of neurotransmitter release.
However, the identity of the monitored electrochemical
signal can only be inferred from general electrochemical
responses measured in vitro and is never absolute.

(e) With intracerebral dialysis (200, 215), the use of a
selectively permeable dialysis membrane is involved, and
therefore this technique is not susceptible to the degree
of local tissue damage observed with push-pull perfusion,
while allowing direct confirmation of the dialyzed endog-
enous compounds. This method is limited by the require-
ment of surgery, by the growth of a glial coating on the
dialysis membrane, by the collection periods of 10 to 20
min, and by the sensitive analytical methods which are
required to monitor the very low levels of neurotrans-
mitter which diffuse into the dialysate.

I1. Methodology

Since the steady-state levels of 3-MT are in the fmol
to pmol per mg protein range, the measurement of this
parameter of DA release awaited the development of the
following key methodological advances.

A. Microwave Tissue Fixation

After decapitation, there is a postmortem release of
DA which is rapidly methylated by catechol-o-methyl-
transferase (COMT; EC 2.1.1.6) to form 3-MT (42). This
postmortem accumulation has been shown to be biphasic
with an initial exponential phase followed by a linear
phase that continues for up to 2 h in the rat (42) and up
to 60 h, independent of age (1 to 84 yr), in human
caudate-putamen (43, 168). The biphasic curve for early
time points in the rat (42) is presumably the result of
two processes. At early times following death, there is an
initial rapid release of DA which has been determined
with push-pull perfusion studies (26) and brain dialysis
studies (189). At later times after death, there is a dra-
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TABLE 1
Explanation of terms
Abbreviation Definition
ADTN 2-Amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene
AMPT Alpha-methylparatyrosine
AOAA Aminooxyacetic acid
BW 2344 Rimcazole
CCK Cholecystokinin
CCK-8S Cholecystokinin-8-sulfate
CGS 10746B  5-(4-Methyl-1-piperazinyl)imidazo(2,1-b][1,3,5)benzothiadiazepine maleate
CGS 15856A trans-1,3,4,4a,5,108-Hexahydro-4-propyl-2H-[1]benzopyrano[3,4-b]pyridin-9-ol
CGS 156873 (+)-trans-1,3,4,4a,5,108-Hexahydro-4-propyl-2H-[1]benzopyrano(3,4-b]pyridin-7-ol
CGS 16314A (=)-Enantiomer of CGS 15855
CL 77-328 cis-5,6-Dimethoxy-2-methyl-3-[2-(4-phenyl-1-piperazinyl)ethyl]indoline
COMT Catechol-o-methyltransferase
CPZ Chlorpromazine
DA Dopamine
DADLE D-Ala’*-D-Leu®-enkephalin
L-DOPA L-(3,4-Dihydroxyphenyl)alanine
DOPAC Dihydroxyphenylacetic acid
FG 7142 Methylamide-g-carboline-3-carboxylate
GABA Gamma-amino butyric acid
GBL Gamma-butyrolactone
GBR 12909 1-{2-[Bis(4-fluorophenyl)methoxy]ethyl}-4-(3-phenylpropyl)piperazine
GC-MF Gas chromatography-mass fragmentographic
GC-MS Gas chromatography-mass spectroscopy
HA-966 1-Hydroxy-3-amino-pyrrolidone-2
HVA Homovanillic acid
LY 11555 (4a-R-trans)-4,4a,5,6,7,8,82,9-Octahydro-5-n-propyl-2H-pyrazolo-3,4-y-quinoline
MAO Monoamine oxidase
MAO-A Monoamine oxidase (type A)
MAO-B Monoamine oxidase (type B)
MAOI Monoamine oxidase inhibitor
MFB Medial forebrain bundle
MK 801 10,11-Dihydro-5-methyl-5 H-dibenzo[a,d ]cyclohepten-5,10-imine
MR 2034 (-)-a-(1R,5R,9R)-5,9-Dimethyl-2-(L-tetrahydrofurfuryl)-2’-hydroxy-6,7-benzomorphan
3-MT 3-Methoxytyramine
6-OHDA 6-Hydroxydopamine
PCP Phencyclidine
PEA Phenethylamine
PFC Prefrontal cortex
POB Phenoxybenzamine
(+)-3-PPP (+)-N,n-Propyl-3-(hydroxyphenyl)piperidine
RMI 81582 3-(2-Chloro-11H-dibenz[b,e]azepine-11-ylidene)-N,N-dimethyl-1-propanamine
Ro 151788 Flumazenil
R-PIA N®-R-Phenylisopropyladenosine
SCH 23390 (S)-(+)-8-Chloro-2,3,4,5-tetrahydro-3-methyl-5-phenyl-1H-3-benzazepine-7-ol
SKF 38393 2,3,4,5-Tetrahydro-1-phenyl-1H-3-benzazepine-7,8-diol
SKF 83566 7-Bromo-2,3,4,5-tetrahydro-3-methyl-5-phenyl-1H-3-benazepine-7-ol
THIP 4,5,6,7-Tetrahydroisoxazolo[5,4-c]pyridin-3-ol
TL-99 6,7-Dihydroxy-2-dimethylaminotetralin
TTX Tetrodotoxin
U-50488H trans-3,4-Dichloro-N-methyl-N-[2-(1-pyrrolidinyl)cyclohexyl]benzeneacetamide

matic postmortem increase in 3-MT that results from a
loss of monoamine oxidase (MAO) activity (MAO is an
oxygen-dependent enzyme) and continued COMT activ-
ity (168) which metabolically traps the released DA in
the form of 3-MT (fig. 1). These biphasic surges in
postmortem DA release emphasize the requirement for
rapid (i.e., ms) inactivation of COMT, which has only
been achieved with the use of focused microwave irradia-
tion (68, 92). In this case, the postmortem increases in
3-MT are blocked, and the levels of 3-MT are stabilized

(207). Microwave irradiation is also more convenient
than sacrifice by freeze-blowing, since it is more rapid
and allows microdissection of brain regions. The alter-
nate technique of in situ freezing in liquid nitrogen yields
3-MT levels which are intermediate between those ob-
tained by decapitation and microwave fixation (63).

B. Micropunch Methods

Micropunch techniques (136) allow discrete brain re-
gions to be microdissected from 250- to 1000-um-thick
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DOPAMINE METABOLISM
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F1G. 1. Metabolic routes for the degradation of DA in the CNS.
A.D., aldehyde dehydrogenase (EC 1.2.1.3); COMT, catechol-O-meth-
yltransferase (EC 2.1.1.6); MAO, monoamine oxidase (EC 1.4.3.4).

brain sections and have greatly increased the anatomical
resolution of neurochemical measurements of DA and its
metabolites (207).

C. Neuroanatomical Methods

Tyrosine hydroxylase immunohistochemistry (117,
120), in situ hybridization of tyrosine hydroxylase mRNA
(30), dopamine receptor binding (196), dopamine fluo-
rescence microscopy (85, 118), quantitative D-1 and D-2
receptor autoradiography (9, 10), and fiber tracing meth-
ods (178) have all been used to localize dopamine cell
body and terminal areas in the brain. This data base is
useful in the definition of brain regions to be micro-
dissected for neurochemical studies.

D. Analytical Methods

The first studies of drug effects on 3-MT dynamics
utilized fluorescence spectroscopy. With this technique,
baseline levels of 3-MT had to be elevated (99, 101) by
inhibition of 3-MT metabolism with monoamine oxidase
inhibitors. Subsequently, several laboratories developed
a gas chromatography-mass fragmentographic (GC-MF)
assay using electron impact ionization (68, 105, 191, 225)
which could detect striatal steady-state levels of 3-MT
in animals sacrificed by focused microwave irradiation.
This GC-MF assay was further improved by the use of
negative chemical ionization conditions, which increased
by 42-fold the sensitivity of 3-MT measurements (63,
206). Subsequently, high-pressure liquid chromatogra-
phy methods were established (145, 201) which could
measure striatal and olfactory tubercle 3-MT levels but
not cortical 3-MT (201). For the measurements of 3-MT
in less densely innervated brain regions, such as neocor-
tical areas innervated by mesocortical dopaminerigic pro-
jections, refinements of the established GC-MF assay

were required (213). These refinements involved the
inclusion of a simple organic solvent extraction of do-
pamine and 3-MT from acidic tissue extracts to reduce
background noise (213).

II1. Biochemistry
A. 3-MT Steady-State Levels

1. Sources of 3-MT. As summarized in figs. 1 and 2,
DA in dopaminergic nerve endings can be metabolized
intraneuronally (50, 108, 157, 199) by MAO to generate
dihydroxyphenylacetic acid (DOPAC). This MAO pool
in the dopaminergic nerve endings of the rat striatum
has been shown with 6-hydroxydopamine lesions to be
monoamine oxidase (type A) (MAO-A) (55, 123) and via
brain dialysis experiments with selective MAO-A inhib-
itors (100). In contrast, DA released into the synaptic
cleft is inactivated both by DA reuptake into the dopa-
minergic nerve ending and by methylation involving
membrane-bound COMT on postsynaptic neuronal ele-
ments (96, 98). Released DA is also taken up by glia (81,
138) and possibly by local neurons. Within these com-
partments, DA is oxidized by MAO to form DOPAC (2,
55, 163, 175) and methylated by soluble COMT (96, 155,
166) to form 3-MT. Importantly, the dopaminergic nerve
endings themselves are devoid of COMT as determined
by electrolytic (96, 123) and chemical (2, 183) lesions of
the nigrostriatal pathway and by observations with en-
zyme immunohistochemistry (98). These findings, and
studies of DA metabolite dynamics, have led to the
conclusions that DOPAC is an accurate index of intra-

DA Nerve Synaptic
Terminal Compartment Cleft

Postsynaoptic
Compartment

DOPAC 3-MT
\

MAO
oa

DA —

v
3-MT<MT_pa

{Mao
DOPAC

COMT

Glial Compartment

F1G. 2. Simplified working model of the neuronal and extraneuronal
metabolism of DA. Intraneuronally, DA free in the cytosol is accessible
to MAO and can be oxidized to form DOPAC which in turn can efflux
from the nerve ending to be methylated to form the secondary metab-
olite HVA in both surrounding glia and postsynaptic neurons. In the
cleft, reuptake of DA into the dopaminergic nerve ending, methylation
by membrane-bound COMT, or uptake into glia and subsequent meth-
ylation or oxidation are all poesible routes of inactivation for DA.
DOPAC formed in the glial compartment can also be methylated to
form HVA.
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neuronal DA metabolism (157, 199, 207) and that 3-MT
is an index of DA release (207, 215), Homovanillic acid
(HVA) is a secondary metabolite of both DOPAC and 3-
MT and is therefore of limited utility in defining the
effects of experimental manipulations on dopamine re-
lease or metabolism (fig. 1).

