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UtTROOUCTION

1 Ergot derivatives have been used as therapeutic agents for e relatively long ttm,
(Dale, 1906). However, thts class of drugs ts obviously tnductng renovM and
growtng |nterest amongpharmcologtsts as unique derivatives are synthettzed and

i new phamacologicel uses b_.me apparent. It appears, that constd,erabl_erasenhrch"
effort wtll be requlred to eetemlne now13or eli minor Verli;lOnS in sluu _,a,,

i_ and rtng structure relate to the variety of effects these drugs pro_. ca. In the
CNS, there ts evidence (see thts volwe) that, as a gralp, tee ergotlnes ana ergo-
pepttnes can interact wtth (at least) three different trenmitter systms, sero-
tontn, dopamtne, and noreptnephrtne, and potenttelly_affect both pre- and post,

" synapttc receptors for these transmitters. The drugs have been mat colmonly
thought to act as. agonises, bet ere also.described is pirate1 agonises, Indirect-
acting a ntsts (inducing tranmttter releasei, or is en_agonss:s of tnose :rans-
mttters _uxe et 11., 1977; Creese et el., 1975; U'Prtcherd et el., 1977). The
most obvious explanation for the different spectrum of behavioral and neurochm-
1ca1 effects produced by the Individual ergot derivatives ts that each ergot deri-
vative may tntereCt at each of the different receptor sttes tn different ways and
to differing extents. The challenge Is to sort out these effects end to ascribe
the vartous phamacologtcal advantages and disadvantages to specific or molttple
sites and mechanismsof action.

Single untt recording Investigations of effects of systitc eiintstratton of ergotderivatives on identified CNSneurons can contribute to thts _desvor b_ brtdQtng
the gap between c11ntcll end bltlvtoral observations, leo pra_lc:1oni lieu_ slits
of action from tn vtvo and _ blochiitcel Ixparlients. In the present study,
we have focused-3h"t_ effic_ of the never ergollnes on the actlvtty ofeta and the
the dopamlnecontaining cells In the substantta nlgra pars ceapec:
s,rotonergic cells of the .dmru.1 ral_ of t.he rat.. Le_tr|]e aesyl_te__(d-2;ch_oro-
6-methylergoline-SB-acetonitrl_le ie.tnine.SU.lfOn!te.i_ilm, i.lsurlul :)_l. tim u,:,-:
(N.[D-S-methyl-S-tsoergolenyl]-N',N'-dte:nytce .rb_.6e nyarugen, molu_el were . __

serotontn end dopmtnt Iwstls end their tnirlpeltlC patintlll is in_r_ _
agents (Horuwskt t lichtll, 1976l lehr, 1977; Stlborlild t Pfotffer, I1#7l luxe
it al., 1977; lilbtin el el., 1977i Ti_henni it il.o lllO; Stlberlild it el.,
thts vOlUlt), ti have clred these drugs wtth lFlltrphtnl, a dtrect-icttnl
dopamine agonlst, mphetmlno, an Indirect-actl,__ e_nlst_ and_wlth L_ (d-!.Yserglc
acld dlethy1_mide blterlra_e), an ergot Mws.e,.eff.eczs 0n _nu rap_me_.._ -,-- ....
well characterized (AghiJenlan e_ el., l_U, nalgler a ^gna3an_an, ,:-_.
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208 J.R. Walters,M.D. Baringand J.M. Lakoski

EFFECTSOF LISURIDEAND LERGOTRILEON DOPAMINERGICUNITACTIVITY sho_suct

Comparisonwlth Apomorphlne,Amphetamineand LSD I.v.

Systemtc administration of drugs belteved to cause Increased stimulation of dopamtne ltsu
receptors has been known to produce a profound and rapid decrease in the tonlc dopa
firingrateof the substantlanlgra dopamlneneurons (Bunneyet at., Ig73a,1973b, 11su
1975;Walterset al 1975) In order to comparethe ergotswith prevlouslystudied Inhl" " toe

dopamlneagonlsts,the effectsof both largeslngle l.p.doses and multlplel.v. I comf
Injections were studied, ergc

res{
Stngle unit recordtnq techniques. Prevtous studtes utilizing a combination of some
fluorescent hlstochemlstry, antldromtc stimulation and extracellular stngle untt to c
recording techniques have Identified the electrophyslologtc characteristics of the nor,
dopamtnergtc neurons in the pars compacta of the substantta ntgra and serotonerglc hale
neurons of the dorsal raphe (AghaJanlan et al., 1968, 1970; Bunneyet al., 1973b; belJ
Halgler & AghaJantan, 1974; Guyenet & AghaJantan, 1977). The ftrtng rates and the 197E
properties of the extracellular action potentials of these cells have been shown and
to be distinguishable from those of the cells In the surrounding regions. These was
attributes make tt posstble to tentatively tdentify the dopamtne and serotonln- actt
containing cells during the recording experiment. The techniques utlltzed for
untt acttvtty recordings wtth single-barrel glass mtcroplpettes have been described
previously (Bunney et al., 1973b; Walters et al., 1978). Chloral hydrate anesthe-
tized rats were used for all studtes and a stngle cell per antmal was monitored.
At the end of each experiment, the stte of the electrode tip was marked by tonto-
phoretlc ejection of dye from the electrode, and the prectse locatton of the recor-
ding stte was determined after the bratns were ftxed, sectioned and mounted.

