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Summary

LSD (50 _g/kg, i.v.) significantly depressed the dis-

charge rate of dopamine-containing neurons in the substan-

tia nigra of chloral hydrate anesthetized rats. However,
when this same dose of LSD was administered to rats whose

nigral cell discharge had been reduced 45%below baseline

by d-amphetamine (mean dose = 1.45 mg/kg, i.v.), the dis-

charge rate was significantly increased (typically return-

ing to the pre-amphetamine baseline). A similar pattern

was observed when LSD was administered to apomorphine-pre-

treated animals. Brom-LSD also produced these reversal
effects. These effects of LSD resemble those of classical

central dopamine antagonists such as haloperidol. We hy-

pothesize that the shift in LSD's action from that of do-

pamine agonist to antagonist by prior dopamine agonist

treatment may be mediated by a conformational shift in

the state of the dopamine receptor.

Recent neurochemical evidence _.ndicates that d-lysergic acid

diethylamide (LSD) can act as a mixed agonist-antagonist of dopa-

mine (DA) in the central nervous system. LSD stereospecifically

stimulates a DA-sensitive adenylate cyclase in the striatum of

rats, and also blocks maximal stimulation of this cyclase by DA

(1,2). In studies of specific DA receptor binding, LSD dis-

places radioactively labelled agonist and antagonist ligands, again

suggesting that it has affinity for both presumed agonist and

antagonist states of the DA receptor (3,4). Furthermore, LSD,

like the DA agonist apomorphine, inhibits the accumulation of DOPA

that normally follows pretreatment with reserpine, _-buterolac-

tone, or after cerebral hemisection (5). On the other hand,

following central decarboxylase inhibition, LSD enhances striatal

DOPA accumulation, an effect which is s_Lilar to that caused by the

DA receptor antagonist haloperidol (5).
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In a previous study (6), we reported that LSD (25-50 Mg/kg,

i.v.) significantly depressed the firing rate of DA-containing neu-

rons in the substantia nigra of anesthetized rats. This LSD-in-

duced reduction in firing rate could be blocked and reversed by

low doses of haloperidol. Since the effect of known DA agonists

is to reduce the firing rate of DA-containing neurons, and this ef-

fect is also blocked and reversed by DA receptor antagonists (7,8),

these electrophysiological data supported the view that LSD can act

as a DA aqonist.

The present investigation examined whether the DA antagonist

properties of LSD could also be demonstrated with single-unit re-

cording techniques. Although our previous report demonstrated that

LSD pretreatment (200 _g/kg, i.v.) attenuated the depressant effect

of the indirect agonist d-amphetamine on DA-containing neurons,

this outcome alone is insufficient to draw any definitive conclu-

sions about an antagonistic action of LSD. The present study there-

fore investigated the ability of LSD to reverse the reduction of

unit discharge of DA-containing neurons caused by pretreatment with

d-amphetamine or apomorphine. The ability of LSD to reverse the

effects of amphetamine pretreatment was also studied in rats whose

central serotonin levels had been depleted by prior administration

of _-chlorophenylalanine in order to examine whether the DA antagon-

ist-like effects of LSD might be indirectly mediated by its well

known effects on serotonin-containing neurons (9,10). Finally,

since 2-brom lysergic acid diethylamide (brom-LSD), a nonhallucino-

genic congener of LSD, also has the pharmacologic profile of a mix-

ed agonist/antagonist of DA in receptor binding studies (3,4), the

effects of brom-LSD on DA-containing neurons, with and without d-

amphetamine pretreatment, were also studied.

Methods

_ Extracellular unit activity in the region of the substantia

nigra was studied in Sprague-Dawley rats (230-330 g) of both sexes.

Atropine methyl bromide (0.5 mg/kg, iop.) was administered prior to

anesthetizationwith chloral hydrate (400 mg/kg, i.p.) in order to

reduce respiratory congestion. Cannulation of the femoral vein per-

mitted i.v. administration of test drugs. Body temperature was main-

tained at 35-37°C with a heating pad.