In the case of 3-MT, levels of this metabolite will be
influenced by two different compartments which contain
COMT: the synaptic cleft and glia (96, 155). Importantly,
the generation of 3-MT in either compartment requires
prior DA release and therefore can serve as an index of
DA release. Thus, 3-MT is a relative, not a direct, mea-
sure of DA release. The very rapid (5 to 10 min) changes
in 3-MT following modifications of DA release (reviewed
below) demonstrate the temporally close coupling be-
tween DA release and 3-MT formation in these postsyn-
aptic compartments (215, 216).

2. Regional levels of 3-MT in the rat. A regional com-
parison of the steady-state levels of 3-MT in rat brain is
presented in table 2. The distribution of 3-MT levels
correlates well with the associated regional levels of DA
(6). An excellent agreement is obtained from nine labo-
ratories for absolute steady-state concentrations of stria-
tal 3-MT in microwave fixed tissues. The only exception
is found in a report (190) in which case basal 3-MT levels
were in the typical range of concentrations reported for
animals killed by decapitation (68). Clearly, this study
suffered from inadequate microwave fixation.

3. Species differences in 3-MT levels. Of the four species
in which 3-MT has been measured following microwave
irradiation, steady-state 3-MT levels in the mouse, gerbil,
and hamster striatum are all significantly greater than
those observed in the rat (table 3; ref. 207). In a compar-
ison of the kinetics of 3-MT in the rat and mouse (216),
the fractional rate constant (the proportion of the 3-MT
pool that is metabolized per unit time) was determined
after pargyline treatment. The fractional rate constant
was 3 times greater in rat striatum and 6 times greater
in rat striatal dialysates than in the mouse. These data
suggest either that a greater proportion of released DA
in the rat striatum is methylated to form 3-MT or that
the clearance of 3-MT differs in these two species.

4. 3-MT conjugation. Virtually all 3-MT is in the free
(nonconjugated) form in both the rat (198) and mouse
(63) striatum. However, in the cerebrospinal fluid (CSF)
of the squirrel monkey, dog, and human, 3-MT exists
mainly in the conjugated form (63). Both the human and
squirrel monkey CSF contains approximately 1.2 pmol/
ml of free 3-MT and 12 pmol/ml of conjugated 3-MT. It
has been suggested that 3-MT is not cleared from the
rat brain but is further metabolized to HVA, since brain
3-MT levels are stable for more than 3 h after inhibition
of DA synthesis with alpha-methylparatyrosine (AMPT)
in combination with monoamine oxidase inhibition (79).

B. 3-Methoxytyramine Dynamics
1. Enzyme inhibition. a. 3-MT ACCUMULATION. In most
brain regions, the steady-state levels of 3-MT are less

TABLE 2
Regional dopamine and 3-MT levels and 3-MT fractional rate
constants for microwave-irradiated rat brain

Region Dopamine 3-MT 3-MT, Ref.
(pmol/mg protein) k (hr™)
Striatum 670 2.9 ki
23 68
1.5 78
23 58
24 47
1.5 121
642 14 226
607 1.9 36.4 191
497 11 145
649 1.9 224
6588 1.8 211
511 1.2 18.1 202
620 2.0 177 203
660 2.0 129 212
590 2.5 128
633 19 217
388 2.2 89 160
664 2.2 17.3 213
597 2.8 94
416 1.9 8
456 2.7 6
937 84 190
Nucleus accum- 429 24 10.4* 94
bens
Olfactory tubule 1.7 8t 202
485 1.7 6
485 1.7 6.6 214
Prefrontal cortex 18 0.11 9.1 213
Cingulate cortex 11 0.11 156.5 213
15 0.16 6
Hypothalamus 36 0.26 6
Entorhinal cortex 21 0.40 6
Hippocampus 15 0.26 6
* Unpublished observations.

t Estimate based on one accumulation point after pargyline.

than 1% of the DA steady-state levels (table 2). However,
when the dynamics of this pool are examined either by
monitoring the decline in 3-MT after treatment with the
COMT inhibitor, tropolone (191, 201), or by monitoring
the accumulation of 3-MT after inhibition of MAO with
pargyline (212, 213), fractional rate constants ranging
from 7 to 19 h™* are obtained depending upon the brain
region examined. A high rate constant of 36 was reported
in one study (191), but this was based on the use of only
a zero time group and a group sacrificed after 1-min
treatment with tropolone. In fig. 3, an example of 3-MT
accumulation in the rat nucleus accumbens after inhibi-
tion of MAO with pargyline is presented. A comparison
of the dynamics of 3-MT compared to the DA pool and
other metabolite pools is presented in table 4. These data
indicate that, while the levels of 3-MT are low relative
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TABLE 3
Dopamine and 3-MT levels in the striatum and olfactory tubercle of the
mouse, gerbil, and hamster (euthanasia via microwave irradiation)

Region Species DA 3-MT Ref.
(pmol/mg
protein)
Striatum Mouse 672 4.0 226
13.0 29
565 4.3 218
665 4.3 207
672 44 217
531 79 15
466 6.6 8
415 6.7 33
Gerbil 1087 5.0 207
Hamster 561 4.6 207
Olfactory tubule Mouse 249 19

8
676 44 33

N.ACCUMBENS:3-MT

Pargyline

2512 pmol /mg prot. /.

pmol / mg protein
[l ]
1

T
20

©
O -
=
&

Time (min)

F1G. 3. Linear accumulation of 3-MT in the rat nucleus accumbens
after the i.p. administration of pargyline (76 mg/kg). Values are the
mean + SEM for 7 observations.

TABLE 4
Dynamics of the DA, 3-MT, DOPAC, and HVA pools of the rat
striatum
Pool Steady state k Turnover rate

(pmol/mg protein) () (pmol/mg protein/h)
DA 620 + 15* 0.21 130+ 6
3-MT 2+0.1 129 262
DOPAC 68+3 23 156 + 10
HVA 582 1.3 B+4

* Mean + SEM (n = 7 to 10).

to DA, DOPAC, or HVA, 3-MT is the most dynamic DA
metabolite with a fractional rate constant of 12.9 h™’.
These rapid dynamics of the 3-MT pool are also observed
with precursor labeling studies. For example, after both
intraventricular (77) and intravenous (185) administra-
tion of [°*H]tyrosine, 3-MT is the DA metabolite with the
highest specific activity, supporting a preferential flux of
released DA through the 3-MT metabolic pool.

b. MULTIPLE DA POOLS. One complication in inter-
preting DA metabolite changes is the possibility of mul-
tiple DA pools which can be mobilized to support trans-
mission. Early studies of DA turnover were inconclusive

in resolving the different DA pools available for release
(50, 199). However, studies using in vivo voltammetry in
the rat striatum along with electrical stimulation of the
medial forebrain bundle (MFB) have indicated that the
rate constant for the releasable DA pool is 2.76 h™! (130).
A similar value of 2.5 was obtained for the extracellular
DA pool in the rat striatum after treatment with pargy-
line (fig. 4) and monitoring DA release with striatal
dialysis (215, 216). These values are approximately 10
times the values obtained for the turnover of the total
DA pool using precursor labels or inhibition of synthesis
(108, 199). These data suggest that the releasable pool of
DA is smaller and more dynamic than the total neuronal
stores of DA within the striatum (216). Studies of the
dynamics of the recovery of DA release in the striatum
after 10-Hz electrical stimulation of the MFB have sug-
gested that, acutely (from 0.5 to 2 min), this process
involves DA mobilization from another pool and does
not involve DA synthesis except in the case of continued
longer term stimulation (129). The roles of multiple
vesicular and/or cytosolic DA pools remain to be defined.
However, in the same paradigm, amfonelic acid was
shown to mobilize a DA pool after inhibition of DA
synthesis with AMPT (59). These data support the con-
cept of multiple vesicular DA pools (77). Reserpine ex-
periments also support the role of a nonvesicular DA
pool in some drug effects (197, 202). This pool contrib-
utes to approximately 20% of the 3-MT steady-state
levels observed in the rat striatum (216) with the re-
maining 80% presumably being derived from vesicular
DA pools.

C. 3-MT ACCUMULATION VERSUS STEADY-STATE MEAS-
UREMENTS. The accumulation of 3-MT after inhibition
of MAO has been used to measure, via 3-MT, the effects
of drugs on dopamine release. Pargyline (75 to 100 mg/
kg i.p.) elevates striatal 3-MT levels by 10- to 18-fold
within 20 min to 3 h postinjection (102, 160) and facili-
tates detection of this metabolite normally found in trace
(1 to 6 pmol/mg of protein) amounts.

An important aspect in monitoring 3-MT dynamics
after MAO inhibition with pargyline is the mode of
animal sacrifice. Historically, when methods such as
microwave fixation were unavailable to measure steady-
state 3-MT levels, baseline values were artificially ele-
vated by decapitation and drug effects monitored on this
higher baseline (99, 101, 102). This approach was satis-
factory in situations where profound drug effects on
dopamine release were studied (table 5). However, other
effects on steady-state 3-MT levels, such as those ob-
tained with DA uptake blockers (58), were inconclusive
using pargyline-dependent 3-MT accumulation in decap-
itated rats (99). This is likely to have been the result of
the rapid postmortem increases in 3-MT which masks
such subtle drug effects (202). Clearly, it is advisable
even when monitoring pargyline-dependent 3-MT accu-
mulation to use microwave fixed tissues, thereby elimi-
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F1G. 4. Actions of pargyline (PARG) on the levels of 3-MT, DA, DOPAC, and HVA collected in rat striatal dialysates. Values are the mean

+ SEM for 10-min collection periods of 5 animals (215).

nating this potential postmortem artifact. However, com-
pared to 3-MT determinations in the brains of drug-
treated animals killed by focused microwave irradiation
(15, 185, 203), the pargyline accumulation technique is
disadvantageous for several reasons. (a) Pargyline pre-
treatment prevents basal measurements of DOPAC,
HVA, and dopamine and thereby precludes inferences of
dopamine metabolism based on the acid metabolite lev-
els. (b) The pargyline accumulation technique dampens
the magnitude of changes in 3-MT following treatment
with agents that decrease dopamine neuron impulse con-
duction, including gamma-butyrolactone (GBL) or apo-
morphine (6, 160), and drugs like haloperidol and chlor-
promazine, which increase impulse conduction. Finally
(¢) MAO inhibition adds pharmacological and physiolog-
ical complexities to the experimental design and thus
weakens interpretations of the actions on release of the
drug under study.

2. Electrical stimulation. In studies (219) of electrical
stimulation of the substantia nigra of unanesthetized
rats, frequency-dependent increases in striatal 3-MT,
DOPAC, and HVA were observed with no changes in DA
steady-state concentrations. Similar data have been ob-
tained with ventricular perfusates of the anesthetized cat
in which increased efflux into the ventricles of radiola-
beled DA and 3-MT was observed during nigral stimu-
lation (188).