Effects of Intravenous cumulative doses. In the first series of experiments, .the
drugs were administered l.v. as the actlvtty of a stngle dopamtnecell was moni-
tored. Firing rate was averaged over stx 10 sec intervals beginning 30 sec after
drug administration, and expressed as a percent of the acttvlty recorded during a
5 mtn baseltne pertod. In these studies, complete Inhibition was defined as cessa-
tion of activity for more than 1 mtn. Successive doses were tnJected at 2 mtn
Intervals tn Increasing Increments, so that each dose doubled the previously admin-
Istered cumulative dose (t.e., 0.2., 0.2, 0.4, 0.8 mg/kg, etc.). Although admin-
Istering the drugs tn thts way made tt posstble to compare thetr potencies over a
wtde range of doses, it should be potnted out that the response curves are not
necessarily the same as those which would have been obtained If each Individual

; dose had been given to a separate group of rats. Changes tn the sensitivity of
the dopamtne system tnduced by the earlter doses of the drug, or delayed responses
resulting from formation of acttve metabolttes or gradual penetration of the blood-
bralnbarrier,if occurring,could contributeto the responsesseen wlth the
multipleinJectlons.

Previous studies In which amphetamine was administered in thts manner showedthat
dopamtnergtc actlvtty was significantly Inhibited at approxlmately 0.1 _mol/kg
(0.4 mg/kg). Amphetaminegenerally produced complete Inhibition by the ttme 0.8
_mol/kg had been administered (Bunney et al., 1975). Ftg.

ltsu

;_i The effects of apomorphtne administered tn Increasing doses is shownin Fig. 1. ftrt
After dellveryof .004_mollkg(1.25_g/kg),the unlt actlvltyof approxlmately decr
half of the cells studied was significantly decreased from that observed during Drug
the 5 mln baseline period. The typlcal cell was inhibited to approxlmately 50%of age

_ Its basellnerate by .032_mollkg,and ceasedflrlngfor at least I mln after admln- serl
tstratton of .25 pmol/kg. It was posstble to bring almost all dopamtnecells to a the
complete stop for a short ttme wtth Increasing doses of thts agontst. The tnhtbt- tton

i,!; tton tnduced by systemic administration of amphetamineand apomorphtne has been apom

!i'



Effects of Ergolines 209

shownto be readtly reversible by a_tntstratton of a dopamtne receptor blockersuch as halopertdol (Bunney et el., 1973a, 1973b).

I.v. a_lntstratton of Increasing doses of lergotrtle (Wallets et al., 1978) and
pamtne llsurtde also consistently produced a decrease tn the acttvtty of substantta ntgra

dopamtnecells (Fig. 1, _,B & _). As can _ seen In Ftg. 1, the potency of
,73b, ltsuride was simllar to that of apomorphtne. The typtcal cell was significantly
tudied inhibited by a dose of .003 ,mol/kg, (1.5 pg/kg) and tts flrtng rate was reduced
v. _ 50%of baseline _ .055 ,mol/kg. However, mope cells (30%) were resistant to

complete Inhibition after lisurtde than after apomorphtne. The effects of this
ergot were also sltghtly different from those of e_morphtne tn that the cells
res_nded more slowly to haloperldol after inhibition wtth 11surtde (Fig. 2C). In
somecases, haloperldol, a_lnJstered t,v. tn doses up to 3 mg/kg, did not appear

,tt to cause any reversal of the effects of 11surlde wtthtn the tlme that reversal was
' the nomally seen after other agonJsts (Fig. ZA). $tnce several reports Indicate that
_rgic _ halopertdol pretrea_ent can block behavioral and blochatcal effects of ltsurJde
3b; believed to be mediated through dop_tne receptor stimulation (Ho_wsk| & Wachtel,
the 1976; Kehr, 1977; Ptert et el., 1978b), we trted a_tntstertng halopertdol ftrst
wn and then examining the effects of ltsurlde. Under these conditions halopertdolse

was consistently able to block the tnhtbtto_ effects of ltsurtde on dopamtne cell
activity.
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Ftg. 1. Effects of apomorphtne (H, N=9-11) and three ergoltne derivatives
llsurtde (_-_, N=9-13), lergotrlle (A &, H=11)and LSD (_--_, N=9-10) on the
ftrtng rates of dopamtne cells tn the substantta ntgra pars compacta. The

q decreases tn untt activity are expressed as percent of the baseltne firing rate.
) Drugs were gtven In a series of Increasing doses; each point represents the aver-

of age response of several cells (one cell per rat) at that cumulative dose tn the
L_tn- sertes. The bars tndtcate the standard error of the mean. The range tn N reflects
:o a the fact that somecells were lost before the end of the entire serles of tnJec-
Ibt- lions and thus are not represented at the htghest doses. Data for lergotrtle and
I ap_orphlne taken In part fromWelterset al. (1978).
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Lergotrllewas somewhatless potentthan apomorphlneand 11surldeat Inhlbltlng LSD
the activityof the substantlanlgra dopamlnecells (Figs.I and 3A). At least strl
halfof the cells studiedwere significantlyaffectedby doses totaling .008umol/ al.,
kg (3 ug/kg) and Inhibited to 50%of baseline by .25 umO1/kg. Additional doses of that
lergotrlledld depressunlt actlvltyfurtherIn many cases, but approxlmately40% a1.,
of the cells recordedbecameresistantto furtherinhibitionafter reaching25 to (197
50% of the basellnerate. The effectsof lergotrllewere readilyreversibleby of t
haloperldol(Walterset al. 1978). genl,