Glass microelectrodes (1-2 Mm tip diameter) were filled with 2M

NaCl saturated with fast green dye. The electrodes h_d an impedance
of 4-6 megohms measured in vitro at i000 Hz. A i0 nun area of skull

was removed, dura was eliminated, and an electrode was lowered into

the region of the substantia nigra _ 1.6-2.2, L 1.5-2.2 (ii)] with

a hydraulic microdrive system. Amplified signals were monitored on

an oscilloscope and stored on magnetic tape. Action potentials

activated a Schmitt trigger and the number of spikes was recorded
at 1-min intervals with an electronic counter.

........................ L
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Presumed DA-containing neurons were initially identified on-

line by three electrophysiological characteristics similar to those

described by Bunney et al. (7): (a) the rate of firing was 2-7

spikes/sec.; (b) the pattern of firing was somewhat irregular and

a few cells exhibited a clear bursting pattern; and (c) the spike

durations were 2 msec or longer (other cells in the region of the

substantia nigra had spike durations of 1 msec or less). Only one

cell was studied per rat, and drugs were administered only after

maintaining a stable baseline firing rate for three min or longer.

LSD alone. For rats that received LSD alone, the initial dose

of LSD was 50 _g/kg. With most rats a second injection of LSD

_- (50 pg/kg) was administered 2-8 min (mean = 3.8 min) following the

first injection.

AMPH - LSD interaction. While recording the spontaneous ac-

tivity of a DA-containing neuron, d-amphetamine0MMPH, 0.5 - 1.0

mg/kg) was administered in order to reduce the firing rate by ap-

proximately 5_. If necessary, additional injections of AMPH

(0.5 - 1.0 mg/kg) were administered at 1-3 min intervals until the

5_ rate was reached. The rats received an injection of LSD (50

_g/kg) 2-8 min (mean = 3.6 min) after the last AMPH injection. Most

of these rats also received a second injection of LSD (50 _g/kg)
3-6 min later.

Another group of rats was administered _-chlorophenylalanine

(PCPA; 400 mg/kg, i.p.) 48 hrs prior to a recording session. AMPH

pretreatment and subsequent LSD administration proceeded exactly as

described above.

APO - LSD interaction. Apomorphine (APO, 50 - i00 _g/kg) was

administered while recording the spontaneous activity of DA-con-

taining neurons and unit discharge immediately ceased for a mean

- duration of 5.6 min. After this period of no activity the firing

rate partially recovered within 2-3 min and stabilized at a mean

rate of 74°/0below the baseline rate. LSD (50 _g/kg) was then ad-

ministered 2-12 min after attaining this stable reduced rate. The
mean time between APO and LSD administration was 13.6 min.

Brom-LSD alone. The effects of brom-LSD (i00 pg/kg) on DA-

containing neurons were examined° A second i00 _g/kg injection of

brom-LSD was administered 2-3 min after the first injection.

AMPH - brom-LSD interaction. DA-containing neurons whose fir-

ing rate had been reduced approximately 50_ by AMPH, as described

above, were also tested with i00 pg/kg of brom-LSD 2-3 min after the

last AMPH injection. Most of these neurons were also tested with a

second injection of brom-LSD (i00 _g/kg) 2-5 min later.
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Drugs were obtained from the following sources: d-amphetamine ing

sulphate, Smith, Klein, & French; apomorphine HCl, Sigma: 2-brom- = 7.

lysergic acid diethylamide tartrate U.S.P.H.S.; _-chlorophenylala- fect

nine methylester, Pfizer7 d-lysergic acid diethylamide tartrate, rate

U.S.P.H.S. Dosages for drugs are expressed as the salt, and all As o

drugs were dissolved in 0.9% saline, iate

Histoloqical analysis. At the end of a recording session the

position of the electrode tip was marked with fast green dye by sant

passing a d.c. current (40 _IA, i0 min) through the electrode. The rats

_ rats then received an overdose of the anesthetic and were perfused = 4.