Importantly, the increases in rat striatal 3-MT levels
clearly preceded the increases in DOPAC and HVA (fig.
5), indicating that changes in DA release are detected
prior to alterations in intraneuronal synthesis/metabo-
lism of DA. Of interest, when either striatal steady-state
3-MT levels (219) or DA in striatal dialysates (90) are
monitored after electrical stimulation of the substantia
nigra, both parameters increase with stimulation fre-
quencies between 2 and 5 Hz and plateau at approxi-
mately 20 Hz. At 100 Hz, striatal 3-MT levels begin to
reverse and decrease (219), indicating that the nigrostri-
atal fibers cannot sustain transmission at this high fre-
quency rate. Similarly, in vivo voltammetry studies have
indicated that, with electrical stimulation of the rat
medial forebrain bundle, DA neurons can follow stimu-
lation frequencies between 25 and 50 Hz but that trans-
mission begins to fail between 100 and 200 Hz (171).

3. Attenuation of DA neuronal impulse flow. Striatal 3-
MT levels (102) and the amount of dopamine measured
by microdialysis (227) are decreased by cessation of
nigrostriatal impulse flow following i.p. injections of
GBL. The suppression of dopamine release by GBL has
been substantiated by electrophysiological (158) and be-
havioral (14) measures.

In contrast, DOPAC and HVA levels increase following
cessation of impulse flow (194). The increases in striatal
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TABLE 5
Actions of drugs on accumulation of 3-MT after inhibition of MAO
Dose Duration . . 3-MT accumulation
Drug (mg/kg) (min) Route Species Tissue (% of control) Ref.
Stimulants
Amphetamine 3 60 iv. Rabbit Striatum 440 79
Methamphetamine 7 60 ip. Mouse W.B.* 216 135
1 90 ip. Rat W.B. 136 99
3 90 ip. Rat W.B. 174 99
Cocaine 3 90 ip. Rat W.B. 100 99
10 90 ip. Rat W.B. 123 99
30 90 ip. Rat W.B. 225 99
3 60 iv. Rabbit Striatum 100 9
Desipramine 15 90 ip. Rat WB. 100 99
45 90 ip. Rat WB. 149 99
Imipramine 50 2700 s.C. Rat W.B. 100 165
Depressants
Diazepam 3 90 ip. Rat W.B. 85 99
10 90 ip. Rat W.B. 87 99
30 90 ip. Rat W.B. 77 99
Ethanol 2360 90 p.o. Mouse WB. 47 116
GBL 750 30 ip. Rat Striatum 46 101
R-PIA 3 60 ip. Rat Striatum 78 133
Adrenergics
POB 30 90 i.p. Rat W.B. 100 99
Propanolol 30 90 ip. Rat W.B. 100 99
Clonidine 10 90 ip. Rat W.B. 100 99
Dopamine agonists
Apomorphine 3 90 ip. Rat W.B. 100 99
10 90 ip. Rat W.B. 73 99
Neuroleptics
Haloperidol 0.3 90 ip. Rat W.B. 224 99
1 90 ip. Rat W.B. 289 99
3 90 ip. Rat W.B. 288 99
0.5 90 i.p. Rat Striatum 385 160
1 45 ip. Rat Striatum 245 160
CPZ 1 90 ip. Rat W.B. 151 99
3 90 ip. Rat W.B. 205 99
10 90 ip. Rat W.B. 311 99
10 120 iv. Rabbit Striatum 672 79
10 45 ip. Rat Striatum 160 101
10 2700 8.C. Rat W.B. 235 165
Fluphenazine 1 45 ip. Rat Striatum 190 160
Buspirone 2.5 45 ip. Rat Striatum 195 160
10 45 ip. Rat Striatum 201 160
Molindone 0.6 45 ip. Rat Striatum 175 160
25 45 ip. Rat Striatum 210 160
Clozapine 10 45 ip. Rat Striatum 164 160
20 45 ip. Rat Striatum 220 160
SCH 23390 0.25 60 ip. Rat Striatum 100 160
2.5 60 ip. Rat Striatum 120 160
Rimcazole 20 45 ip. Rat Striatum 100 160
40 45 ip. Rat Striatum 150 160

* W.B., whole brain.

DOPAC in these paradigms cannot be simply explained
by a decrease in autoreceptor feedback on dopaminergic
nerve endings as a result of decreased DA release. This
has been clearly demonstrated by dose-response studies
of 1-hydroxy-3-amino-pyrrolidone-2 (HA-966) which de-
creases nigrostriatal cell firing and DA release in this
pathway (132, 219). With this agent, DA release (3-MT

levels) can be decreased to 40% of control with no change
in DOPAC levels. However, with increasing doses, DO-
PAC levels are increased, in the absence of any further
decreases in 3-MT levels. These data argue against a
change in autoreceptor activity as the cause of the dra-
matic increases in DOPAC after interruption of neuronal
firing rates in nigrostriatal neurons.
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F1G. 5. Effect of stimulation frequency in the substantia nigra on
rat striatal DA and its associated metabolites. Rats were restained and
were unanesthetized. The stimulation consisted of square wave pulses
(1.5 ms, 200 uA) with alternating 20-s “on” and “off” periods for 20
min (219).

4. Brain lesions. a. PARTIAL OR COMPLETE DESTRUC-
TION OF DA NEURONS. Degeneration of about 80% of the
primate mesotelencephalic dopamine projection is asso-
ciated with the akinesia, rigidity, and tremor of Parkin-
son’s disease (25, 87, 154). A similar degree of nigrostri-
atal degeneration is required for the appearance of be-
havioral impairments in rodents (124, 151, 162),
suggesting that as few as 20% of striatal dopamine neu-
rons can sustain a variety of sensorimotor capabilities.
However, characterization of the biochemical compen-
sations of these surviving neurons has not resolved
whether they maintain dopamine release at normal levels
or, as proposed by Mortimer and Webster (131), that less
than normal amounts of dopamine release may be suffi-
cient for normal behavioral function. Six-fold increases
in striatal dopamine release have been measured, either
by the in vitro efflux of dopamine (169) or in vivo 3-MT
levels (12) relative to the dopamine content of terminals
surviving extensive (=80%) denervations. Striatal do-
pamine innervation can be estimated by dopamine levels,
since they covary with the amount of high-affinity do-
pamine uptake (12, 125, 230) and tyrosine hydroxylase
(80) over the entire range of dopamine denervation.
Thus, the change in dopamine metabolism or release per
dopamine nerve terminal can be estimated according to
the remaining dopamine concentration. The relative in-

creases in dopamine release from surviving nerve termi-
nals far exceed increases in neuronal dopamine metabo-
lism assessed with DOPAC (2-fold) or HVA (3-fold)
increases relative to dopamine (12).

We have also measured the 6-hydroxydopamine (6-
OHDA)-induced depletion of rat striatal 3-MT, DOPAC,
HVA, and dopamine to determine the extent of changes
in dopamine release and metabolism following less severe
dopamine denervations (11). Unlike DOPAC and HVA,
which decrease almost in proportion to the dopamine
decreases when dopamine losses are from 30 to 80%, 3-
MT concentrations do not decrease unless dopamine
losses exceed 90% (fig. 6). Denervations of 90 to 95%
and 95 to 99% reduce DOPAC, HVA, and 3-MT to an

3-MT

100

50

oy g% ve s

METABOLITE LEVEL
(PERCENT OF INTACT STRIATUM)

****

= 120- 99- 79- 59- 39- 19- [0- 5-

100 80 60 40 20 II 6 |

DOPAMINE LEVEL
( PERCENT OF INTACT STRIATUM)

F1G. 6. Extent of striatal dopamine metabolism (DOPAC, HVA)
and release (3-MT) as a function of dopamine denervation ( Dopamine).
*, P < 0.05; **, P < 0.01 versus 3-MT depletion, Student’s ¢t test. n = 3
to 8 per group. All DOPAC and HVA losses are significant for residual
dopamine concentrations of 60% or less; 3-MT losses are significant
for residual dopamine concentrations of 20% or less (P < 0.05, Stu-
dent’s ¢ test) (11).
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equal extent. Importantly, 3-MT, as well as DOPAC and
HVA, is unmeasureable when dopamine losses are vir-
tually complete (98 to 99%).

The lack of changes in 3-MT over the 0 to 80%
denervation range is virtually identical to the results of
dopamine release measurements by brain dialysis of the
denervated striatum (156a). The preservation of 3-MT
levels in neostriata depleted by up to 80% of the dopa-
mine innervation indicates that dopamine release can be
maintained at near-normal levels by as few as 20% of
the normal dopamine input. Thus, as shown in vitro
(169) and in vivo with microdialysis (156a) or 3-MT
(refs. 11 and 12; fig. 6), far fewer than the normal number
of dopamine nerve terminals can maintain dopamine
release and thus normal behaviors.

b. LESIONS OF THE STRIATONIGRAL FEEDBACK PATH-
WAYS. Lesions of the crus cerebri, which sever most or
all of the striatal feedback pathway to the substantia
nigra, result in a 56% increase in striatal 3-MT levels 12
days after the lesion in rats (44). These augmentations
in DA release presumably reflect the loss of the inhibitory
GABAergic feedback loop to the substantia nigra dopa-
mine cell bodies. Indeed, this lesion results in a 69%
decrease in the gamma-amino butyric acid (GABA) levels
of the ipsilateral substantia nigra, supporting the lesion
of striatal GABAergic inputs to the nigra. In the case of
an acute hemitransection where the nigrostriatal tract is
also severed, there is a 60% decrease in striatal 3-MT
levels in the rat (205, 224). This lower 3-MT baseline at
2 to 3 h post lesion represents a new steady state of
increased DA synthesis and decreased DA release (205,
224) in the isolated nerve endings, which nonetheless
can be pharmacologically modified with amphetamine
(34), opiates (224), and GABAergics (205).

In analogy to the physical lesion induced by acute
hemitransection, a decrease in impulse conduction of the
striatonigral tract can also be established pharmacolog-
ically with GBL (71, 90, 101, 184, 209) and HA-966 (36,
132, 184, 219). In dose-response studies of HA-966, clear-
cut decrements in DA release can be monitored by in
vivo voltammetry (132), by decreases in basal 3-MT
levels (219), and by decreases in pargyline-dependent 3-
MT accumulation (132). Similarly, GBL also decreases
the DA collected in striatal dialysates (90), striatal
steady-state 3-MT levels (209), and pargyline-dependent
3-MT accumulation in rat striatum (101). These de-
creases in DA release precede any compensatory in-
creases in DA synthesis and metabolism (209). Another
example of pharmacological axotomy is with local injec-
tions of tetrodotoxin (TTX) into the striatum (223). In
this case, nigrostriatal as well as all potential presynaptic
afferent inputs are inhibited. Under these conditions, the
only DA metabolite changes noted are profound (~90%)
decreases in striatal 3-MT levels and a slow rise in DA
steady-state levels, with no change in DOPAC or HVA
(223). Studies with push-pull perfusion (26) and dialysis

(200) of the striatum have also demonstrated decreased
DA release after local TXX application.

c. LESIONS OF INTRINSIC STRIATAL NEURONS. Kainic
acid lesions of the striatum have been reported to not
alter striatal 3-MT levels at 3 days (224) but increase
these levels to 200% of control at 6 days post lesion (44).
A comprehensive time course of this phenomenon re-
mains to be defined in one experiment such that the
effects of acute and chronic lesions of striatonigral feed-
back pathways can be assessed on striatal DA release.

