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shown that raph,
Lysergic acid diethylamide (LSD) administered systemically to rats has been shown to
reversibly inhibit serotonin (5-HT)-containing neurons of the raphe nuclei (serotonergic applied locally b
neurons). This inhibition could be due to either a direct effect or an indirect action uia inn et al., 1972;
a postsynaptic neuronal feedback loop. To compare the responsivity of serotonergic Bramwell and Gq
neurons and postsynaptic neurons to LSD, raphe neurons and neurons in four areas can have a direc
(ventral lateral geniculate, amygdala, optic tectum and subiculum) with an identified addition, 5-HT
5-HT input from the midbrain raphe nuclei were tested for their response to micro- has also been fm
iontophoretically ejected and systemically administered LSD. Compared to the raphe, janian et al., 197
cells in these postsynaptie areas were relatively insensitive to microiontophoretic LSD.' on raphe cells i
T/aphe cells could be totally inhibited by LSD at ejection currents too low to have any ejection of subl
effect on the postsynaptic neurons. In contrast, 5-HT was very nearly equipotent in LSD produces i
depressing the firing of the presynaptic (raphe) cells and the postsynaptic cells. To inhibition prod_
determine if LSD has any indirect inhibitory effect upon raphe neurons via a neuronal either LSD or 5.
feedback, LSD was administered to animals with a mesencaphalic-diencephalic tran- Although it a
section. In these animals LSD still produced inhibition of raphe cells at doses corn- LSD may have

..... parable to those in control animals. It is concluded: I) raphe neurons are more sensitive the possibility
to inhibitory effects of LSD than are postsynaptic neurons (i.e., neurons receiving an having an even
identified 5-HT input) ; and 2) the inhibitory effect of low doses of LSD on the pre- postsynaptic to
synaptic (raphe) cells is caused by a direct inhibitory action rather than an indirect it would be irr

potency of LS]action via a neuronal feedback.
neurons and n,
croiontophoret!

There is considerable evidence from biochemi- (LSD) alters the metabolism of serotonin (5- found to caus(
cal studies that d-lysergic acid diethylamide hydroxytryptamine; 5-HT) in brain (Freedman, tonal firing in

l%ceived for publication August 7, 1973. 1961; Rosecrans e$ a/., 1967; And6n e* a/., 1968; The interpret_
This work was supported in part by National Lin eta/., 1969; Freedman eta/., 1970; Schubert the absence of

Institute of Mental Health Grants MIt-17871 and eta/., 1970). Dahlstr5m and Fuxe (1965) and 5-HT input t(
MH-14459 and by the State of Connecticut. Fuxe (1965), using a fluorescence histochemical el., 1972). T_
- Send reprint requests to: Dr. George K. Agha: technique, demonstrated that brain 5-HT is con- neurons have
]anian, Connecticut Mental Health Center, Depart-
mcnt of Psychiatry, 34 Park St., New Haven, Conn. tained primarily within neuronal elements. The 1965; Fuxe
06508. .. perikarya of these neurons are located in the modification ,
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raphe nuclei of the brain stem (DalflstrSm and procedure has made it possible to clearly visualize
Fuxe, 1965) and their projections extend into such terminals impinging upon postsynaptic cells
the forebrain and other areas (Fuxe, 1965; (Kuhar et al., 1972; Aghajanian et al., 1973).

N I N : Anddn ct al., 1966). In the dorsal raphe nucleus Some of the postsynaptic areas which receive a
[( C, I C of 1he rat, in contrast to the median and pontine uniform 5-HT input are the ventral lateral ge-

O T O - raphe nuclei, the 5-HT-containing (serotonergic) niculate, the amygdala (cortical and basal lateral
neurons are closely packed and appear to com- nuclei), the optic tectum and subiculum (Agha-

prise most, if not all of the neurons in this area. janian et al., 1973). The input in these areas is
LSD, administered via the systemic route, was uniform in the sense that all of the cells appear
found to reversibly inhibit serotonergic neurons surrounded by 5-HT terminals. However, the

of the raphe nuclei (Aghajanian et al., 1968, 5-HT input to each cell is not necessarily identi-
1970). Since the systcmic route of administration cal. The effects of both 5-HT and LSD on raphe

I was employed, these studies do not discriminate neurons and on neurons in the above postsyn-
hctween a possible direct or indirect action of aptie areas were determined in the following ex-
LSD upon raphe cells. It has been suggested that periments.
LSD could produce an indirect inhibitory effect
by mimicking the action of 5-HT on the post- Materials and Methods