' intracardially with saline followed by formalin solution. The brains ing
were removed, frozen, sectioned, and mounted on slides in order to unaf

determine location of the electrode tip. The zona compacta and zona cant

reticulata of the substantia nigra were visible on moist, unstained

sections. All recordings were from neurons within the zona compacta.
incz

Statistical Analysis. For statistical analysis of unit re- durJ

sponses to drug administration, the mean discharge rate over the 1- low

min post-injection period was expressed as a percentage change from occ_

the baseline firing rate. To determine the significance of indivi- jec_

dual unit responses to a given drug, the mean percentage change in base

firing rate (over the l-min post-injection period) and standard de-

viation for seven cells tested with 0._I saline vehicle was computed

(mean % decrease = 3.1, S. D. = 3.3). For individual units tested jec_

with drugs, a percentage change from the pre-drug rate that differed rat_

from the change caused by saline by more than 2 standard deviations fir:

was considered significant _ < 0.05 level), bel,
sigl

Results fir
Thu

LSD alone. Injection of 50 pg/kg of LSD produced a mean de- of

- crease of 28.2°/o (S.E.M. = 6.6, N=28) in the firing rate of presumed fir

DA-containing cells during the first min post-injection. During the Fig

l-min post-injection interval 21 cells fired significantly slower pre

than the baseline rate, 5 cells were unaffected, and 2 units signi-

ficantly increased their rate above baseline.
pre

For t},_ cells whose firing rate decreased in response to LSD ing

administration, the maximal decrease typically occurred during the ad_

first min post-injection. Unit activity rapidly recovered following cre

this maximal decrease, reaching a 50% recovery level in 1-8 min ave

(mean = 3.7 min) min
" the

jec
For the 21 DA-containing neurons that were tested with a sec- duc

ond 50 _g/kg injection of LSD, the mean firing rate during the i- the

min interval immediately preceding the second injection was 15.0% the
below the original baseline rate. In 18 cases the second injection

ve]

of LSD significantly reduced the firing rate below the rate that pre-

ceded the second injection. The other three cells were not affected

by the second injection. The mean firing rate of the 21 cells dur-
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ing the l-min interval after the second injection was 29.4% (S.E.M.

= 7.1) below the original baseline rate. Thus, the predominant ef-

fect of the second injection of LSD was a slowing of unit discharge

rate to about the same level as that caused by the initial injection.

As observed after the first injection, rapid recovery of firing immed-

iately followed the maximal slQwing caused by the second injection.

AMPH - LSD interaction. In contrast to the generally depres-

sant effects of LSD alone, when 50 _g/kg of LSD was administered to

rats whose nigral cell discharge rate had been reduced by 45% (S.E.M.

= 4.3) below the baseline by AMPH (mean dose = 1.45 mg/kg), the fir-
ing rate significantly increased in 13 of 16 cases. One cell was

' unaffected by LSD and the discharge rates of two units were signifi-

cantly reduced.

Considering only the 13 units that responded to LSD with an

increase in firing rate, the mean increase was 38_ above the rate

during the l-min interval prior to LSD administration (i.e., 7_ be-

low the original pre-AMPH baseline). The maximal increase usually

occurred during the first 1 min after LSD. Three min after the in-

jection, the mean firing rate was 24% below the original (pre-AMPH)
baseline.

Of the ten cells that were tested with a second 50 _g/kg in-

jection of LSD, seven units had responded with an increase in firing
rate after the first injection. For these seven cells, the mean

firing rate during the 1 min preceding the second injection was 27_

below the original (pre-AMPH) baseline. The second LSD injection

significantly enhanced the activity of these units so that the mean

firing rate exceeded the original baseline by 4% for 2 min post-LSD.

Thus, LSD (50 + 50 pg/kg) was able to completely reverse the effect

of AMPH in these units. Four min after the second LSD injection the

firing rate stabilized at a level l_below the original baseline.
-_ Figure 1 shows the record of a unit for which LSD reversed the sup-

pression of firing rate caused by AMPH pretreatment.