' In t
The nondopamlnerglccells in the pars retlculataof the substantlanlgra have not agon
been shown to be affected tn any consistent dose-dependent way by administration requ
of amphetamine or apomorphtne (Bunney et al., 1973a, 1973b; Walters et al., 1975). (.01,
Similarly, lergotrtle (Walters et al., 1978) and llsurtde did not consistently as aq
inhibitthe firingof retlculatacells, than

comp
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Flg. 2. Effectof llsurlde (LIS) on the firingrate of dopamlnecells In the
substantta nlgra pars compacta. A. Ltsurtde, administered t.v. as described tn
the text, In an increasingseriesof doses from .0015mglkg to a final cumulatlve

dose of 3.2 mg/kg,resultedIn partialInhlbltionof thls cell. The cell reached Flg.
maximuminhibition,29% of baseline,at a cumulativedose of .Img/kg, and recov- subst
ered to 46%of baseline despite additional llsuride Injections. Apomorphtne (APO, In th
.5, .5, & 1.0 mglkg t.v.) was Unable to cause further inhibition. Halopertdol dose
(HAL, 1, 1, & 1 mg/kg t.v.) dtd not reverse the Inhibition; arrows indicate drug drug
injections. B. I.v. administration of ltsurtde tn a series from .0015 mg/kg to btted
a final cumulative dose of .4 mg/kg produced total Inhibition of flrtng of thts of ha
ce11. Thls responsewas more commonthan that shown In A. C. I.p.admlnlstratlon of th
of ltsurtde (3.6 mg/kg) caused complete inhibition of firing of thts cell for 2.8 lastt
mln. The cell showeda typicalblphaslcrecoverypattern,returningrapidlyto a remal
firingrate 64% of baselineafter which recoverybecamevery gradual. Haloperldol furth
(I, I mg/kg l.v.) produceda gradualincreasein the rate of recoveryratherthan & .41
the rapid reversalof the remaininginhibitionseen commonlyafter other dopamlne raver
agontsts.
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Ing LSD ts an ergot derivative well known for tts hallucinogenic effects tn man and tts
1st striking abtllty to tnhtbtt the acttvtty of serotonergtc neurons (AghaJantan et
,mol/ al., 1968; Haigler & AghaJantan_ 1974). Recently, however, tt has been suggested

;es of that thts ergot may also have some direct effect on the dopamtne system (Pier1 et
¢ 40% a1., 1974; Da Prada et al., 1975; Butt et a1., 1976). Chrlstoph and coworkers
25 to (1977) have reported that LSD administered systemically can tnhtbtt the acttvlty
by of the nlgral dopamtne cells. In order to compare the effects of thts hallucino-

genic ergoltne wtth those of 11surtde and lergotrtle, dopamtne cells were monitored
tn the present study whtle LSD was administered tn the same manner as the other

not agontsts (Ftgs. 1 and 4B). Only sltghtly more LSD than 11surtde or lergotrtle was
tton requtred to produce the tntttal significant Inhibition of dopomtnergtc acttvlty
1975). (.018 pmol/kg, 10 _g/kg). However, the maximum Inhibition achteved by most cells
ly as additional doses of LSD were administered averaged 53% of baseltne and was less

than that seen after the other ergoltnes. Only one cell out of 10 was brought to
_ complete Inhibition for a short pertod. Halopertdol reversed the effects of LSp.

Effects of larger doses. For many behavioral and biochemical studies, the ergots
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_ched Ftg. 3. Effect of lergotrlle (LER) on the ftrtng rates of dopamtne neurons tn the_cov-
(APO, substanttanlgra parscompacta.A. Lergotrtle wasadministeredl.v. as described

tn the text. tn a series of increasing doses from .0015 mg/kg to a ftnal cumulative,1

[rug dose of .4 mg/kg. At .4 mg/kg, the cell was markedly inhibited; arrows indicate
drug injections. B. I.p. administration of 2.5 mg/kg lergotrtle completely lnht-

to btted the activity of this cell. No recovery was seen until after administration
_Is of haloperldol (HAL, I mglkg l.v.). Comparable responses were seen in about 40%
'atton of the cells recorded. C. I.p. administration of 2.5 mg/kg lergotrtle produced a

2.8 lasttng partial Inhibition of the firing of thts cell, typical of that seen wtth
to a remaining 60% of the units studted. The cell was relatively Insensitive tortdol

further doses of lergotrtle (.1, .2 & .4 mg/kg t.v.),vt _ apomorphlne (APO, .1, .2than & .4 mg/kg t.v.), and to amphetamine (AMP, 1 mg/kg t... HAL (.1 & .2 mg/kg)
mine reversed the Inhibition. Data taken tn part from Walters et al. (1978).
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are injected t.p. tn stngle doses larger than those studied tn our multtple dose dop.
1.v. experiments. Thus, tn a second series of studies, we also Investigated dopa- 1977
mtnergtc acttvtty during and after l.p. injections of 2.5 or 10 mg/kg lergotrtle prow
(Halters et al., 1978) and after 3.6mg/kg of ltsurtde. Similar studies have the l
previously been performed with apomorphtne and wtth ptrtbedtl, a ptperaztne wtth cycl_
dopamine agontst properties (Walters et al., 1975), In these earlier tnvesttga-
ttons, an Interesting pattern of recovery was observed which was_1mtlar for both One)
drugs. Wtthtn 1 to 2 mtn after l.p. tn_ecttons of 2.0 mg/kg apomorphtne, firing to s'
stopped abruptly and generally rematned totally Inhibited In these cells for a be tl
period averaging 7 mtn. Thts period was not substantially prolonged by Increasing medll
the amount of apomorphtne Injected. Whe_ftrtng resumed, recovery was btphastc 1976
(Sunney et al., 1973a; Walters et el., 1975). Acttvtty returned rapidly to about neurq
40%of baseltne and then recovered more gradually, act