C. Effects of Aging

Dopamine, but not 3-MT, is decreased with age in the
basal ganglia of normal humans (43). However, as men-
tioned above, 3-MT levels increase dramatically after
death in human caudate-putamen (168) and in rodents
(190), when microwave irradiation is not used (102) or
used improperly (190) (section II A). The postmortem
increase in dopamine release could therefore mask age-
related decreases of 3-MT in the human basal ganglia.
Since dopamine levels are also lower in the caudate-
putamen of aged rats (13, 125; see ref. 65 for review), we
measured dopamine, DOPAC, HVA, and 3-MT in this
region and in the olfactory tubercle in aged (28 mo of
age) or young (4 mo of age) Fischer 344 rats that received
i.p. injections of vehicle or pargyline 10 min before sac-
rifice by microwave irradiation. Concentrations of do-
pamine, but neither 3-MT, DOPAC, nor HVA, were
decreased in the caudate-putamen (table 6). In contrast,
each metabolite was lower in the olfactory tubercle of
the aged rats, but the accumulation of 3-MT after par-
gyline was not, nor was it lower in the caudate-putamen.
Thus, caudate-putamen 3-MT and the turnover of do-
pamine through its releasable pool in either region are
not lower in the aged rat. Possible reasons for the per-
sistence of 3-MT in brain regions with partial dopamine
denervations have been made based on the unilateral
dopamine lesion model (11) (see section IV D).

D. Interpretation of DA Metabolite Changes

In general, the use of DA metabolites to interpret the
status of neuronal activity in dopaminergic pathways has
been made inappropriately in the literature (reviewed in
refs. 50, 54, 108, 157, and 199) despite the early studies
of Sharman and co-workers, which clearly showed that
DOPAC is the major intraneuronal (i.e., DA nerve end-
ing) DA metabolite with HVA being a secondary metab-
olite of this DOPAC pool (157). Similarly, the studies of
Kehr (101, 102) showed that 3-MT is an accurate index
of DA release. Despite these landmark studies, HVA,
DOPAC, or DOPAC/DA ratios are still often referred to
as indices of DA release. This interpretation has been
shown to be inaccurate in many cases (reviewed in table
6) as to preclude the use of these parameters for making
inferences concerning DA release.

Therefore, at this point we will define the assumptions
upon which the utility of 3-MT as an index of dopamine
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TABLE 6
Dopamine and metabolites in the striatum and olfactory tubercle of young and aged rats (n = 9/group). Young (4-mo-old) or aged (29-mo-old) male
Fischer 344 rats were given injections of either the saline vehicle (1 mi/g, i.p.) or pargyline (75 mg/kg) 10 min before sacrifice by microwave
irradiation. Dopamine and metabolites (206) and protein were measured in the caudate-putamen and olfactory tubercle

Vehicle treatment 3-MT Dopamine DOPAC HVA
Caudate-putamen
Young 1.2 +£0.13* 747 + 84 98+9 4+4
oud 1.0+ 0.15 533 + 421 (—28)% n+7 40+6
Olfactory tubercle
Young 0.71 £ 0.09 411 + 36 64 +2 26+ 1
(o)1 0.55 + 0.04§ (-23) 331 £ 31 46 + 4§ (—28) 18 + 2§ (-31)
Pargyline treatment| 3-MT Dopamine DOPAC HVA
Caudate-putamen
Young 6.9 + 0.89 693 + 20 62+ 6 40+ 4
Old 4.8 £ 1.00 609 + 80t (—28) 58+ 17 42+ 6
Olfactory tubercle
Young 2.7 £ 0.36 480 + 31 42+ 4 22 + 2
Old 241025 365 + 29t 35 + 2 (—24) 18+1
* Mean + SEM.
t P <0.05.
} Numbers in parentheses, percentage.
§ P < 0.01 versus young animals.

]| Pargyline singificantly (P < 0.05) and consistently altered 3-MT values compared to those of vehicle-treated, age-matched cohorts.

release is based, and then attempt to validate these
assumptions with studies of the pharmacological modu-
lation of DA synthesis, metabolism, and release.

In the presence of unaltered, steady-state concentra-
tions of DA, the following assumptions are made.

(a) Changes in DOPAC levels are an index of intra-
neuronal DA synthesis/metabolism in the cytoplasmic
pool. For example, if DA levels are unchanged after a
drug but DOPAC levels are increased, then DA metabo-
lism is increased in the DA nerve ending in conjuntion
with enhanced DA synthesis which maintains the unal-
tered DA steady state. This situation exemplifies the
homeostatic mechanisms which maintain the steady-
state concentrations of DA after a variety of experimen-
tal manipulations.

(b) Changes in HVA are secondary to the efflux of
DOPAC from the nerve ending and/or changes in the
efflux of this metabolite from the brain. Changes in 3-
MT concentrations have never been shown to signifi-
cantly alter HVA concentrations, except following injec-
tions of the COMT inhibitor, tropolone (section IV A).

(c) Changes in 3-MT levels are indicative of DA release
and its subsequent methylation in the cleft and glial cells
surrounding the synapse.

This working model is presented in fig. 2. A key feature
of this conceptual framework is that DA, DOPAC, HVA,
and 3-MT must be measured in order to fully evaluate
the functional status of dopaminergic neurons. This is
best realized by table 7, in which a number of examples
present a clear-cut uncoupling of DA synthesis/metabo-
lism (DOPAC) and release (3-MT). These examples are
in sharp contrast to the examples where DA metabolism

and release are coupled processes (table 8) and demon-
strate that false conclusions would be derived if HVA or
DOPAC were used as indices of DA release and corre-
lated with behavioral or postsynaptic changes after drug
treatment. Therefore, in contrast to studies of cholinergic
(221) or amino acid-utilizing (210) pathways, where
measurements of transmitter turnover are tightly cou-
pled with transmitter synthesis and release, measure-
ments of DA turnover allow only limited interpretations
of changes in dopaminergic transmission. There is no
logical framework for the use of such measurements as
markers for DA release. It should thus be clear that
measurements of DA turnover utilizing precursor label-
ing (77, 185), measurements of L-(3,4-dihydroxy-
phenyl)alanine (L-DOPA) accumulation after inhibition
of DOPA decarboxylase, or monitoring the decline in DA
levels after inhibition of tyrosine hydroxylase are only
indices of DA synthesis rates and not release. However,
as in cholinergic and amino acidergic pathways, DA
neurons possess the ability to maintain the steady-state
concentration of DA during changes in neuronal activity.
Therefore, in the case of altered DA synthesis rates,
changes in the steady-state levels of DA metabolites
allow an investigator to determine if such changes in
synthetic activity are coupled to release.

Caution must be used in the interpretation of metab-
olite concentration data when DA steady-state levels
change. Indeed, in such cases it is imperative to deter-
mine the time course and characteristics for the devel-
opment of a new steady-state level of DA. The use of
these precautions and the aquisition of key indices of DA
synthesis, DA metabolism, and DA release will be of the
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TABLE 7
Examples of treatments in which DA metabolism and release are uncoupled processes
Drug Preparation DOPAC 3-MT Release* Ref.
GABA-A agonists Rat striatum 1 l l 161, 205
TTX Rat striatum - ! l 26, 223
GBL-type compounds Rat striatum 1 | ! 90, 102, 132,
209, 219, 227
Acute hemisection Rat striatum 1 l l 3,26
Partial nigrostriatal lesion Rat striatum l 1 1 11, 12, 169
Muscarinic agonists Rat striatum 1 l 201
Amphetamine Rat striatum ! 1 1 47, 58, 90, 215,
225, 229
Dibutyryl cyclic AMP Rat striatal slices 1 - 137
Mu opiate agonists Rat striatum 1 o P 110, 225
Delta opiate agonists Rat striatum 1 - 225, 226
Atypical neuroleptics Mouse striatum 1 l 14a, 15, 218

* DA release as assessed by brain dialysis, voltammetry, or push-pull perfusion.

TABLE 8
Examples of pharmacological treatments in which DA metabolism and release are coupled processes
Drug Preparation DOPAC HVA Release* Ref.

DA autoreceptor agonists Rat and mouse stria- l l d 4, 8,101, 102,
tum, PFC, and 111, 229
O.T.t

Mu and delta opiate agonists Rat nucleus accum- 1 1 94, 105a, 222, 225
bens, mouse stria-
tum, rat cortex

PCP receptor agonists Rat PFC and pyriform 1 1 31, 56, 82, 152
cortex

Classical neuroleptics Rat and mouse stria- 1 1 1 14a, 119, 218
tum

Non-amphetamine stimu- Rat striatum 1 1 1 48, 68, 104, 145,

lants 191

CCK-8S Rat striatum, rat PFC, l l l 5,17,28,51,113

mouse striatum

* DA release as assessed by brain dialysis, voltammetry, or push-pull perfusion.

t O.T., olfactory tubercule.

utmost importance in the design of studies to evaluate
the more complex roles of polysynaptic circuits and
cotransmitters in the regulation of dopaminergic trans-
mission.

IV. Pharmacology

In the following discussion of pharmacological modu-
lation of 3-MT levels (table 9), unless otherwise specified,
all data are concerned with the rat striatum. In this
section, we will cover species differences whenever they
have been encountered. Whenever possible, changes in
3-MT levels will be compared with changes in DA col-
lected in push-pull perfusates and brain dialysates.

A. Enzyme Inhibitors

The tyrosine hydroxylase inhibitor, AMPT, inhibits
DA synthesis, resulting in rapid decreases in striatal
steady-state levels of DA, DOPAC, HVA, and 3-MT (58).
Using trans-striatal dialysis, identical actions have been
observed for DA, DOPAC, and HVA collected in the
dialysates (90); unfortunately 3-MT was not measured
in this study.

The monoamine oxidase inhibitor (MAOI), pargyline,

increases striatal steady-state levels of 3-MT and de-
creases DOPAC and HVA levels (41, 101, 203, 211, 216).
Similiarly, striatal dialysates, after pargyline administra-
tion, contain increased DA and 3-MT along with de-
creased HVA and DOPAC (90, 106, 215; fig. 4). With
both the tissue steady-state studies and the brain dialysis
measurements, the changes in DOPAC and HVA lag
behind the rapid changes in DA release by 15 to 45 min.
The MAO-A inhibitor, clorgyline, also increases striatal
steady-state 3-MT levels (191) and DA collected in stria-
tal dialysates (100). In contrast, the manoamine oxidase
(type B) (MAO-B) inhibitor, deprenyl, does not increase
DA collected in striatal dialysates (100). The reversible
MAOI, minaprine (97), also increases striatal 3-MT lev-
els and decreases DOPAC with these actions reversing
between 2 and 3 h (64).

The COMT inhibitor, tropolone, rapidly decreases
striatal 3-MT levels (191, 201). A parallel but slower
decline in HVA levels has also been monitored (201),
supporting the more rapid turnover of 3-MT as assessed
after inhibition of monoamine oxidase (212, 213).

