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Summa ry

Lysergic acid diethylamide (LsD) and serotonin (SHT) were applied
directly by microiontophoresis to SHT-containing neurons in the midbrain
raphe nuclei. The firing of these neurons was markedly inhibited by both
LSD and SHT. The effects of LSD given systemically and microiontophoreti~-
cally were similar. This suggests that the inhibition of raphe neurons
which occurs after the systemic administration of LSD could be due to a
direct action of the drug.

SMALL doses of d-lysergic acid diethylamide (LSD) given by the systemic
route inhibit the firing of neurons in the midbrain raphe nuclei (1, 2).
There is histochemical evidence that the neurons within the raphe nuclei
contain serotonin (5-hydroxytryptamine; GHT) and possibly other indole-
amines (3, 4, 5). The finding that LSD can alter the rate of firing of
SHT-containing (i.e., raphe) neurons is of interest for the hypothesis that
LSD might produce its behavioral effects by interacting with SHT in the brain
6, 7). In the above studies, since the systemic route of administration was
used,.the action of LSD on raphe neurons may be direct or indirect. To
determine if LSD can directly depress the firing of raphe neurons the drug
was applied locally via multibarreled micropipettes. In addition, the
effect of SHT applied directly to raphe neurons was investigated because
systemic treatments which increase brain 5HT concentration and the intensity

of histofluorescence of raphe neurons (3, 4) also depress raphe unit firing

(8, 9).
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A total of 46 male albino rats (Charles River, 225-275 g) was used.
The animals were either anesthetized with chloral hydrate (400 mg/kg) or
were maintained without anesthesia in a 'pretrigeminal't preparation (10).
Rats were placed in a stereotaxic instrument and burr holes were drilled
in the midline over thé caudal midbrain; electrodes were positioned as
previously described (], 2). Extracellular recordings, iontophoretic
ejection of drugs, and maintenance of current balance were by methods
similar to those described by Salmoiraghi and Weight (11). The tips of
S-barreled micropipettes were broken back to a diameter of 3 to 4 wm and
solutions were introduced into the various barrels by direct injection;
tips became filled by capillary action due to the presence of fiberglass (12).
Two of the 5 barrels, those ;.or recording and current balance were filled
with 2M NaCl saturated with fast green dye for marking purposes (15). Con-
centrations of drugs in barrels were as follows: D-LSD bitartrate, 5 x 10-ky
in 0.05 M NaCl (pH 3.5); SHT.creatinine sulfate, 5 x 1024 (pH 3.5); 2~
bromolysergic acid diethylamide bitartrate (BOL), 5 x 10-%4 or 5 x 1073M in
0.05 M NaCl (pH 3.5); sodium L-glutamate, 0.5 M (pH 8.5); l1-norepinephrine
bitartrate, 5 x 10724 (pH 3.5); and NaCl 0.15 M (pH 3.5). Some leakage
effects have been found in previous iontophoretic studies with LSD (13).
Therefore, the drug was used in a dilute solution to avoid the need for
excessive holding currents. NaCl was added to facilitate passage of eject~
ing current, as suggested by Curtis and Crawford (14). Holding currents
were used when necessary and current balance (i.e., sum of all currents) was
kept to within + 5 nanoamperes. Impedences, measured at 1,000 hertz, were
usually 15 to 20 megohms in the recording barrels and slightly higher in the
drug barrels, Signals were passed through a high input-impedence amplifier
and displayed on an oscilloscope. Recordings consisted of consecutive 10
second samples of the analog output of an electronic counter triggered by

individual neuronal spikes (2).
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Upon completion of each experiment, fast green was ejected through the
recording or balance barrel (15). For histological determination of record-
ing sites animals were perfused with fixative (5% glutaraldehyde in 0.9%
saline) and frozen sections of midbrain were cut, mounted, and stained with
neutral red. In order to confirm the réported location of 5HT neurons (3)
histochemical fluorescence studies were carried out in control animals by
a modification (4) of the method of Falck et al. (16).

Results

0f 85 neurons studied, 63 were located in the dorsal and 4 in the median
raphe nucleus of the midbrain., We found, in agreement with Dahlstrom and
Fuxe (3), that these areas had a high density of yellow-fluorescent neurons.
The raphe neurons, both in the anesthetized and unanesthetized animals, had
the typical slow rate (0.5 to 2.0 spikes/sec.) and regular rhythm previously
deséribed for raphe neurons in chloral hydrate anesthetized rats (1, 2).
Without exception, the raphe neurons were inhibited by the microiontophoretic
application of LSD or SHT (Fig.-1A). In anesthetized animals, the mean
ejection currents required for complete inhibition of firing by LSD and SHT
were respectively 20 (range - 4 to 100; n = 39) and 6 (range - 2 to 16; n =
29) nanoamperes. When submaximal amounts of LSD and SHT were ejected sim~
ultaneously their combined inhibitory effects were additive. There was no
indication that LSD in any way blocked the action of serotonin since effects
were always inhibitory regardless of whether the two compounds were ejected
alternately or simultaneously. No effects were seen with the ejection
of Nat or C1~ ion alone. BOL, an analogue of LSD with little behavioral
potency, had no effect on the firing of raphe.neurons despite ejection currents
10 times greater than used for LSD, In addition, BOL, which is a serotonin
antagonist in the periphery (17), did not block the inhibitory effect of
serotonin on raphe cells., The actions of l-norepinephrine were variable;