After administration of a comparable molar dose of lergotrlle, a somewhatdiffer- Anotl
ent pattern of Inhibition and recovery was seen (Ftgs. 3B,C) (Walters et al., 1977), sttml
Activity decreased to a point of either partial or complete Inhibition. The aver- trtl(
age ftr|ng rate after 20 mln was reduced to approximately 25_ of baseline. Those ttsst
cells which stopped completely showedno signs of spontaneous recovery for up to thts
20 mtn; at this ttme halopertdol was generally administered to reactivate the cell rats
and determine that the electrode was st111 tn the appropriate area. The activity 1977_
of those cells (60%) which were not completely Inhibited after lergotrtle leveled thes(
off between 50 and 80%of the baseline rate; recovery was slow. One cell which acth
was monitored for 55 mtn showedonly 16_ recovery. I.P. administration of 10 mg/kg sligl
lergotrtle dtd not produce significantly greater inhibition of dopamtnergtc untt resev
activity than dtd 2.5 mg/kg (Walters et al., 1978). neur(

spon_
The effects of t.p. administration of 11surtde were Intermediate between those small
seen wtth apomorphtne and lergotrtle (Fig. 2C). A portlon of the cells (45%) were sad (
completely inhibited Initially and then after about 4 mln, recovered tn a btphaslc ergo1
manner similar to that seen after apomorphlne. The cells whtch were only partially from

Inhibited also showeda btphastc recovery after reaching their maxtmumpotnt of thanInhibition. At 20 mln, the average ftrlng rate was 60_ of baseline (N 9).
The ;

Assuming that the neurons recorded In these studleslare representative of the sub- of le
stantla ntgra dopamtnecell population, these results suggest that the average the s
ftrtng rate of thts population is more depressed 20-30 mtn after lergotrlle admtn- mark(
tstratton than after llsurtde, while apomorphtne produces an intermediate effect, coer_
In addition, the Individual dopamtnecells In animals treated wtth apomorphtne or effe¢
ltsurtde are, after 20 mtn, generally active and In their slow second phase of al.,
recovery, whtle somecells tn animals treated wtth lergotrlle are still completely ergtc
inhibited. Thus, although ltsurtde appears a more potent dopamtne agontst than stncs
]ergotrtle when tntttal responses to small doses are considered, tts Inhibitory tnhtt
effects on dopamtnergtc acttvlty appear to wear off more rapidly, throu

here
The responses of the dopamlne cells to addltlonal InJectlons of agonlsts durlnq Horo_
the recovery period were also studled. These w111 be dlscussed below, close

serot
Possible Sites of Action
..... The q
The ablllty of lergotrlle and 11surlde to produce a rapid, dose-dependent and halo- be mo
perldol blockable attenuatlon of dopamlnerglc unlt actlvlty, comparable to that recor
observed wtth apomorphlne, ts conslstent wlth behavloral studles and blochemlcal behav
observations, suggesting that these drugs may be acting, at least In part, as the e
dopamtneagontsts (Clemens et al., 1975; Horowskt & Wachtel, 1976; Fuxe et al., sttmu
1977; Kehr, 1977; Tye et al., 1977; Stlbergeld & Pfetffer, 1977; Horowskt et al., ettc
1978; Ptert et al., 1978a, 1978b). However, recent reports indicate that many of
the ergot alkaloids cause either very ltttle or no significant stimulation of

r
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dose dopomtnesensitive adenylate cyclase from strtatal homogenates(Kebabtan et el.,
i dope- 1977; Kebabtan, thts volume; Fuxe et el., 1977; Schmldt & Ht11, 1977). This has
rile provoked considerable confusion about the mechanismof action of these drugs and
e the relationship between dopamtne receptors and dopamtnesensitive adenylatewtth cyclase.
tga-

both One hypothesis which has been proposed to account for the Inability of the ergots
ring to stimulate strtatal adenylate cyclase suggests that the drugs themselves may not
a be the active agents. However, although metabolttes may play a significant role in

easing mediating the effects of the slowly acting ergot, bro_crtpt|ne (aohnson et el.,
stc 1976), the potency of the two ergoltnes studied here and the raptd decrease In
about neuronal acttvlty observed after t.v. or t.p. Injection suggests that these drugs

act dtrectly and do not requtre metabolism to more acttve forms.

ffer .... Another posstble explanation ts that these agents mtght be acting Indirectly to
, 197 stimulate dopamtne receptors by promoting the release of dopamlne. In fact, lergo-
aver- trtle has been shownto tncrease dopamtne release tn vttro from mtnces of forebratn