--. synaptic cells (i.e., neurons that receive a 5-HT A total of 107 male albino rats (Charles River

input). This in turn was hypothesized to result Laboratories, Wilmington, Mass.), weighing be-
and in a compensatory negative neuronal feedback tween 230 and 280 g were used. For purposes of

"ing to the raphe (And_n et al., 1968; Aghajanian and recording, animals were anesthetized with halo-
Freedman, 1968). On the other hand, it has been thane and mounted in a stereotaxic instrument. A
shown that raphe neurons are inhibited by LSD hole was drilled in the skull and the brain stem tI to

rgic applied locally by microiontophoresis (Aghajan- transected at the pretrigeminal level using a stereo-
via inn et al., 1972; Haigler and Aghajanian, 1973; taxically positioned mechanical wire knife (re-

rgic Bramwcll and Gonye, 1973) indicating that LSD tractable) as described by Sclafani and Grossman(1969). The transection of the brain stem passes
teas can have a direct action upon raphe neurons. In just posterior to the inferior coliculus, through the
fled addition, 5-HT applied microiontophoretically anterior vermis of the cerebellum, the head of the

has also been found to inhibit raphe ceils (Agha- fourth ventricle, and just anterior to the tri-cro-

)he janian et al., 1972). The effect of 5-HT and LSD geminal nerve. Such a transection spares the mid-
SD. on raphe cells is additive in that simultaneous brain raphe nuclei but yields a quiescent, unanes-

any ejection of submaximal amounts of 5-HT and thetized animal. The pretrigeminal transection rc-
LSD produces inhibition which is similar to the suits in what can be considered a "low cerveau

t in _ inhibition produced by the higher currents of isole" type of preparation (Zernicki, 1968). After
To an additionalholewasdrilledovertheareato be

)nal ' either LSD or 5-HT alone, studied, halothane anesthesia was discontinued.
_an- Although it appears from the above data that Animals prepared in this way were quiescent
ore- LSD may have a direct effect on raphe neurons, throughout the rest of the experiment without the
tive ..- the possibility remains that the drug may be need for additional drugs. This preparation was

; an having an even more significant effect on neurons used in all of the microiontophoretic studies and

pre- _ postsynaptic to the raphe. To test this question most of the intravenous studies to avoid the possi-
rect it would be important to compare the relative bility that anesthetic agents might potentiate the

potency of LSD and 5-HT at both serotonergic depressant action and mask the possible excitatory
neurons and neurons receiving 5-HT input. Mi- action of 5-HT (Roberts and Straughan, 1967;

croiontophoretically applied 5-HT has been Boakes el al., 1970). In experiments designed to
)tonin (5- found to cause an increase or decrease in neu- test the neuronal feedback hypothesis, a transection

_'reedman, ronal firing in nearly every brain region tested, was placed between the diencephalon and mesen-
a/., 1968; The interpretation of these data is difficult in cephalon (disconnecting the midbrain raphe fromits forebrain proieetion areas); these animals were

', Schubert , the absence of detailed knowledge of identifiable maintained on chloral hydrate anesthesia.
1965) and 5-HT input to the cells under study (Bloom et The tips of the five barrel micropipettes were
_oehemical al., 1972). Terminals of serotonergic (raphe) broken back to 4 to 5 _m under microscopic con-
:-IT is con- neurons have been difficult to detect (Fuxe, trol and solutions were directly injected into the

_ents. The , 1965; Fuxe and Jonsson, 1967) but a recent various barrels. The prior presence of fiberglass al-
;ed in the _ modification of the fluorescence histoehemieal lowed the tivs to becom_ filled quickly by capil-
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lary action (Tasaki et al., 1968). The use of this Klippel (1970). Of the various raphe nuclei, the
fiberglass method ensures that the concentration of dorsal raphe nucleus was selected for study because
drugs in the tip of the electrode is constant and it gives rise to the major 5-HT input to the fore-
avoids the difficulty of a possible dilution of the brain (Anddn et al., 1966) and because it contains