B. D-1 Agonists and Antagonists

The initial in vitro studies of Farnebo and Hamberger
(62) and others (115, 173) used apomorphine to show
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TABLE 9 TABLE 9—Continued
Summary table of drug effects on rat striatal DOPAC and 3-MT Time
steady-state levels after fixation with microwave irradiation Drug (mg/kg, route) (min) DOPAC 3-MT Ref.
Time (% of control)
Drug (mg/ke, route) (min) DOPAC 3-MT  Ref. Methylphe- ®,iv) 10 100 191
(% of control) nidate
Enzyme inhibitors (10, i.p.) 60 100 150 225
AMPT (200, i.p.) 60 44 4 58 (50, i.p.) 60 125 243 226
Pargyline (50, i.p.) 60 11 727 225 Nomifensine (10, i.p.) 60 87 137 58
Chlorgyline (0.1, 8.c.) 10 100* 191 (5, iv.) 10 149 191
N 03,8c) 10 150 191 (30, i.p.) 25 142 285 145
1,s.c.) 10 200 191 60 147 227 145
Tropolone (50, i.v.) 3 42 201 (25, i.p.) 20 100 185 202
Minaprine (15, ip.) 16 72 289 64 60 128 205 202
m 60 52 317 64 Cocaine @3,iv.) 10 100 168 58
120 67 122 64 Benztropine (26, i.p.) 20 100 100 201
- 65 100 100 201
> Dopamine agonists Quipazine (20, i.p.) 26 100 329 145
Apomorphine (0.5, i.v.) 10 66 20 58 60 7% 171 145
(0.5, i.v.) 10 50 191 PEA (12.5, i.p.) 10 100 191 127
(2, ip.) 4 50 201 15 124 251 127
8 40 201 30 146 328 127
12 45 201 60 100 100 127
,_] 16 50 201 Amphenizole (25, i.p.) 60 130 238 Un-
60 100 201 pub-
< (0.1, ip.) 30 72 63 6 lished
CGS 15855A (0.5, i.p.) 30 100 68 6
U 2,ip.) 30 60 63 6 CNS depressants
el Dipropyl-ADTN  (0.03, i.v.) 10 62 191 GBL (400, i.p.) 60 182 78 58
Piribedil (10, i.v.) 10 50 191 (750, i.p.) 30 30 201
O (120, p.o.) 60 43 42 145 60 30 201
Ergocornine (1,iv.) 10 61 191 150 30 201
Bromocriptine 1,iv) 10 100 191 HA-966 (20, i.p.) 60 100 50 219
O (100,ip) 60 212 41 219
H Dopamine antago- Reserpine (5, i.p.) 15 400 201
nists 30 280 201
O Haloperidol (,ip) 60 424 191 718 60 80 201
(2, p.o.) 120 100 191 24h 40 201
(0.5, i.p.) 4 100 201
U 8 160 201 GABAergics
12 130 201 Muscimol 2,ip.) 60 100 79 205
16 120 201 (4,i.p.) 60 192 68 205
60 +100 201 Kojic amine (5, i.p.) 60 139 100 2056
(1,ip.) 60 325 145 201 (20, i.p.) 60 200 53 205
(0.5, i.p.) 15 210 168 145 THIP (10, i.p.) 60 133 74 205
30 336 167 145 (20, i.p.) 60 183 79 205
60 385 100 145 Progabide (100, i.p.) 60 100 100 206
(1, ip.) 60 456 162 218 (500, i.p.) 60 100 68 205
CPZ (20, i.p.) 60 294 100 201 AOAA (25, i.p.) 60 100 63 205
Clozapine (20, i.p.) 60 395 100 78 Diazepam (2, ip.) 60 100 100 206
(20, i.p.) 16 166 100 145 (10, i.p.) 60 100 4 205
Q‘ 30 213 100 145 (20, i.p.) 60 100 37 205
60 308 100 145 . Clonazepam (5,1ip.) 60 75 58 212
(20, i.p.) 60 221 100 218 Nitrazepam (26, i.p.) 60 7 63 212
Sulpiride (60, i.p.) 60 221 136 218 Baclofen (2,1ip.) 60 67 191
Buspirone (0.5ip.) 60 132 100 218 (5, i.p.) 60 67 191
(2,ip.) 60 177 120 218 (10, i.p.) 60 4 191
(5, i.p.) 60 254 131 49, 218 (20, i.p.) 60 50 191
' (10, i.p.) 60 294 146 218 Flumazenil (10, i.p.) 60 100 100 211
+ (20, i.p.) 60 346 139 218
(0] Ciclindole (5, i.p.) 60 182 153 217 Opiates
Q_ CNS stimulants Morphine (2,i.p.) 60 158 100 225
(n Amphetamine 1, iv.) 10 60 163 58 (32, i.p.) 60 185 100 225
(5, iv.) 10 254 191 (30, i.p.) 60 160 100 221
m (5,i.p.) 60 41 423 225 (10, i.p.) 60 173 139 201
(5, i.p.) 30 250 201 Etorphine (0.015, i.p.) 60 186 100 225
60 400 201 Methadone (5,i.p.) 60 199 100 225
120 190 201 Phenazocine 8, ip.) 60 232 100 225

* One hundred %, no statistically significant change.
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TABLE 9—Continued

Time [opAC 3.MT  Ref.

Drug (mg/kg, route) (min)
(% of control)
MR 2034 (2, i.p.) 60 100 100 225
(8, i.p.) 60 100 100 225
(32,ip.) 60 100 100 225
Ethylketazocine (4, i.p.) 60 100 100 225
(16, i.p.) 60 100 100 225
Trifluadom (2,i.p.) 60 100 100 207
U-50488H (8, i.p.) 60 100 100 207
Butorphanol (2,ip.) 60 129 100 207
(16, i.p.) 60 153 100 207
(64, i.p.) 60 100 100 207
Pentazocine (32, i.p.) 60 164 100 225
(64, i.p.) 60 100 100 225
Cyclazocine (8,i.p.) 60 148 100 225
(32, i.p.) 60 100 100 225
DADLE (0.002, ivt.)t 60 147 100 225
(0.01, ivt.) 60 176 100 225
(0.003,ivt.) 60 125 100 226
Naloxone (5, i.p.) 60 100 100 226
Kyotorphan (0.8, ivt.) 60 229 100 148
Muscarinics
Oxotremorine (1,ip.) 60 220 73 201

t ivt., intraventricular.

that dopamine autoreceptors modulate the release of
dopamine in the striatum. The advent of selective D-1
and D-2 receptor agonists and antagonists allowed the
D-2 nature of the autoreceptor to be unequivocally iden-
tified. Thus, unlike D-2 stimulation, D-1 receptor stim-
ulation with 2,3,4,5-tetrahydro-1-phenyl-1H-3-benzaze-
pine-7,8-diol (SKF 38393) fails to decrease the potas-
sium-induced (176) or electrical stimulation-induced
(114, 174) release of [*H]dopamine from neostriatal
slices. The ability of D-2 agonists to lower the release of
[*H)dopamine is blocked by D-2, but not D-1, selective
antagonists. Similar in vitro findings have been obtained
for the guinea pig spinal cord (107) and rat prefrontal
and cingulate cortices (143, 144, 179).

Changes in in vivo striatal 3-MT levels following the
administration of D-1 or D-2-selective compounds par-
allel the patterns obtained with these in vitro studies. 3-
MT levels in mouse striatum are increased by the D-2
antagonists haloperidol and metoclopramide but not by
(S)-(+)-8-chloro-2,3,4,5-tetrahydro-3-methyl-5-phenyl-
1H-3-benzazepine-7-ol (SCH 23390) or 7-bromo-2,3,
4,5-tetrahydro-3-methyl-5-phenyl-1H-3-benazepine-7-ol
(SKF 83566) (15, 33). Similar effects on accumulated 3-
MT levels after pargyline have also been observed for
haloperidol and SCH 23390 (160). The partial D-2 ago-
nists  trans-1,3,4,4a,5,108-hexahydro-4-propyl-2H-[1]
benzopyrano([3,4-b]pyridin-9-ol (CGS 15855A) and the
full D-2 agonist (4a-R-trans)-4,4a,5,6,7,8,8a,9-octahy-
dro-5-n-propyl-2H-pyrazolo-3,4-y-guinoline (LY 171555)
decrease 3-MT, while the D-1 agonist SKF 38393 does
not lower 3-MT unless high doses (50 to 100 mg/kg) are
used, and even then only small (18 to 22%) decreases in
3-MT are found (4, 6, 33).

These in vitro and in vivo studies confirm the D-2
nature of the autoreceptor that controls dopamine release
and rule out the D-1 receptor in the autoreceptor control
of DA release. While this conclusion is consistent with
the absence of D-1 receptors on the terminals and cell
bodies of nigrostriatal neurons (9), studies with striatal
microdialysis present inconsistent results for the D-1
receptor control of release. Imperato et al (91) observed,
and Zetterstrom et al. (228) failed to observe, increases
in the amount of striatal dopamine recovered into micro-
dialysis probes following similar doses of the D-1 antag-
onist, SCH 23390. In contrast, Zetterstrom et al. (228),
but not Imperato et al. (91), reported suppressions of
dialyzed dopamine following similar doses of the D-1
agonist SKF 38393. The use of general anesthesia by
Zetterstrom et al. but not Imperato et al. might account
for some of these discrepancies.

C. D-2 Antagonists

D-2 receptor antagonists that ameliorate psychosis but
without inducing extrapyramidal side effects are consid-
ered “atypical” antipsychotics, whereas D-2 antagonists
that produce both effects are termed “typical” antipsy-
chotics. Potencies of these drugs in several behavioral
tests can predict their antipsychotic efficacy and their
propensity to induce extrapyramidal side effects. These
tests are, respectively, inhibition by the drug of either
apomorphine-induced cage-climbing behavior and apo-
morphine-induced stereotypic behavior (52, 70). When
drug potencies in these tests have been calculated, in
vivo neurochemical measurements can be made at the
effective dose or at a multiple of the effective dose to
discern a neurochemical mechanism that might differ-
entiate these two groups of drugs. Clozapine and thiori-
dazine have been clearly distinguished in this way from
the typical neuroleptics haloperidol, chlorpromazine, and
metoclopramide by their diminished capacity to alter
striatal dopamine release. This has been demonstrated
with push-pull cannulae (22), in vivo microdialysis (227),
and in vivo voltammetry (89, 112). Not surprisingly,
these findings have been corroborated with 3-MT meas-
urements using gas chromatography-mass spectroscopy
(GC-MS) methods (described in section II, A and B).
Clozapine and thioridazine leave unaltered, or even de-
crease, striatal 3-MT but like typical neuroleptics fre-
quently elevate DOPAC and HVA (15, 78, 218).