Those tissue (StlbergeId & Pfelffer, 1977; Stlbergeld at'el., thls volume). To explore
p to thts tssue, we Investigated the effects of 1ergotrtIe on dopamtnergtc acttvtty tn

cell rats pretreated wtth a-methylparatyrostne (AMFT) and reserpine (Waiters et el.,
lvtty 1977, 1978). Inhibition of dopamlne synthesis and storage by pretreatment wtthteled

these agents completely blocks the ablltty of amphetamine to tnhtbtt dopamtnergtc
Ich activity. Apomorphtne's effects, on the other hand, are etther unchangedor
) mg/kg sllghtly Increased. Lergotrtle administered to antmals pretreated wtth AMPTand
Jntt reserpine sttll effectively Inhibited the acttvlty of substantta nlgra dopamtne

neurons. Wtth someof the Intermediate doses tested, a s11ght attenuation tn re-
sponse to lergotrtle was seen tn the pretreated rats. The stgntflcance of thts

;e small attenuation ts not clear. The fact that lergotrtle st|11 effectively depres-
) were sed dopemtnerglc activity tn the pretreated rats, and the relative potency of thts
)hastc ergot clearly distinguish It, tn terms of Its effects on dopamlnergtc untt activity,
•tlally from drugs 11ke amphetaminewhich act by Increasing the release of dopamtnerather
of than by mimicking dopamtneat dopamtne receptors.

The possibility that the changes In dopamtnergtc activity seen with administration
_sub- of lergotrtle and llsurtde could be due solely to Interactions of these drugs wtth
le the serotonergtc and noredrenergtc systems also seem unlikely. Several drugs whtch
dmtn- markedly affect the activity of the noreptnephrtne-contatnlng neurons In the locus
'ect. coeruleus, such as clontdtne and the trtcycllc antidepressants, have no significant
• or - effect on the acttvlty of the dopamtne neurons (Svensson et el., 1975; Nyback et
f al., 1975). In addition, tt does not appear that the ergots are altertng dopamtn-
etely ergtc acttvlty by direct stimulation of serotonln receptors on dopamtneneurons
an since tontophorests of serotonln dtrectly onto the dopamtnecell bodies does not
ry tnhlbtt their flrlng (AghaJantan & Bunney, 1974). Whlle lndtrect effects mediated

through the serotonergtc systems are more difficult to rule out, results presented
here (see below) and other Investigations (Ptert et el., 1974; Burr et el., 1976;

ng Horowskl & Wachtel, 1976; Chrtstoph et el., 1977; Kehr, 1977) have not showna
close correlation between the relative effects of the ergollnes on dopamineand
serotontn-ltnked phenomena.

The question of whether the ergoltnes are dtrectly acttve dopamlne agontsts could
halo- be most effectively resolved by tontophorettc studies combtnedwtth tntracellular

at recordings. However, since several 11nes of evidence, including neuroendocrtne,
ca1 behavioral, receptor binding and neurophystologtcal studies, support the 1dee that

the ergoltnes are dopamtneagontsts, tt would appear that the abtltty of a drug to
stimulate dopemtnesensitive adenylate cyclase ts not a reliable index of dopamtm-

at., etlc actlvlty(Kebablanet al., 1978).
y of
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Net Effects OnllDopamtne-medtatedNeurotransmtsslion dcer

If lergotrlle and llsurlde are acting, at least tn part, as dopamtne agontsts, ni
what do the changes in firing rates of the dopamtne neurons indicate about the 1_
drugs' net effects on cells postsynapttc to the dopamtneneurons? Whentt was 1_
Initially observed that marked changes tn firing rates of dopamlneneurons could t_
be induced by systemic administration of dopamtne agontsts, it was belteved that t_
these changesreflectedthe Interactlonof the drugswlth strlatalneuronsinner- "P
vated by the ntgrostrtatal dopamtnesystem (Bunneyet al., l g73a, l g73b). A so
strtatontgral feedback loop was thought to modify the acttvlty of the dopamtne th
neurons in a way which would tend to compensatefor the drug-Induced changes In pl
postsynapttc dopamlne receptor stimulation (Carlsson & Ltndqvtst, 1963). Thus, ad
the flrtng rate of the dopamtne neurons would actually reflect the ktnd of balance tt
struck between transmitter and drug on the postsynaptlc stde of the dopamtne or
synapse. It has since been shown, however, that dopamtneor apomorphtne tonto- ag
phoresed into the vicinity of a dopamtne cell body can directly tnhtbtt the acttv- th
try of the dopamtne neurons, presumably by interacting wtth dopamtne receptors on am
the cell surface (autoreceptors) (AghaJantan & Bunney, 1977). Thts indicated that
changes In dopamlnerglc firing rates induced by systemic administration of a dopa- We
mtne agontst could be due, at least tn part, to direct interactions of the drug am
wtth the autoreceptors. In addition, the observation that dopamtnedendrites may 11
contain releasable dopamlne (BJBrklund & Llndvall, 1975) has suggested that the ef
effects of amphetamine on dopamtnergtc activity may also be independent of a wei
strtatontgral feedback loop. Dendritic dopamtne released by amphetaminecould bl_
stimulate the autoreceptors on the dopamtne neurons (Geffen et al., 1976; Paden ed
et al., 1976). In"

qu4
More recently, tt has been shownthat dopamtneneurons tn rats wtth unilateral
katntc-actd lestons of the strlatonlgral pathway show the same response to system-
tc apomorphfne as do cells tn control animals (Baring et al., 1978). Preliminary
studies indicate that llsurtde Is also able to effectively inhibit dopamtnergtc
activity tn rats whose strtatal neurons have been extensively destroyed by katntc-
actd injections. Thus, tt appears that changes in firing rates of dopamtne neurons
after systemic administration of dopamlneagontsts are not solely determined by
the behavior of the postsynapttc cells.