, drug solution by distilled water. Electrodes filled the largest and most homogeneous clusters of 5-HT-
in this way had impedances (measured at 1000 containing neurons (DahlstrSm and Fuxe, 1965).
Hz,) in the drug barrels which were consistently in Amygdala cells, primarily in the cortical and basal
a narrow range of 18 to 22 megohms. With such a lateral nuclei (in frontal planes corresponding to
narrow range, the possibility of a major variation A2420-3430 of KSnig and Klippel, 1970) typically
in transport number (see below) due to shunting appeared as negative spikes and were excited by a
of the ejection curremt through lower impedance low ejection current (1-10 hA) of acetylcholine
pathways was minimized. This narrow range was (ACh). These were found within 1 mm of the
necessary for comparing the ejection currents of the ventral surface of the brain (the latter was demar-
drugs in different areas. To further standardize the cated by an increase in electrical noise) at an ap-
comparison between drug-induced responses of cells propriate laterality. Ventral lateral geniculate cells
in different areas, the duration of microiontophore- (A2420-3430, K6nig and Klippel, 1970) were tee-
sis was always 30 seconds for each ejection period ognized by their response to a light moving across
at each intensity of ejection current, the visual field. These were usually found 0.3 to

The central (recording) barrel was filled with a 0.5 mm ventral to the first. "swish" response to a
2 M NaCI solution saturated with fast green. One moving light (optic tract fiber activity). Neurons
side barrel, the "balance" channel, was filled with in the dorsal lateral geniculate were usually en-
5 M NaC1. The three other barrels were filled with countered first; these cells, unlike those in the
0.05 M serotonin creatinine sulfate, pit 4.0 (Sigma ventral lateral geniculate were characteristically _.,.
Chemical Company, St. Louis, Mo.), 0.001 M LSD excited by light flashes but not readily by move- _
bitnrtrate in 0.1 M NaCI, and 0.2 M acctylcholine ment of a light across the visual field. Some cells
chloride, pII 6.0 (Call)iochcm, Los Angeles, Calif.). in the optic tcctum (superior colliculus; A1270-
The difficulties of major leakage effects and exces- 2420) were similar to the cells in the ventral lateral
sive holding currents (Dloom et al., 1964) were geniculatc in their response to a light stimulus, but ,_

avoided by using LSD in a dilute solution. NaCI other cells in the optic tectum were unresponsive Fro. 1. C
was added to facilitate the passage of ejecting to the light stimuli tested. Cells in the subiculum localization
current (Curtis and Crawford, 1969). Circuitry for (A1760-2420) from which we recorded were located on the left _'
the iontophoretic ejection of drugs and current in the dorsal subiculum just posterior to the divi- fluorescent
balance was similar to that described by Sal- sion of the splenum of the corpus callosum, derived frolinhibitor of
moiraghi and Weight (1967) except that a solid Two types of "comparison" areas were used. One illustrates
state system was used. The current balance was type consisted of areas which receive a nonuniform An electrod
kept to within ±5 nA. Impedances, measured at 5-HT input (i.e., ventral hippocampus and thala- view, porti_

t 1000 Hz, were 2 to 7 megohms in the recording mus). Because of this patchy distribution, cells in are visualiz

situated in
barrels, 8 to 14 megohms in the balance barrels and these areas may or may not receive 5-HT termi-

18 to 22 megohms in the drug barrels. Electrical nals. The other type of comparison area consisted of iontol]hc

_! signals were led through a high impedance ampli- of areas which receive only a sparse 5-HT input

tier, displayed on an oscilloscope and led into an (i.e., dorsal lateral geniculate and reticular forma- 5-HT and
electricalcounterwhosethresholdwasset so that tion), experiment
it was triggered by the individual discharges (i.e., Recording sites were marked by passing a 20 following f,

• spikes) of a single neuron. Recordings were of _A cathodal current through the recording barrel used to c_
integral(,d unit rate and consisted of consecutive for 10 minutes. This resulted in the deposition of both 5-HT
samples of either 10- or 1-second intervals of the fast green in a discrete spot (Thomas and Wilson,
analog output of the electronic counter. 1965). Animals were then perfused with 10% for-