AMPH - LSD interaction in PCPA pretreated rats. In six rats

pretreated with PCPA, AMPH (mean dose = 1.8 mg/kg) reduced the fir-

ing rate to 46% below the baseline rate. The effect of subsequently

administered LSD (50 pg/kg) in these rats was to significantly in-
crease the firing rate in five cells° One cell was unaffected. The

average firing rate (excluding the nonresponsive unit) after LSD ad-

ministration was elevated 2_/o above the post-AMPH rate (24% below

the original baseline). In these five rats, a second 50 _g/kg in-

jection of LSD approximately 4 min after the first injection pro-

duced an additional 11% increase in firing rate (i.e., 13% below
the original pre-AMPH baseline rate). Thus, LSD was able to reverse

the effect of AMPH in PCPA pretreated rats, but the amount of re-

versal was 15-1_A less than that in rats without PCPA pretreatment.
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The height of each line represents the integrated firing rate

of a single DA-containing neuron over successive 10-sec intervals.

LSD (50 + 50 pg/kg, i.v.) reversed the depressant effect of AMPH AP

pretreatment to i_/_ below the original baseline rate. a

fo
co

APO - LSD interaction. In rats whose nigral discharge rate had

been reduced by a mean of 74.2% (S.E.M. = 3.6) below baseline by APO

(50-100 _g/kg), administration of LSD (50 pg/kg} caused a signifi- ba

cant increase in firing rate in all cells (N=6) tested. During the th

l-min interval post-LSD the mean firing rate increased to a level li

39/0 (S.E.M. = 10.6) below the original (pre-APO) baseline. Half of
the cells maintained this rate for 3-4 min and the other cells in-

-- creased or decreased in rate slightly during this period. Four of

these units were tested with a second 50 pg/kg injection of LSD and

the mean firing rate was significantly elevated to 15% below the d_

original (pre-APO) baseline during the l-min post-injection interval, tJ

Figure 2 displays the record of a unit for which LSD completely re- nl

versedthe effectof APOo vJ

H¢

Brom-LSD alone; AMPH - brom-LSD interaction. Administration it

of brom-LSD (i00 _g/kg) had no significant effect on the firing rate c¢

of 5 of 7 DA-containing neurons and decreased the activity of two L£

others by 15%. A second i00 pg/kg injection of brom-LSD caused the of

activity of 4 of these 7 cells to significantly slow to 23% (range = fj

12-42%) below baseline. Three cells remained unaffected, p_

q_

When i00 _g/kg of brom-LSD was administered to rats whose oI

nigral cell discharge had been decreased 50% by AMPH (mean dose = e,

i. 2 mg/kg), it produced a significant increase in the discharge t_
rate in all six cells tested. During the first min after brom-LSD

p:
administration, the mean firing rate was returned to 16% below the
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APO (UG/KG) LSD (UG/KG)
IIII II

50 25 50 50

0

_ '
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5 MIN
FIG. 2

:e

_" This single DA-containing neuron was maximally inhibited by

APO (50 _g/kg, i.v.) for 4 min. After a rapid and partial recovery

a second APO injection caused a transient cessation of unit firing

followed by rapid and partial recovery. LSD (50 + 50 _g/kg, i.v.)

completely reversed the effect of prior APO administration,
had

APO

baseline rate. After the second i00 pg/kg brom-LSD injection (N=5)

he the average firing rate increased to 1_/o below the original base-
line.

of

Discussion
f

nd The effect of LSD on DA-containing neurons was a significant

depression of unit discharge rate, which suggests a DA agonist ac-
val. tivity (see also 6). The sharp depression and rapid recovery of

_-- nigral unit activity produced by LSD was very similar to the pre-

viously reported short duration effects of APO on these neurons (8).

However, when LSD was administered to AMPH or APO pretreated rats

it produced a significant increase in firing rate of DA-containing

_te cells. This reversal of unit firing rate after 50 + 50 _g/kg of

LSD consisted of a complete return to the original baseline in most

_e of the AMPH pretreated rats. Since the spontaneous recovery of

= firing rate after AMPH administration, or after the initial

partial recovery phase characteristic of APO administration re-

quires 15-30 min. for 10-25% recovery (7, 12, and unpublished

observations from our laboratory), the present quantitative

evaluation of LSD's ability immediately to reverse prior agonist

treatment is probably not confounded by spontaneous recovery)

: processes.

i iii.............