; Moreover, the presynapttc changes may not necessarily parallel postsynapttc changes.
i AghaJanlan and coworkers have shownthat receptors on the serotontn cell bodtes
i are more sensitive to the effects of LSD than are the serotontn receptors on cells

postsynapttc to the serotontn neurons (Haigler & AghaJanJan, 1974). These studies
indicate that characterization of the net effects of transmitter agonJsts in the
CNSw111 require investigation of the effects of drugs on both the neurons utili-
zing the mimicked transmitter (presynapttc effects) and those innervated by that
transmitter system (postsynaptic effects). As appears to be the case wtth LSD,
tt seems quite posstble that monoamineagonJsts could preferentially affect the
presynaptlc autoreceptors of the neuron whose transmitter the agontst ts mimicking,
decreasing (tf the transmitter ts inhibitory) rather than increasing the amount
of stimulation delivered to the postsynapttc receptors. It has been proposed
that such an effect may account for someof the "antagonistic" actions of the
dopamtneagonlsts (Carlsson, ]975). Whtle the results of the present study
support the tdea that ltsurtde and lergotrtle can act as dopamtneagontsts, ton-
tophorettc and systemic effects of these drugs at both pre- and postsynapttc sites
wtll need to be investigated before the behavioral effects of these drugs can be Ftg.dors
effectively correlated with their actions on individual transmitter systems, line

Agontst mPartial Agontst or Antagonist? reprsept

The effects of apomorphtne and the ergoltnes on dopamtneor halopertdol binding, the
(Agh
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dopamtne sensitive adenylate cyclase, and other biochemical and behavioral phenom-
ena have lead many Investigators to suggest that these agents are not "pure" ago-

:s, nlsts, but rather partial agontsts or mixed agontst-antagontsts (Bteger et al.,
:he 1972; MtlleP et al., 1974; Creese et al., 1975; Fuxe et el., 1977; Plert et al.,
ras 1978a). Their different affinities for dopamtne and halopertdol binding sites and
ould thetr tendency to produce a dopamtmetlc effect tn somesystems at the same ttme
that that they block more potent effects of dopamtne Itself have contributed to the
nner- "parttal agontst" concept. Durtng previous studies wtth apomorphtne and plrlbed11,

someobservations were made which appeared to bear a possible relationship to
ne these phenomena(Welters et al., 1975). A flrtng resumedafter a period of com-
tn plete Inhibition induced by either one of these agontsts, the cells became, wtth

us, additional Injections of etther agontst, totally resistant to any further tnhtbt-
alance tton. This suggested that the agontsts were inducing someform of desensitization

or change of the dopamtne receptor population. In addition, once resistant to the
to- agontst administered originally, the cells were also resistant to inhibition by
acttv-_ the other agontst, or by amphetamine or L-dope, suggest!ng that the effects of
rs on amphetamine end L-dope were mediated through the same receptors as the agontsts.
d that
dopa- We investigated this phenomenonwith the ergoltnes by administering apomorphlne or

rug amphetamineHhlle dopamtnecells Here recovering from inhibition by lergotrtle or
s may ltsurtde. Pretreatment wtth etther agent rendered the cells resistant to the
the effects of apomorphtneor amphetamine, but lergotrlle's ability to block Has

Heaker than that of ltsurlde (Fig. 2A and 3C). LSDHas the least effective at
ld blocking the effects of apomorphtne or amphetamine (Ftg. 4C). Thus, there appear-
den ed a correlation betHeen the abtllty of these putattve dopamtneagontsts to

Initially depress the activity of the dopamlnecells and their ability to subse-
quently block the effects of other dtrect and indirect acttng dopamtmettc drugs.
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be Fig. 4. Effects of lisurlde (N-7) on the firing rates of serotonJn neurons tn the

dorsal raphe. The decreases in untt activity are expressed as percent of the base-
1the firing rate. Ltsurtde was given in a series of increasing doses; each point
represents the average response of several cells to that cumulative dose tn the
series. The bars tndlcate the standard error of the mean. The arroH Indicates

ng, the average dose of LSDwhtch causes 100¢ Inhibition of the serotontn cells
(AghaJantan et el., 1970; Hatgler & AghaJantan, 1974).
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These results do not agree with the suggestion, derived from somebiochemical
studies, that LSD ts a better dopamtneantagonist than 11surlde (Kehr & Speckenback,
; 978).