Although the identity of all cells was ultimately malls (buffered). Serial sections (50 _m) were then
determined by histological examination after each cut, mounted and eounterstained with neutral red. where M i_
experiment, there were certain practical guidelines A correlation could tiros be made between the re- stant (9.65
which were useful during the initial placement of cording site and the previously established location is the curt
electrodes. Cells in the raphe were recognized as of 5-HT-containing neurons in the dorsal raphe determine
positive-negative spikes with a characteristic regu- nucleus (el. fig. 1; Haigler and Aghajanian, 1973), and LSD
lar rhythm and slow rate (0.5-2 spikes/see) appear- or neurons receiving a dense input of 5-tIT termi-
ing in the midline just ventral to an area of elec- nals (fig. 1) as previously described by Aghajanian Boston,tions as il
trical silence (cerebral aqueduct) in frontal planes et al. (1973). activities
corresponding to P100 through A650 of KGnig and The transport number, an index of the efficiency mmol, re_
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Fl(_. 1. Correlation of histological localization of recording sites with fluorescence histochemicsl
dum localization of 5-11T terminals (as illustrated for the ventral lateral geniculate; VLG). The micrograph
ated on the left shows numerous bright, fine fluorescent terminals within the neuropil surrounding the non-

fluorescent neurons of the ventral lateral geniculate. Such terminals have previously been shown to be
Jivi- ! derived from the midbrain raphe nuclei and to be selectively depleted by p-chlorophenylalanine, an

inhibitor of 5-11T synthesis (Kuhar el al., 1972; Aghajanian el al., 1973)..The micrograph on the right
One i illustrates a standard histological preparation which was made after a single unit recording experiment.
!orm i An electrode tract (arrow) can be seen leading to a fast green spot (above asterisk). In this low power

! view, portions of the dorsal lateral geniculate (DLG), ventral lateral geniculate and optic tract (OT)mla-
Is in are visualized. The electrode tract has traversed the dorsal lateral geniculate and the fast green spot is
rmi- situated in thc dorsal aspect of the ventral lateral geniculate.
sted i

of iontophoretic drug release, was determined for into standard five barrel micropipettes; impedances_put
•ma- _ 5-HT and LSD: this allows a comparison of our were in the same range as the electrodes used for

experiments with the experiments of others. The recording. The tip of the micropipette was im-

20 following formula, derived from Curtis (1964) was mersed into 0.1 ml of 0.9% saline held in a small

_rrel ...... used to calculate the transport number (n) for plastic container. Plastic was used to prevent pos-
a of both 5-HT and LSD : sible adsorption of LSD onto a glass surface. When

the ejection was finished, the entire small container
son, MFZ containing the drop of saline was placed in a scin-for- n =
then IT tillation counting vial containing 15 ml of Aquasol
red. (NewEnglandNuclear).Aftervigorousagitation,

where M is the moles ejected, F is Faraday's con- the vial was placed in a scintillation counter.re-
tion stant (9.65 × 10'), Z is the equivalents per mole, I Counting began after at least 20 minutes were al-
Lphe is the current and T is the time of ejection. To lowed for stabilization from photoactivation. The
t73), determine the moles ejected, tritium-labeled 5-tIT efficiency was determined by both internal and ex-
rmi- and LSD (New England Nuclear Corporation, ternal standardization. Similar efficiencies were ob-
Man Boston, Mass.) was used at the same concentra- tained with the two procedures. The number of

tions as in the physiological experiments. Specific disintegrations for each sample were converted to
activities of 5-HT and LSD were 24 and 1.9 c/ the number of moles ejected. The mean transport

racy mmol, respectively. These solutions were injected number of 5-HT using the above technique was

f
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5HT I
0.219 (number of observations = 18; S.E.lvl. under their experimental conditions; this is ap- 19
-----0.009).Bradley and Candy (1970) found a corn- proximately 10 times our figure. This difference 2]
parable transport number for 5-HT with their can be explained by the fact that the LSD con- 0 J
"small" pipettes (t = n = 0.18). The mean trans- stituted only 1% of the positive ions in our solu.
port number for LSD was 0.0023 (number of ob- tion since LSD was used in a dilute solution (0.001
servations = 30; S.E.M. ±0.00019). Tile transport M) and NaCI (0.1 M) was added to facilitate 5141" /
number for LSD was slightly more than 1% of passage of current. Thus, for an equal ejection 19

that for 5-HT. Thus, under these conditions, 100 current, considerably less LSD would be ejected _40"lj
nA of ejection current of LSD would be equivalent under our conditions than under those described
to I nA of ejection current of 5-HT in terms of the by Bradley and Candy (1970). _,
number of drug molecules ejected. Since equal _ 0-
currents of both agents inhibit the raphe (Agha- Results