In a more comprehensive study (14a), we have meas-
ured 3-MT, DOPAC, HVA, and DA in the caudate-
putamen following p.o. administration to mice of ten
atypical antipsychotic drugs or candidates and six typical
antipsychotics. The first pattern, obtained with the typ-
ical neuroleptics (setoperone, perlapine, haloperidol,
chlorpromazine, and metoclopramide), was characterized
by large (37 to 79%) increases in dopamine release (3-
MT levels) and even larger increases in dopamine me-
tabolism, as measured by DOPAC (97 to 297% increases)
and HVA (118 to 228% increases) (table 10). This neu-
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TABLE 10
Actions of classical neuroleptic agents on mouse striatal DOPAC and 3-
MT levels at behaviorally relevant doses. Drugs were injected p.o. at 1
(top row) or 6 (bottom row) times the 50% effective dose for the
inhibition of apomorphine-induced climbing. Mice were sacrificed 60
min later. BW 234U was injected i.p. at the 50% effective dose in the
behavioral test, and mice were killed 30 min later

ialcompond D% @ot  mel
i o ol
Typical compoun (mg/kg) control)* control)*
Setoperone 0.2 110 160
1.2 1568+ 343t
Perlapine 11 144% 300t
66 140% 349¢
Pimozide 0.3 103 197¢
1.8 113 397t
Haloperidol 0.12 137% 368t
0.72 169% 393t
Chlorpromazine 2.3 128% 180
14 1401 335¢
Metoclopramide 2 144t 373t
12 137% 466+

* Mean for 6 to 8 per group, expressed as the percentage of control
values of the vehicle-injected group.

+ P < 0.01 greater than control.

1 P < 0.05 (Dunnett’s test).

rochemical profile has also been observed in the rat or
mouse striatum following the administration of the typ-
ical antipsychotics, chlorpromazine, haloperidol, meto-
clopramide, perlapine, and to a lesser extent, thioridazine
for striatal dopamine release (3-MT) and metabolism
(DOPAC) (15, 78, 218, 220, 227) or metabolism only (37,
38, 172, 192). The one typical neuroleptic that failed to
increase dopamine release while markedly elevating me-
tabolism was pimozide. However, pimozide, unlike the
other typical neuroleptics tested, is a potent calcium
channel receptor blocker in the brain (75). This action
of pimozide may prevent calcium-dependent dopamine
release during concomitant D-2 receptor blockade, as
described for the calcium channel antagonist nimodipine
(142).

The second pattern, obtained with the atypical com-
pounds, was characterized by no change or a decrease in
3-MT at either dose (table 11). In only 4 of the 24 groups
receiving an atypical compound were 3-MT levels in-
creased. 5-(4-Methyl-1-piperazinyl)imidazo[2,1-b][1,3,5]
benzothiadiazepine maleate (CGS 10746B), flumezapine,
cis-5,6-dimethoxy-2-methyl-3-[2-(4-phenyl-1-piperazin-
yl)ethyl]lindoline (CL 77-328), rimcazole (BW 234U),
clozapine, 3-(2-chloro-11H-dibenz[b,e]azepine-11-yli-
dene)-N,N-dimethyl-1-propanamine (RMI 81582), and
fluperlapine did not increase dopamine release and pro-
duced variable increases in dopamine metabolism. Mel-
perone increased dopamine release at one dose while
thioridazine and mesoridazine increased dopamine re-
lease at relatively high doses but increased dopamine
metabolism at most doses. Importantly, 3-MT levels were
lowered or remained unchanged even after doses that
produce marked increases in DOPAC (26 to 321% above

TABLE 11
Actions of atypical neuroleptics on mouse striatal DOPAC and 3-MT at
behaviorally relevant doses (legend as in table 10)

. Dose 3-MT DOPAC
Atypical compound  (pon) (% of control)* (% of control)®
CGS 10746B 25 73t 95
150 89 114
CL 77-328 3 79 100
18 75 2163
BW 234U 25 93 63t
Clozapine 8 94 143
48 81 238§
RMI 81582 2 118 117
12 116 1518
Fluperlapine M4 108 265%
190 82 4214
Melperone 5 179% 318¢
30 134 310%
Flumezapine 1 1318 239%
(striatum) 5 92 307¢
20 9 333%
Flumezapine (ol- 1 122 147
factory tuber- 5 122 253%
cle) 20 100 325%
Mesoridazine 1 90 115
5 107 130
20 131§ 262%
Thioridazine 5 115 2808
30 1258 395¢

* Mean + SEM for 6 to 8 per group, expressed as the percentage of
control values of the vehicle-injected group.

t P < 0.05 less than control (Dunnett’s test).

} P < 0.01 greater than control.

§ P < 0.05 greater than control.

control) or HVA (26 to 129% above control). This sepa-
ration between effects on release and metabolism has
been observed for clozapine (218) and CGS 10746B, a
clozapine analog (15, 209). In the case of CGS 10746B,
suppressions of 3-MT following p.o. or i.p. administra-
tion occur at doses 4- to 6-fold lower than those required
to increase DOPAC and HVA, which unlike 3-MT were
not lowered by any dose of CGS 10746B. The changes in
3-MT, unlike those obtained for DOPAC and HVA,
correspond with decreases in dopamine neuron firing
rates and behavioral indices of nigrostriatal suppression
(15).

Overall, the resemblance of these minimal effects on
dopamine release by atypical antipsychotics with those
described in section IV B for the D-1 compounds SCH
23390 and SKF 83566 (33, 59) suggests that D-1 receptor
antagonism may contribute to the antipsychotic mecha-
nism of atypical antipsychotics (14a, 17-19).

A very large number of experiments, reviewed above
and in tabular form (table 9), corroborate the utility of
3-MT measurements for assessing dopamine release in
vivo. However, some controversy concerning changes in
3-MT in the rat striatum after haloperidol has appeared
in the literature. As expected from its blockade of D-2
autoreceptors (62, 114, 115), this potent neuroleptic re-
liably augments striatal 3-MT levels for at least 80 min
in the mouse (15, 218). Similarly, increased DA in the
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push-pull perfusates of cat caudate has been reported for
a number of neuroleptics including haloperidol (119). In
the rat, however, haloperidol elevates DOPAC and HVA,
but not 3-MT, at 1 h (145, 197, 202) or 2 h (191) after
even very high doses of 3 mg/kg. Haloperidol-induced
increases in 3-MT are obtained in the rat only in com-
bination with MAO inhibition with clorgyline (191),
nialamide (41), or pargyline (102, 160). When sacrifice is
at 8 to 16 min postadministration, however, haloperidol
does increase rat striatal 3-MT, by about 60% (145, 202).
Similarly, only small and transient increases of DA re-
lease from rat striatum have been measured with striatal
dialysis (106, 227) and push-pull perfusion (149) after
haloperidol. Because striatal dopamine release is only
transiently increased after haloperidol treatment, it is
likely that an early induction of depolarization block of
dopamine neurons by this potent neuroleptic (76) pre-
vents subsequent dopamine release. This is consistent
with the ability of the MAO inhibition technique to show
an increase in 3-MT, since the early increase in release
would contribute to the accumulated pool of 3-MT. Thus,
rather than invalidating the usefulness of 3-MT as an
index of dopamine release, these data reveal a species
difference in the actions of haloperidol on rat striatal
dopamine release.

D. DA Autoreceptor Agonists

1. Pharmacology. When administered in doses high
enough to stimulate postsynaptic D-2 receptors in the
nucleus accumbens and caudate-putamen, full dopamine
agonists such as apomorphine increase locomotor behav-
ior in rats (52, 150). However, lower doses of dopamine
agonists and administration of dopamine autoreceptor
agonists (partial agonists) decrease locomotor behavior
and striatal dopamine release (57, 83, 84, 177). The
locomotor suppression and decrease in dopamine release
occur because of the selective activation of presynaptic
dopamine autoreceptors. This lowers the release and
synaptic concentrations of dopamine. The lessened stim-
ulation of postsynaptic D-2 receptors attenuates loco-
motion. These low autoreceptor-selective doses of dopa-
mine agonists also lower 3-MT levels in the rat and
mouse striatum and olfactory tubercle (4, 6, 8) and the
accumulation of 3-MT after pargyline (102).

The subtle, and physiologically relevant, modulation
of dopamine neuron activity by autoreceptors can be
achieved with the D-2 receptor agonists apomorphine,
N-propylnorapomorphine, bromocriptine, and lisuride,
and the partial D-2 agonists CGS 16855A and (+)-trans-
1,3,4,4a,5,108-hexahydro-4-propyl-2H-[1]benzopyrano
[3,4-b]pyridin-7-0l (CGS 15873) (4, 8, 72) which have at
least a 5-fold autoreceptor selectivity (93). Stimulation
of the dopamine autoreceptor attenuates dopamine syn-
thesis (103), turnover (41, 57), nigrostriatal cell firing
(1), and the depolarization-evoked release of tritium-
labeled dopamine from striatal slices (114, 115, 173, 231).
Using brain dialysis (229), or in situ voltammetry (111),

systemic apomorphine administration decreases by up to
100% the release of dopamine in the striatum. These
autoreceptor-mediated decreases in dopamine release are
corroborated by 3-MT measurements. Apomorphine
(101), lisuride, and bromocriptine (191) decrease 3-MT
accumulation after pargyline. Apomorphine also lowers
3-MT levels of otherwise untreated rats (4, 53, 191, 202),
rabbits (173), and mice (8, 33). Suppressions of striatal
3-MT following dipropyl-2-amino-6,7-dihydroxy-1,2,3,4-
tetrahydronaphthalene (ADTN), piribedil, ergocornine
(191), LY 171555, CGS 15855A, the (—)-enantiomer of
CGS 15855 (CGS 16314A), (+)-N,n-propyl-3-(hydroxy-
phenyl)piperidine [(+)-3-PPP] 6,7-dihydroxy-2-dime-
thylaminotetralin (TL-99), and (—)N,n-propylnorapo-
morphine (8, 33) are consistent with the suppression of
dopamine release by these compounds.

Basal and pargyline-accumulated levels of 3-MT in the
rat frontal cortex and cingulate cortex are also lowered
by CGS 15855A or apomorphine (9). This is in contrast
to the inability of cortical dopamine autoreceptors to
directly modulate neocortical dopamine synthesis or me-
tabolism (20, 21), although DA agonists have been pos-
tulated to indirectly modulate these aspects of dopamine
activity through changes in dopamine release (69, 204).
That dopamine autoreceptor modulation of dopamine
release is present in neocortical areas is also supported
by in vitro studies of the frontal and piriform cortices
(143, 144, 179).

2. Tolerance studies. Repeated administration for 2 h
(8) or constant delivery for 2 days (4) of CGS 15855A or
apomorphine lowers striatal and olfactory tubercle 3-MT
concentrations. After 14 days of administration, how-
ever, 3-MT is no longer suppressed by sustained agonist
delivery via Alzet minipumps of daily doses that proved
maximally effective at 2 days. In addition, tolerance after
14 days to the release-suppressing properties extends to
the inability of large, acute injections of either agonist
to lower 3-MT, even with the contribution of the pump-
delivered drug (4). Tolerance to the synthesis-suppress-
ing (16), firing rate-suppressing (73), and antipsychotic
(181, 182) properties of apomorphine also occurs after
about 2 days of chronic administration.