E,FFECTSONSEROTONERGICUNIT ACTIVITY

Several studtes have suggested that 11suride is a potent serotonln agontst as well
as a dopamtneagontst (Kehr, 1977; Oa Prada etal., 1977; Ptertet al., 1978a,
lg78b; Sllbergeld, this volume). Consequently, we have compared the ability of
thts drug to inhibit the activity of serotonin-contatntng neurons in the dorsal
raphe (Figs. 4C and 5) wtth that of LSD, a well established serotonln agontst.
The averagedose of systemicLSD requiredto completelyinhibitactivityof the

A_O] IEl_w V V v _ v

! "

,10 ilN I

SN pore compecto

i,,> .,oiII ilill II l_lllli II I
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_10 IIIN I

Fig. 5. A. The effectof lergotrile(LER)on the firingrateof a serotonincell
in the dorsalraphe. A seriesof increasingdoses of lergotrllewere administered
l.v. from 1.5 _g/kg to a cumulativedose of .Img/kg. No inhibitionof unlt act-

_ Ivltywas seen until the final dose was given.Serotonerglcactivitywas typically
unaffectedby low doses of lergotrlle.Arrows indicatedrug injections. B. The
effectof i.v. llsurlde(LIS)on the firingrateof a serotonincell In the dorsal
raphe. A seriesof increasingl.v. injections(1.5,1.5, 3.1 & 6.2 pg/kg)result-
ed in a complete inhibition of this cell. A gradual spontaneous recovery began
after 20mln. C. The effectof l.v. LSD on the firingPateof a substantlanlgra

pars compactadopamlnecell. A seriesof increasingdoses from 5 _g/kg to the fin- !
al cumulatlvedoseof 5 mg/kg was given;the maxlmum inhibition,71% of baseline,
occurredwith a cumulativedose of 80 _g/kg and firingremainedat that rate de-
spite subsequentLSD injections. Apomorphlne(APO)was given l.v. In doses from
.01 mg/kg to a cumulativedose of 2.5 mg/kg; althoughdoses of apomorphlnewhich,
when glven alone,would normallyhave causedInhlbltion,failedto have any effect
on thls cell. Largerdoses dld cause considerabledepressionof activity. Halo-
perldol (HAL, .5mg/kg) reversedthe inhibition.
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al dorsal raphe neurons is approximately .02 _mol/kg (12 mg/kg) (AghaJantan et el.,
ckenback, 1970; Hatgler & Aghajantan, 1974). The length of time the cells are completely

inhibited by LSDappears dose-dependent (AghaJantan et al., 1968); recovery,
unltke that seen tn the dopamtne system after administration of many of the dope-
mtne agontsts, is gradual. On a molar basis, 11surtde, administered in a series
of t.v. Injections, as described above, appeared to have a potency stmtlar to LSD

_s well (Fig.4). After a dose of .03,mol/kg,the activityof the raphecells was inhl-
8a, btted by an average of g8%. Although thts observation supports the Idea that
y of ltsurlde ts a potent serotontn agontst, the possibility that these effects are due
_sal to Interaction of ltsurtde with someother neurotransmttter system cannot be ruled
;t. out. Svenssonand coworkers (1975) have shownthat agents which lnhtbtt the actlv-
the tty of noreptnephrtne neurons can indirectly affect the activity of the serotonln

system. The potent effects of ltsurlde on serotonergic acttvtty are Interesting
tn view of the apparent lack of any Indication tn the clinical literature that
ltsurtde is a hallucinogen 11ke LSD (Nerrman et al., 1977; Horowskt et el., 1978).
Preliminary studtes wtth 1ergotrlle Indicate that this ergot derivative Is less
effectlvethan lisurideor LSD at inhibitingthe activityof the serotonerglc
neurons (Fig. 5A).

CORRELATIONSWITH BEHAV.IORALm BIOCHEMICALp.AND CLINICAl

OBSERVATIONS

The presentstudiesshowthat two syntheticergollnederivatives,lergotrileand
ltsurlde have Inhibitory effects on the acttvtty of the substantla nlgra dopamtne
neurons. These results are consistent wtth the tdea that lergotrtle and 11surtde
are centrally acting dopamlne agontsts, and they correlate well wtth many obser-
vations from antmal studies. The lowest doses found to cause significant de-
creasesin dopamlnerglcactivityin the presentinvestigationsare withinthe
range of those doses which are minimally effective In inducing changes tn prolac-
ttn levels tn rats (Clemens et el., 1975; Graf et al., 1976). Whendoses producing
50% Inhibition of dopamlnerglc activity are compared, 11surtde's potency appears
stmtlar to that of apomorphtne while lergotrtle is less potent. These results
correlate wtth the relattve potencies of the ergollnes at displacing halopertdol
binding tn strtatal homogenates (Goldsteln et el., 1977; Sllbergeld et el., this
volume). Comparison of the maxtmal decreases tn dopamtnergtc acttvtty induced by
larger doses of these drugs 20 to 30 mtn after drug administration, shows that
dopamtnerglc actlvtty recovers somewhat faster after 11surlde than after apomor-
phtne whtle recovery after lergotrtle is slower. Similarly, duration of stereo-
typy has been reported to be more prolonged after lergotrtle than apomorphtne
(Sllbergeld& Pfelffer,1977). LSO, found to be less effectiveat inhibiting

cell dopamtnergtc activity than ltsurtde and the other agontsts, Is also less effec-
tared ttve in Induclng rotation tn antmals wtth 6-hydroxydopamtne-tnduced lestons of
act- ntgrostrtatal neurons (Ptert et al., 1978b).
cally
The On the other hand, these results do not correlate with the effects of the agontsts

orsal on dopamtne sensitive adenylate cyclase, as discussed above. It is also not
sult- obvious how they relate to the reported effects of the ergollnes on In vtvo dopa-
_n mtne synthesis. In the latter studtes, the rate of strtatal dopamtnesy-'-_esls
Igra Is estimated by measurtng the accumulation of dope after Inhibition of dope decar-