%
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The effect of LSD following AMPH or APO pretreatment is

unlike the effect of known DA agonists following pretreatment act

with another agonist. For example, the direct acting agonists nigl

piribedil and APO exhibit their characteristic depressant effects For

on DA-containing neurons in AMPH pretreated rats (12, and the

unpublished observations). The effect of LSD in rats pretreated in

with DA agonists, on the other hand, closely resembled the action of i

of DA antagonists, which reversed the effects of prior agonists Sin,

(7, and unpublished observations). Thus, the present finding ton,

that LSD reversed the effect of prior DA agonists, in conjunction tha

with our previous data (6), showing that LSD pretreatment sig- amo_

_ nificantl Y attenuated the effectiveness of subsequently admin- LSD
istered AMPH, indicates that LSD can also act as a DA antagonist inh

in the CNS. Thus, these data are consistent with neurochemical wou

studies which suggest that LSD is a mixed agonist/antagonist whe:

of DA (1-5). ist,

and

Brom-LSD had a slight depressant effect on a subgroup of eff

DA-containing neurons, suggesting that it may also have some DA

agonist properties. This drug, however, was a considerably

less effective agonist than LSD. On the other hand, brom-LSD rea

was quite effective in reversing the reduction of nigral cell inj

discharge rate caused by prior AMPH administration with all dis

cells tested, indicating a relatively potent DA antagonist sho

activity. These comparative data on LSD and brom-LSD are also po_

consistent with results from DA-specific receptor binding studies kn_

regarding their relative agonist/antagonist potencies (3,4). (20
int

In the present study, LSD alone was substantially less pro

effective in reducing nigral cell discharge rates than was a fir

comparable dose of APO, which typically caused a cessation of de_

firing for several minutes. Although the finding that LSD is but

_ a less potent agonist than APO is consistent with neurochemical ni_

data (3,5), this result is inconsistent with behavioral experiments sel

(13,14) in which LSD is approximately twice as potent a DA whJ

agonist as APO. These behavioral studies used a rotational dic
model of DA function in which rats received unilateral injections fi_

of 6-hydroxydopamine in the striatum (15). The contralateral

rotation caused by LSD and APO in these studies presumably

reflects direct DA agonist action on the lesioned side of the vi

brain. Possibly, the greater agonistic potency of LSD over APO bu

in the behavioral experiments is a consequence of denervation re

supersensitivity. Devervation may abolish the expression of the sl

antagonist action of a mixed agonist/antagonist. In studies such pr

as the present, which employ an intact nigrostriatal preparation, wo

LSD may be a less effective agonist than APO because of its con- re

comitantly expressed antagonist action. Other investigators in

have also hypothesized that the DA agonist effects of LSD may to

be much more in evidence in denervated or in vitro preparations is

than in the intact organism (5,16). of
si

a
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A possible alternative explanation of LSD's antagonist-like

activity is that LSD indirectly influences the activity of

nigral neurons via an effect on some other neuronal system.

ts For example, systemically administered LSD is known to reduce

the firing rate of serotonin (5-HT) - containing neurons located

d in the midbrain raphe nuclei (9) and to decrease the release

on of 5-HT in brain areas that receive serotonergic input (17).

Since the substantia nigra receives a direct inhibitory sero-

tonergic projection from raphe nuclei (18,19), it is possible

9n that systemic administration of LSD could cause a decrease in

amount of inhibitory 5-HT released in nigra. In other words,

LSD could disinhibit the DA-containing neurons from presumed

inhibitory serotonergic input. Possibly, this disinhibition

would be measured as an increase in nigral cell firing rate only

when other DA agonists (AMPH, APO) have been previously admin-

istered because these other agonists occupy the DA receptors

and thereby prevent LSD from exerting its depressant DA agonist
effect.