5HT
janian el al., 1972), LSD emerges as being more Ce]ls in four areas (the amygdala, the ventral 1.0
potent than 5-HT, molecule for molecule, on the lateral geniculate, the subiculum and the optic 25

rhaphe neurons. Bradley and Candy (1970) have rectum), which receive projections from the ] ikJreported 0.02 as a transport number for LSD raphe were tested for their responses to micro- o
5HT tSO iontophoretie LSD and 5-HT as well as i.v. ad-

2°- _ I ministered LSD. Although a number of areas:1 Raphe have been previously shown to receive a uniform Fxo. 3. Cor

5-HT input from the raphe (Aghajanian et al., the dorsal r,q
Sift _tSO_. 5HT .LSO-IV_. 5Hr dorsal subicul
m lo 20 4o 2o ( h 20 1973), these four postsynaptic areas were se-_a ..... ,- _ - istration of 5-

_3_]_1_1 _ IZ_,_ _1_ Ventrol letted because cells in these areas fired at mod- cell is comp,_al_,il,a_ v.i,_ J_ Lateral eratcly stable base-line rates. These postsynaptic (30 seconds qGenlculate second trace
$ cells were found to be relatively insensitive to readily inhibi

_o /tso--. lnicroiontophoretie LSD, being inhibited only ejection cure
1o2o 4o 50% by currents (40 nA) four times those neces- current has o

.... _ 40nAprodu,

2S] i l I s.qrv, to produce total inhibition in the raphc kg) intraven

___'_ Antis cells (figs. 2-4). In contrast, ejection currents of 5-HTdUCeSantsstillace(el.................. 5-HT necessary to produce inhibition (at least a cell.In the b
, , 90% decrease in firing) in the raphe (9.3 _ 1.2 optic tectum

5M_N hA; number of observations = 22) were very 5-HT (20 n._
control in re_

Fzo. 2. Comparison of the response of a neuron nearly equal to the ejection currents (12.0 --- 0.7 ejection curtin the dorsal raphe nucleus with that of neurons in
the ventral lateral geniculate and the basolateral nA; number of observations = 72) necessary to venous LSD
nucleus of the amygdala to the microiontophoretic produce inhibition in the postsynaptic cells (figs. base-line firithe same al
administration of 5-ET and LSD. In the top trace 2-3). The currents necessary for inhibition were firing of thea raphe cell is completely inhibited by the micro-
iontophoresis of both 5-HT and LSD for 30 seconds determined by a procedure of successive ap-

at an ejection current of 20 nA. In the second trace proximations to avoid the possibility that the DiMaria, 1(,a cell in the ventral lateral geniculate is inhibited
by 5-HT given for 30 seconds at an ejection era'rent currents used were supramaximal, was jaot de
of 20 hA. However, LSD has little effect at 10 or In the ventral lateral geniculate we found that was presull
20 nA but produces a partial inhibition at 40 nA. both background activity and the response to a mined in o
I_SD intravenously (20 ttg/kg at each arrow) pro- light stimulus were blocked or attenuated by 5-'duces an acceleration of firing in the cell. After the - ods') since
intr'wenous LSD, 5-HT at 20 nA is still capable of HT; LSD was also capable of depressing the LSD by N,q

producing the same absolute amount of inhibition, background activity of the ventral lateral ge- It is possIn the bottom trace the posisynaptic cell in the
nmygd'da is inhibited by 5-HT (20 nA). The cell is niculate cells. However, at low ejection currents by high eje
unaffecled by LSD at 10 nA and slowed by 20 and LSD did not suppress the synaptic responses four posts3
40 nA of ejection current. After 20 #g/kg of LSD evoked by light. These data are in argreemcnt
intravenously (indicated by the first arrow), the " weak 5-H']
cell shows an acceleration of firing. However, 5-HT with the findings of Tcbfcis and DiMaria (1972). pressant ei
(20 hA) is still capable of producing the same abso- At higher currents the latter authors found that LSD neees

lute amount of a decrease in firing. In this and all LSD did block light-evoked responses. However,
subsequentfiguresof recordings,the horizontalbar raphe cells
indicates the duration of the ejection current; the nonspecific depressant effects might have been hibition in

number above the bar indicates the ejection current operative under these conditions since in the input (fig.in hA. Arrows indicate the time of intravenous
injection of I_D. The ordinate represents the inte- higher current range the firing evoked by gluta- was not a
grated rate of firing in spikes per second, mate and ACh was also depressed (Teb6cis and