E. CNS Stimulants

A wide variety of central nervous system (CNS) stim-
ulants appear to act via increasing DA release and/or
inhibiting DA uptake. In the case of amphetamine-type
stimulants, inhibition of MAO may also contribute to
their pharmacology.

1. Uptake blockers. The DA uptake blockers, nomifen-
sine, amfonelic acid, 1-{2-[bis(4-fluorophenyl)methoxy]
ethyl}-4-(3-phenylpropyl)piperazine(GBR 12909), and
cocaine, have been shown to increase extraneuronal DA,
as assessed by in vivo voltammetry (104), striatal dialysis
(48), and steady-state 3-MT measurements (58, 145, 191,
202). The uptake blocker, benztropine, has also been
shown to increase synaptic DA concentrations with vol-
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tammetry (170) and striatal dialysis (48). However, in
the one study of 3-MT steady-state levels, this compound
was inactive. This finding is the one published discrep-
ancy for the relationship between basal 3-MT concentra-
tions and DA release, and it clearly requires further
study. By monitoring 3-MT accumulation after MAO
inhibition, desipramine was found to increase this proc-
ess in whole rat brain, as does cocaine (99). In the rabbit
striatum, however, cocaine did not enhance 3-MT accu-
mulation after MAOI (79).

The physiological importance of high affinity DA up-
take by dopaminergic nerve endings during normal syn-
aptic transmission has been a controversial issue. High
affinity uptake has been demonstrated to limit the dif-
fusive entry of DA into striatal slices (13, 169). Similarly,
inhibition of uptake into brain slices by cocaine and
nomifensine increases DA overflow as assessed by vol-
tammetry (104). In contrast, in vivo stimulation of the
MFB, in the presence of DA uptake blockers, has been
unable to reveal any differences in DA clearance moni-
tored by voltammetry (60). Studies of DA metabolism in
rat striatal slices after inhibition of high affinity uptake
by either decreasing sodium concentrations in the me-
dium or by the addition of nomifensine have indicated
that, while these slices do not accumulate DA, as com-
pared to normal slices, the metabolism of the labeled DA
to DOPAC and HVA is only minimally affected (164).
The conclusions from these studies were that high affin-
ity DA uptake is only a minor route of DA inactivation
and that the bulk of DA metabolism is secondary to glial
uptake. In fact, studies of the diffusional distance of
released DA indicate that this is less than 100,000 nm
(60); however, this value is much greater than the dis-
tance of the synaptic cleft (20 to 30 nm; 140). In addition,
this diffusional distance was unaffected by inhibition of
high affinity DA uptake, by MAO inhibition, and by
COMT inhibition (60), again indicating that metabolism
of released DA is mainly secondary to glial uptake. This
conclusion would be compatible with the astrocytic
sheets which surround synapses within the CNS (140).

The degree of activity of a given dopaminergic pathway
may also affect the net effect of drug treatments on DA
release. In a study of drug effects on DA release in the
rat striatum (voltammetry) after either 1 s or 10 s of 50-
Hz stimulation of the MFB, benztropine only potentiated
the 1-s and not the 10-s period of electrical stimulation
(170, 171). These data clearly indicate that drug effects
on DA release can be affected by the level of activity of
dopaminergic neurons prior to drug administration. In
this regard, previous studies of striatal synaptosomes had
demonstrated that high affinity uptake of DA is inhibited
under depolarizing conditions (86). These data suggest
that under low levels of activity, high affinity DA uptake
is a significant process for the inactivation of DA but
that under high rates of activity glial metabolism of DA
may predominate.

2. Precursor supply. Using the paradigm of MAOI in
combination with L-DOPA administration, a correlation
between increased motor activity and both striatal and
nucleus accumbens 3-MT levels was noted (53). In-
creased 3-MT levels have also been noted in the brain-
stem and hypothalamus with the combination of MAOI
and L-DOPA administration (23, 39).

Using brain dialysis, direct evidence for increased DA
release has been obtained after precursor loading with
tyrosine (58a).

3. DA releasers. The early studies of Braestrup (34)
clearly indicated that amphetamine-like stimulants (am-
phetamine, methamphetamine, and phenmetrazine)
were unique in that they decreased whole brain DOPAC
in the rat, while other stimulants increased this DA
metabolite (methylphenidate, nomifensine, amfonelic
acid, and pipradol). Subsequent studies indicated that all
of these stimulants, independent of class, elevated stria-
tal steady-state 3-MT levels (58, 127, 145, 191, 201, 225)
and 3-MT accumulation after MAOI (77, 99). One neg-
ative study for the effects of methylphenidate on striatal
3-MT was reported (191). The elevated striatal 3-MT
levels were also shown to correlate with the appearance
of elevated CSF DA levels after amphetamine adminis-
tration in the rat (47). Amphetamine treatment has been
shown to increase DA release collected in striatal dialy-
sates by a number of laboratories (90, 215, 229) and to
elevate 3-MT in striatal dialysates (215). The endoge-
nous stimulant, phenethylamine, which appears to be
contained within the rat nigrostriatal dopaminergic
pathway (95), also releases DA, as indicated by elevated
3-MT levels (127). The possible modulatory or cotrans-
mitter role of this trace amine in dopaminergic trans-
mission warrants further study.

The site of action of these CNS stimulants is presum-
ably at the dopaminergic nerve ending. In the case of
amphetamine, the DOPAC lowering effect is also ob-
tained in DA nerve endings in the rat striatum after an
acute hemitransection, demonstrating the presynaptic
site of action for this drug (34).

4. PCP receptor agonists. Agonists of the phencyclidine
(PCP) receptor demonstrate a stereospecific motor acti-
vation in rats which is accompanied by elevated DOPAC
and HVA in mesolimbic and mesocortical dopaminergic
projections, but not in the nigrostriatal pathway (31, 56).
In recent studies of steady-state 3-MT levels and 3-MT
accumulation after pargyline, the PCP receptor agonists,
PCP, dexoxadrol, ketamine, and 10,11-dihydro-5-
methyl-5H-dibenzo[a,d]cyclohepten-5,10-imine = (MK
801), were found to increase these parameters in meso-
cortical dopaminergic pathways (152). These data indi-
cate that PCP receptor stimulation leads to activation of
mesocortical and mesolimbic DA pathways (66, 85) and
are consistent with the early reports of increased ['*C]3-
MT formation from [**C]tyrosine in whole mouse brain
(82). Small decreases in striatal HVA and DOPAC (56)
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were observed after PCP which correlated with decreased
striatal DA release as assessed by in vivo voltammetry
(88).

5. Lithium. Acute lithium has been reported to de-
crease mouse whole brain 3-MT (135), while chronic
treatment for 11 days increases rat striatal 3-MT levels
(121). Similarly, 20 days of lithium treatment increase
rat striatal and nucleus accumbens DOPAC levels (61).
These data indicate that chronic lithium treatment re-
sults in both increased DA synthesis and release.

F. CNS Depressants

Alcohol decreases the accumulation of 3-MT after
pargyline treatment (116). Stable adenosine analogs have
also been shown to decrease the postmortem accumula-
tion of striatal 3-MT in decapitated rats (133), to de-
crease basal striatal 3-MT levels (214), and to antagonize
pargyline-dependent 3-MT accumulation in the rat stria-
tum (214). The use of selected adenosine agonists and
antagonists has suggested that these actions are A-1
receptor mediated.

G. GABAergics

GABAergic modulation of the nigrostriatal pathway is
extremely complex in that GABA-A receptors have been
demonstrated on dopaminergic nerve endings within the
striatum (40, 45), on dopaminergic cell bodies in the
substantia nigra (109), and on nerve endings of afferents
to the substantia nigra (153). GABA-B receptors are also
present within both the striatum and substantia nigra
(32).

1. GABA-A agonists. The GABA-A agonists muscimol,
kojic amine, 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-
ol (THIP), and progabide all dose dependently decrease
the levels of striatal 3-MT (205). The depressant action
of progabide on striatal DA release has also been dem-
onstrated directly with push-pull perfusion studies in the
cat caudate (161). The effects of these agents on striatal
3-MT levels were antagonized by the GABA antagonist,
picrotoxin, and lasted longer than 3 h (205). GABA-A
effects on HVA are more complex. While muscimol,
THIP, and kojic amine elevate DOPAC (205), THIP and
muscimol increase striatal HVA, while kojic amine and
progabide decrease HVA (205). The only consistent
changes in DA metabolites with these inhibitory agents
were the decreases in 3-MT levels.

Using the paradigm of parenteral injections in acutely
hemitransected rats and using local drug injections into
the striatum, both THIP and kojic amine were shown to
act on GABA-A receptors within the striatum (205). In
marked contrast, muscimol decreases striatal 3-MT in
hemitransected rats but increases 3-MT after local injec-
tions into the striatum (205). This effect in the striatum
agrees with studies of the effects of muscimol on DA
release in striatal slices in vitro (176a), but its potential
role in vivo is unknown since this drug effect is not
observed after parenteral administration. This unique

action of intrastriatal muscimol is antagonized by bicu-
culline and by prior kainate lesions of striatal neurons
(205). In acutely hemitransected rats, parenteral musci-
mol does not change striatal 3-MT levels (205). These
data argue for a modulation by muscimol of an undefined
feedback pathway with cell bodies in the striatum and
nerve terminals in the substantia nigra.

Local injections of both muscimol and kojic amine into
the substantia nigra were also investigated (205). In these
experiments, either compound decreased striatal 3-MT
levels in a bicuculline-reversible manner. In summary,
GABA-A agonists decrease striatal DA release via ac-
tions within both the striatum and substantia nigra.

2. GABA-B agonists. The GABA-B agonist baclofen,
like GABA-A agonists, decreases striatal 3-MT in con-
junction with dramatic elevations in DOPAC and HVA
(191). This uncoupling of DA synthesis and release is
similar to that observed with GBL (58, 201). In addition,
drug effects on DA synthesis express cross-tolerance for
GBL and baclofen, suggesting a common locus of action
(35, 71).

3. Indirect GABAergics. The benzodiazepine, diaze-
pam, decreases steady-state 3-MT levels (205, 211, 212)
and the accumulation of 3-MT after pargyline treatment
(99, 211). Push-pull perfusion studies have also shown
that diazepam can antagonize the increased striatal DA
release from cat caudate after local perfusion with picro-
toxin (46).

The actions of diazepam on striatal 3-MT are observed
at doses of 5 mg/kg or greater (218) and are reversed
both by the GABA antagonist, picrotoxin, and the ben-
zodiazepine receptor antagonist, flumazenil (Ro 151788;
205, 211). This decrease in striatal 3-MT lasts for more
than 8 h and is accompanied by decreases in HVA but
with no change in DOPAC (218, 219). In a 3-wk chronic
treatment study, the actions of diazepam on striatal 3-
MT were found not to express tolerance (212).

The benzodiazepines clonazepam and nitrazepam, like
diazepam, decrease striatal 3-MT and HVA; however,
these drugs also decrease DOPAC (212). The significance
of these differences between various benzodiazepines
remains to be defined.