This hypothesis does not seem to be correct for several

reasons. First, the present work demonstrated that successive

injections of LSD caused successive increments in nigral cell

discharge rate in AMPH pretreated rats. The second LSD injection

should not have had an effect if the serotonergic mediation hy-

pothesis were correct because the first 50 _g/kg injection is

s known to maximally inhibit serotonergic neuronal discharge

(20,21) and serotonin release (17) far longer than the 3-6 min

interval between LSD injections. Thus, the second LSD injection

probably had no serotonergic effect beyond that caused by the

first injection. Second, brom-LSD is relatively ineffective in

depressing the activity of serotonin-containing neurons (20),

but was quite effective in reversing AMPH induced depression of

nigral activity. The final reason for rejecting the indirect
_ts ....

serotonergic mediation hypothesis is that PCPA pretreatment,

which is known to cause an 85% depletion of CNS serotonin (22),

did not prevent the LSD reversal of AMPH-induced slowing of nigral

firing rate.

Another possible explanation of LSD's antagonist-like acti-

vity assumes that LSD has a high affinity for the DA receptor,

but that it is weak (relative to APO or DA) in stimulating that

receptor. Thus, LSD alone should act as a weak agonist and a

slight depression of nigral firing rate should occur. In rats

pretested with APO or AMPH, on the other hand, LSD molecules

would effectively displace the stronger agonist (APO, or DA

released by AMPH) molecules from the receptors and a net increase

in firing rate would occur. This hypothesis alone, however fails

to account for one important feature of the present work, that

is, LSD (i00 pg/kg) was able to completely reverse the depression

of nigral discharge caused by AMPH pretreatment. If LSD were

simply a weak agonist with high affinity for the DA receptor,

i a complete reversal should not have occurred; instead, LSD should
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have only been able to cause the cell to fire at a reduced rate,

approximately equal to that caused by LSD alone.

The following model _s proposed to explain the present re- a

sults. It is assumed here that the DA receptor exists in one of t

two interconverting forms: a) an agonist state in which binding g

of a molecule to the receptor initiates the chain of neuronal

events causing excitation (or inhibition), and b) an antagonist

state, in which binding to the receptor blocks the initiation of

these neuronal events. This assumption is similar to that pro- 1

posed by Creese et al. (23) for the action of drugs at DA re-

ceptors in the CNS. In order to account for the finding that 2

- LSD can cause a complete reversal of prior DA agonist pretreatment,

it is further assumed that prior agonist treatment causes a net 3

shift of available receptor sites to one favoring the antagonist

state. Thus when LSD is administered after agonist treatment, 4

its immediate action will be more purely antagonist-like, rather

than agonist-like. 5
6

This theoretical formulation of LSD's action at intercon-

verting receptor states is supported by two other experimental 7

results. Recently, Baudry, et. al. (24) reported that binding

of 3H-haloperidol is subtantially increased by AMPH pretreatment 8

in vivo. This outcome would be expected if the assumption that

agonist pretreatment causes a net shift to the antagonist recep- 9

tor conformation is valid. In an unpublished experiment, J.

Welch (personal communication) tested the effect of haloperidol IC

on DA containing neurons in the substantia nigra of rats, with

or without AMPH pretreatment (mean AMPH dose = 1.2 mg/kg, i.v.), i]

Haloperidol alone, (0.i mg/kg, i,v.) caused a mean increase in

firing rate of 23%, whereas the same dose of haloperidol in i_

AMPH pretreated rats caused an increase of 85% above the pre-

AMPH baseline. This preliminary result also supports the as-

- sumption that agonist pretreatment causes a rapid shift in i:

receptor conformation to the antagonist state so that the sub-

sequently administered antagonist is more effective, i'

In conclusion, the present work, and our previous report ii

about LSD's effects on DA-containing neurons, indicates that LSD

is a mixed agonist/antagonist of DA in the CNS. It is suggested

that LSD's action as an agonist or antagonist is dependent on

the existing conformational state of the DA receptor at the time 1

of LSD administration. Because one of the factors reugulating the

conformational state of the receptor may be the level of prior 1

synaptic activity at these receptors, environmental and/or

pharmacological factors which affect this activity may influence 1

the hallucinogenic potency of LSD.

- ' ' ' - - ......... - ....... J ....... lJLj,ll...................... .......L......J.....................
%
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