fin- boxylase. Apomorphtne produces a significant decrease in dopa acc,mulatlon with
Ine, doses greater than 16 ,g/kg. As larger doses are given, the effect of apomor-
_e- phlne levels off untt1 a further Inhibition ts observed wtth doses greater than
"om .5 mg/kg (Carlsson et al., 1977). After 11surtde, dopa accumulation in the
Ich, strtatum ts decreased at 30 and 100 mg/kg and returns toward control levels wtth
_fect doses of .3 and 1 mg/kg (Kehr, 1977). We found no significant change tn dope
do-
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accumulationwlth doses of Iergotrllerangingfrom .I to 10 mg/kg, althoughlergo-
triledid effectivelyreversethe IncreaseIn dopamlnesynthesisinducedby inhi-
bitlonof dopamlnerglcimpulseflow with gamma-butyrolactone(Walterset a_., lg/8).
LSD has been shown to increasedopa accumulatlonat doses of .125to .5 mg/kg

iii (Persson,1977). AlthoughIt is not obviouswhy admlnistratlonof LSD, lergotrlle,and the higherdoses of 11suridedo not depressdopamlnesynthesis,the agents
which do Induceat leastsome attenuationof dopa accumulation,apomorphlneand
lisurlde,were the most potentdrugs In depressingdopaminerglcactivity. However,
wlth singleunit recordinginformationon only the Initlaleffectsof low doses of
the ergollnesand no data on the rate of recoveryfrom thesedoses,we are not able
to make a reallymeaningfulcomparison In addition It shouldbe pointedout thatii " '
the changes in dopamtne synthesis induced by drugs which both decrease dopamtnergtc
actlvltyand stlmulatepresynaptlcdopaminereceptorsmay reflecta complexbalance
betweenthe tendencyfor dopamlnesynthesisto increasewhen flrlngIs inhibitedin
theseneurons,the counteractingeffectof dopaminepresynaptic-receptorstimula-
tionon the phenomenaand the potentiatingeffectof dopamlnereceptorblockade
(Walters& Roth, 1976). Directeffectsof the agonlstson tyroslnehydroxylasemay
also complicatethe picture,especiallywhen they are given In large doses. These
considerationsillustratethe difficultyof inferringfrom changesin dopaminesyn-
thesishow drugs are affectingdopaminerglcactivity.

When the effectsof the ergolineson dopamineand serotonlnneuronsare compared,
It appearsthat lisuridehas a more potenteffecton serotonlnneuronsthan on dopa-
mine neurons,while lergotrilels less potenton the serotonlnneuronsthan on the

i dopamlneneurons. These observationsagreewith the flndlngsthat serotonln-medlated
_ behavioralchangesappearto dominatewhen llsurldeis administeredto rats (Sil-

bergeldet al., thls volume;Da Prada et a1., 1g77). However,until the relatlve
effectsof the ergotsat postsynaptlcdopamineand serotonlnreceptors,as well as
at pre- and postsynaptlcnoradrenergicreceptors,are known,It Is difficultto
assignspecificbehavloraleffectsof thesedrugs to the differenttransmitter
systems. The obviousquestionemergingfrom the similaritybetweenLSD and lis-
urlde'seffectson raphe cell actlvityIs why lisurldeIs not reportedto produce
halluclnationsIn man (Herrmannet al., 1977; Horowskiet al., 1978). Perhaps
11surldeIs relatlvelymore potentthan LSD at postsynaptlcserotonlnreceptors,In

iI which case Its abllltyto inhibitthe serotoninneuronsIs counterbalancedby post-
: synapticreceptorstimulation. A1ternatlvely,a differenceIn the interactionsof

llsurideand LSD with nonserotonergicsystems,In particular,the more potenteffect
of lisurldeon the dopaminesystem,might somehowaccountfor the differentpsycho-
tomlmeticeffectsof the two drugs.

Finally,the presentresultsare consistentwlth the Idea that lergotrlleand lls-
urlde are centrallyactingdopamlneagonistsin man, potentiallyeffectivein the
treatmentof parklnsonlanand hyperprolactinemicstates(Calne,this volume;
Lembergeret al., 1974;Horowskiet al., 1978;Teychenneet al., 1978). These
studiesmay also have somebearingon the apparentlyparadoxicalabllityof some
dopamineagoniststo reducethe symptomsof Huntington'schorea (Corslnlet al.,

_. 1978;Tamminga,this volume). Such an effectis generallyassociatedwith dopamlne i
antagonismratherthan agonism. However,it appearsthat theremay be severalways
the dopamineagonistscould partiallydiminishor limitdopamine'seffectsat the

..... postsynapticreceptor. They might preferentiallystimulateautoreceptorson dopa-
mine cells,inhibitingdopamlneneuronsat lowerdoses than thosewhich could stlm- (

;_ ulate the postsynaptlcdopaminereceptors(Carlsson,1975). In addition,if the I
J_ agonlst-lnducedresistanceto effectsof other agonistsoramphetamine observedIn :

these studiesis reflectedin a similarchangeat postsynapticreceptorsites, _ (
agonistsmay not only be self-limitlngIn their postsynapticeffects,but may also
limit the effectsof endogenousdopamine.

(
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