of 28 raphe cells studied with this amine, 12 were excited, 10 were inhibited;
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Effects of LSD, SHT, and glutamate (GL) on midbrain raphe neurons,
(A) 5HT and LSD, given sequentially, are both seen to have an inhibitory
effect on rate of firing. The number and line below label for each sub-
stance indicate respectively microiontophoretic ejection current (in nano-
amperes) and duration of ejection.
(B) LSD given microiOntOphoretically and intravenously (1.v., 20 ug/kg) are
seen to have a similar inhibitory action upon the same raphe unit, Glutamate,
given at a time when recovery from the 1.V, LSD is incomplete, restores firing
rate to originat level,
(C) LSD ejected twice in succession has a reproducible inhibitory action on a
raphe cell, The ejection of glutamate results in approximately a doubling of
rate. LSD is able to overcome the glutamate excitation, but the ultimate
degree of inhibition is not as great as it was prior to glutamate ejection,

the remainder did nat respond, In unanesthetized (pretrigeminal) prep-
arations, responses to iontophoretically applied LSD and 5HT were as described
above except that somewhat higher ejection current was usuvally required for
complete inhibition than in the anesthetjzed animals, Most of the 19
midbrain neurons tested outside the raphe nuclej (e.g., reticular formation,
pontine nuclei, or ventrolateral central gray) were unaffected by LSD or SHT

at the same ejection currents used for raphe cells. However, four of these
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cells were excited and two slightly inhibited by 5HT.

in some experiments, the response of raphe neurons to microiontophoreti=~
cally ejected LSD was compared to that of small intravenous doses of the drug.
The overall effect of LSD given by these different routes was found to be the
same (Fig. 18B). There was no decrease in spike amplitude when slowing was
induced by either intravenous or iontophoretic application of LSD, Because
of reported interactions between l-glutamate and LSD in certain brain stem
neurons (18), the possibility of such interactions was examined in raphe
neurons. The excitatory effect of l-glutamate could be reversed partly by
Lsp (Fig. 1c). However, an increased ejection of l-glutamate was capable of
overcoming LSD inhibition. LSD did not block glutamate excitation in the
non-raphe cells tested. Interestingly, the excitation of raphe cells by 1-
glutamate could also be partly overcome by the intravenous injection of LSD
(20-40 ug/kg).

Discussion

The above results show that midbrain raphe neurons are markedly inhibited
by the direct, microiontophoretic application of LSD at ejecting currents
which do not inhibit other midbrain neurons. These results suggest that the
inhibitory action on raphe neurons of LSD given by the systemic route may be
due to a direct effect on these cells., A similarity between the effects of
the local and systemic administration of LSD on raphe neurons is further
indicated by the fact that in both cases l-glutamate excitation can be partly
reversed. In other midbrain neurons tested, LSD did not block l-glutamate
excitation. Furthermore, after parenteral or iontophoretic administration
of LSD, there was no decrease in the spike amplitude of raphe cells. There-
fore, it seems unlikely that the effect of LSD on raphe cells is due to a
nonspecific or local anesthetic action (19, 20). Biochemical studies show
that LSD given systemically decreases the turnover of SHT in brain (21, 22,

23). It has been suggested that the concomitant depression in the firing of
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raphe neurons caused by LSD may account for this decrease in turnover (1, 2).
The possibility that this is a direct effect of the drug is consistent with
the finding that the implantation of minute crystals of LSD in the raphe
nuclei can result in a similar decrease in SHT turnover (24), Nevertheless,
it is still possible that LSD given systemically may also influence raphe
neurons indirectly, possibly through a neuronal feedback mechanism (25, 26).
The finding that midbrain raphe neurons are inhibited by 5HT given ijon-
tophoretically is consistent with previous results showing that agents which
increase brain SHT content and the fluorescence of raphe cells, either by
preventing catabolism (e.g., monocamine oxidase inhibitors) or by ac;elerating
synthesis (e.g., L-tryptophan), depress the firing of raphe neurons (8, 9).
Our results seem to differ from those of Couch, whoAreported that in pontine
raphe neurons responses to SHT were often excitatory (27). Hd@ever, in the
latter study many of the pontine raphe cells had high rates of discharge and
this Is not typical of the raphe units we have studied in the midbrain (n.
Moreover, fluorescent neurons are not as highly concentrated in the pontine
raphe as they are in the dorsal raphe of the midbrain (3). It would thus
appear that these discrepant results can be explained by a difference in the
population of the cells examined. In any case, the possible physiological
significance of inhibitory responses to serotonin among midbrain raphe cells is
uncertain.  Since 5HT may be the transmitter substance of these neurons, it
is conceivable that SHT may be involved in an inhibitory recurrent collateral
input upon the midbrain raphe. Uptake of tritiated SHT has been observed in
nerve terminals in the area of the midbrain (28) and pontine (29) raphe nuclei
'by electron microscope autoradiography.
The similarity between the effects of LSD and SHT on raphe neurons is of

interest in relation to hypotheses about the mechanism of action of this drug
in brain. There are recent studies, using microiontophoretic techniques,

showing that LSD can block the excitatory effects of SHT on cortical (30) and
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brain stem neurons (18) in unanesthetized animals. The latter observations
seem consistent with the hypothesis that LSD is a SHT antagonist in brain.
However, in view of the similarity of the effects of LSD and 5HT on midbrain
raphe cells, the general question of whether LSD blocks or mimics SHT in the
central nervous system would seem to require further exploration.
Acknowledgement - We thank the FDA-PHS Psychotomimetics Agents Advisory
Committee for providing the LSD used in these studies. Supported in part
by NIMH Grants (MH 17871 and MH 14459) and the State of Connecticut.
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