The benzodiazepine antagonist, flumazenil, does not
alter any striatal DA metabolite but does antagonize the
actions of benzodiazepine agonists (211). The inverse
benzodiazepine agonist, methylamide-g-carboline-3-car-
boxylate (FG 7142), which is anxiogenic, increases DO-
PAC levels in the rat prefrontal cortex (PFC) (180).
Recent studies using brain dialysis, have also detected
increased DA release in the PFC after FG 7142 (74).

4. GABA transaminase inhibitors. The GABA trans-
aminase inhibitor, aminooxyacetic acid (AOAA), de-
creases striatal 3-MT levels with a parallel increase in
DA steady-state levels (124% of control) but does not
change DOPAC or HVA (205). In rats with acute hemi-
transections, AOAA still decreases striatal 3-MT (205),
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indicating an action within the striatum, possibly at the
level of the dopaminergic nerve ending. Intraventricular
administration of the GABA transaminase inhibitor, eth-
anolamine-O-sulfate, also has been reported to decrease
striatal 3-MT levels (44).

5. Tolerance studies. The use of DA metabolite meas-
urements to assess drug tolerance is extremely compli-
cated since, in many cases, there is a dissociation between
changes in indices of DA metabolism and indices of DA
release (table 7). In the case of chronic (3 wk) benzodi-
azepine treatment, this dissociation is clear in that the
drug effects on HVA tolerated, while the decrease in 3-
MT did not tolerate (212). Studies of subchronic (1 wk)
GABA-A (THIP and kojic amine) and GABA-B (baclo-
fen) agonist treatment have indicated tolerance to the
drug effects on DOPAC and HVA (24) as well as DA
steady-state levels (71). Cross-tolerance between baclo-
fen, GBL, and HA-966 was also monitored with regard
to enhanced DA synthesis (35, 71). However, no study
of DA release after chronic GABA-A or GABA-B agonist
treatment has been conducted, thereby limiting specu-
lations on the mechanisms or sites of action involved in
the development of tolerance to GABAergic modulation
of dopaminergic neurons.

H. Opiates and Opioid Peptides

1. Striatal DA metabolism. Early studies of the effects
of morphine on striatal DOPAC and HVA (reviewed in
ref. 207 and 208) on the incorporation of radioactive
precursors into the DA pool (27) and on L-DOPA accu-
mulation (139) indicated that DA metabolism was dra-
matically enhanced in both the rat and mouse striatum.
These data, however, did not explain the differences of
acute morphine (110) on motor behavior in these 2
species (i.e., motor activation in the mouse and motor
depression in the rat). In 1978, this issue was addressed
in more depth when it was reported that, while the
incorporation of [*H]tyrosine into labeled rat striatal DA
and DOPAC occurred to a greater extent in D-Ala-Met-
enkephalin amide-treated animals, no change in the la-
beling of striatal 3-MT was detected (3). At the same
time, enhanced striatal 3-MT levels were measured in
mouse but not rat striatum after morphine (147, 224). A
comparison of mu and delta analgesics revealed increases
in striatal DOPAC and HVA in both the rat and mouse
but an increase in 3-MT levels only in the mouse. In the
mouse, however, strain differences have been described,
with strains lacking the motor stimulant effects of mor-
phine also lacking the increase in striatal 3-MT (147).
Local morphine injections indicated that the mouse stria-
tal 3-MT increases after morphine were the result of
activation of mu receptors in the substantia nigra (147,
224), while the lack of effect of morphine on rat striatal
3-MT appeared to be the result of a “presynaptic clamp-
ing” action within the striatum (27, 224).

The agonist/antagonist analgesics also elevate striatal
DOPAC but with a bell-shaped dose-response curve

which has been attributed to receptor dualism with this
class of opiates (94, 207, 208, 225). As with mu and delta
agonists, the agonist/antagonist agents do not increase
striatal 3-MT levels (207).

In contrast, kappa agonists do not alter the levels of
any of the DA metabolites but stereospecifically antag-
onize the actions of mu and delta and agonist/antagonist
analgesics on nigrostriatal DA metabolism in both the
rat (225) and the mouse (207). This action has been
interpreted to involve a specific mu-2 isoreceptor antag-
onist action of these kappa agonists (207).

2. Mesolimbic and mesocortical DA metabolism in the
rat. Regional studies of opiate effects on DA metabolism
have demonstrated that mu (222) and agonist/antagonist
(94) analgesics increase both DA synthesis/metabolism
(DOPAC) and release (3-MT) in the rat nucleus accum-
bens. In contrast, synthesis/metabolism is increased in
the septum, while release is unaltered (207). Studies of
DA release into rat brain dialysates have also demon-
strated that mu agonists dramatically increase DA col-
lected in nucleus accumbens dialysates with no effect or
small increases in striatal dialysate DA levels (57a).

Analysis of the actions of morphine on mesocortical
DA metabolism (table 12) have demonstrated increased
DOPAC (105a, 105b) and 3-MT (222) in the prefrontal,
piriform, and cingulate cortices. In contrast, neither DA
metabolite was elevated in the entorhinal cortex. The
actions of morphine were also reversed by (—)-a-
(1R,5R,9R)-5,9-dimethyl-2-(L-tetrahydrofurfuryl)-
2’-hydroxy-6,7-benzomorphan (MR-2034) indicating
that, as in the striatum (section IV H 1), these opiate
effects are mu-2 receptor mediated (105b). These data
indicate that the mesocortical dopaminergic pathways,
except for the entorhinal cortex (105a), receive potent
opioid inputs which can increase the activity of meso-
cortical DA neurons.

The actions of agonist/antagonist analgesics on me-
solimbic and mesocortical DA cells are also complex. In
the case of butorphanol, both DOPAC and 3-MT are

TABLE 12
Profile of the actions of morphine on regional DOPAC and 3-MT levels
in the rat brain (94, 105a, 105b, 207)

Brain region DOPAC 3-MT

Nigrostriatal
Mesolimbic

Nucleus accum- 1 1
bens

Olfactory tubercle 1 1

Septum 1* -
Mesocortical

Prefrontal cortex

Pyriform cortex 1 *

Cingulate cortex

Entorhinal cortex - -

* Small increase at “high” doses.
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increased in the nucleus accumbens (94); however, no
effect was observed in the olfactory tubercle or the pre-
frontal, piriform, or cingulate cortices (94).

I. Cholecystokinin

Interest in the role of cholecystokinin (CCK) in the
nervous system has developed in part because of the
ability of this peptide to modulate the release of dopa-
mine in several forebrain areas. Peripheral administra-
tion of the sulfated octapeptide of CCK (CCK-8S) de-
creases the basal release of dopamine from mesoaccum-
bens dopamine neurons as determined with in vivo
voltammetry (28, 113). However, increases in dopamine
release have also been measured, with microdialysis, in
the striatum and accumbens following peripheral admin-
istration of CCK-8S (159). We thus determined with 3-
MT measurements whether CCK-8S attenuates basal
dopamine release in the frontal cortex, olfactory tubercle,
or caudate-putamen and whether CCK-8S can reverse
the increase in striatal and limbic dopamine release
induced by pharmacological means (d-amphetamine or
haloperidol). These studies have been performed in both
the mouse (5, 7) and the rat (51) and indicate that CCK-
8S decreases basal 3-MT levels in the striatum and
frontal cortex, and the olfactory tubercle at high doses
of the peptide. These effects were both dose and time
dependent. Additionally, CCK-8S was found to dose
dependently antagonize the increases in striatal and
olfactory tubercle 3-MT after amphetamine (15 mg/kg)
treatment.

Prior work with CCK has also shown that the sulfated
octapeptide decreases spontaneous dopamine release in
the nucleus accumbens (28, 113). However, the CCK-8S
effects on 3-MT are even more apparent when dopamine
release is augmented by d-amphetamine or haloperidol.
The reversals by CCK-8S of elevations in 3-MT following
haloperidol or d-amphetamine were not simply additive
effects of the two drugs. Rather, the magnitude of the
CCK attenuation of elevated dopamine release following
either drug greatly exceeded the extent of 3-MT de-
creases obtained with CCK-8S alone. This was especially
true in the olfactory tubercle, where CCK-8S had little
or no effect on basal dopamine release but reversed the
200% increase in release induced by d-amphetamine.
Thus, CCK-8S appears to more greatly suppress dopa-
mine release when it has been augmented, either by
membrane depolarization (haloperidol) or by impulse-
independent release (d-amphetamine). This conclusion
is supported by the ability of CCK to block potassium-
evoked, but not basal, dopamine release from nucleus
accumbens slices in vitro (186, 187). These findings are
consistent with the proposed role of endogenous CCK as
a suppressor of forebrain dopamine neurons (67, 195)
and that antipsychotic effects of CCK (134) may be
attributable to an inhibition, by CCK, of hyperactive
mesolimbic dopamine neurons (141, 156).

V. Summary of Known Limitations of 3-MT
Measurements

The main tenet of the present review is that 3-MT is
a DA metabolite which is only generated subsequent to
DA release by COMT, an enzyme which is not present
within dopaminergic neurons. This hypothesis is sup-
ported by the excellent agreement between 3-MT meas-
urements and the levels of DA collected in push-pull
perfusates and brain dialysates. Additionally, these data
correlate well with behavioral data where the direct
comparisons have been made. However, as presented
above, several potential pitfalls must be considered in
the evaluation of any new pharmacological manipulation
of dopaminergic neurons.

(a) Monoamine oxidase inhibitors will increase 3-MT
levels; therefore, any drug under study should be devoid
of this action. An example of this problem was an early
study of N,N-dimethyltryptamine in which increased 3-
MT levels were hypothesized to indicate a DA releasing
action for this agent (167). However, subsequent studies
clearly demonstrated that this effect was mainly the
result of monoamine oxidase inhibition (193).

(b) COMT inhibitors will decrease 3-MT levels (191,
201).

(¢) Dietary factors which alter the activity of MAO or
COMT can also complicate the interpretation of phar-
macological studies. For example, COMT is a Mg-de-
pendent enzyme, such that in Mg-deficient rats striatal
3-MT levels are decreased (unpublished observations).

(d) Species and pathway differences, with regard to
drug effects, should always be tested and not extrapo-
lated.

(e) Although there are no published drug effects on
the clearance of 3-MT, this should be considered as a
possible site of action for some drugs, especially since
the dynamics of this metabolite pool demonstrate signif-
icant species differences (216).

(f) Inability to measure 3-MT associated with the
incertohypothalamic dopaminergic pathway, since the
nerve endings are juxtaposed to blood vessels and do not
form classical synapses (130a).

When these potential pitfalls are all taken into consid-
eration, reliable interpretation of the effects of drugs on
DA release should be possible.

VI. Conclusions

A thorough review of the literature indicates that 3-
MT is a DA metabolite generated subsequent to DA
release and that 3-MT measurements are a useful index
of DA release in vivo. Furthermore, the simplicity of 3-
MT measurements, as compared to brain dialysis or
push-pull perfusion methods, will lead to an increase in
the use of this metabolite to monitor DA release from
dopaminergic pathways in the CNS.
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