:S]
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5m tso comparison of these dose-response curves was not
is ap- : 19 _ attempted. At 40 nA of ejection current, LSD

terence 2] iD con- ! _ U Raphe occasionallyproduced decreasesin action poten-o
r solu- ! tim size,indicativeof a localanestheticeffect

(O.001 tso (Curtis, 1968; Heifer etal., 1971), despite the low
eilitate 3cO" /tSo_ iv 5HT transport number under the conditions used (see
jection 19 19 _ 49 v 1.9 "Materials and Methods"). For this reason we

ejected _ did not routinely exceed this level of ejection
se,'ibed -_ current. Furthermore, even at 40 nA, LSD

Subiculum seemed to have a long-term depressant effect on_io
some postsynaptic and other cells (5-10 minutes)L50

5m /tSU_ Ov 5H'r which suggests a nonspecific local toxic action.
_'ent ral L0 L0 _ £o v _ Neurons in the reticular formation, an area which

m the Optic
micro- ; o _}' 20%decreasein base-linefiringrate at 40nA of

Tectum LSD (fig. 4).

.v. ad- i a , To examinefrom a differentstandpoint the-areas 5 MIN
relatively lack of sensitivity of the postsynaptie

nifm:m i Fie. 3. Comparison of the responses of cells in cells to LSD, the drug was administered i.v. at a
e .... , i the dorsal rapim nucleus, the optic tectum and

_re se- dorsal subiculum to the microiontophoretic admin- dose of 20/zg/kg. This dose exceeded the highest
istrationof 5-ItT and LSD.In the top trace a raphe

L mod- cell is completely inhibited by 5-tIT and LSD
O--.--e RlticulVJr Farmotlo_ |Ae H} I_',.,O _lCllPIte[#D_}

maptic (30 seconds of a 10-nA ejection current). In the ,----* Amy0d.l*(,.14)
second trace a postsynaptic cell in the subiculum is ,-.--e v,,v,a_ L.G.(..Io)

iive to readily inhibited by 5-HT (30 seconds of a 10-nA : -- s.b_c.lum(.-is)
t only ejection current). LSD at 10 or 20 iaA of ejection e-- -4 s.p..o, co,t+,.,., (,.oo)

neces- cm'rent has only a slight depressant effect. LSDat too '-:2"2_.:---'--'-" ' . .40 nA produces a further inhibition. LSD (20 _g/
raphe kg) intravenously (indicated by the arrow) pro- a=

_nts of duces an acceleration of firing of the cell; 10 nA of z° so
least a 5-HT is still capable of inhibiting the firing of the

cell. In the bottom trace a postsynaptic celt in the ,7
--+1.2 optic rectum (superior colliculus) is inhibited by g

e very 5-tIT (20 hA). The cell is slowed to about 50% of _. so i
control in response to LSD (30 seconds of a 40-nA z

_ 0.7 ejection current). In contrast, 20 pg/kg of intra- o
;ary to venous LSD (arrow) I)roduces a 25% increase in the _ *o
s (figs. base-line firing. 5-HT is still capable of producing =_the same absolute amount of decrement in the _,
n were firingof the cellafter intravenous LSD. }. zo
_e ap-

at the DiMaria, 1972). Although the transport number o ,'0
was not determined in the latter experiment it s _o _onAMPS OF EJECTION CURRENT

_dthat was presumably higher than the 0.002 deter-
Fro. 4. Effect of LSD on dorsal raphe neurons

_e to _'_" mined in our study (see "Materials and Meth- and postsynaptic neurons when applied microion-
l by o- ods") since there was less of a dilution of the tophoretically. This is a graphical presentation of
ng the LSD bv NaCI. the difference in sensitivity to LSD between dorsal

" raphe cells (presynaptic cells) and cells that receive
ral _e- It is possible that the 50% inhibition produced a 5-HT input (postsynaptic cells) in the amygdala,
_rrenis by high ejection currents of LSD (40 nA) in the ventral lateral geniculate, subiculum and optic
;ponses four postsynaptic areas could represent either a teetum (superior colliculus). The response of cellsin the reticular formation (an area receiving a
?ement weak 5-HT agonistic effect or a nonspecific de- sparse 5-I-IT input) to directly applied LSD is also
'1972). pressant effect. At least 10 times the current of shown. The vertical bars show the S.E.M. Tim per-
td that LSD necessary to produce a 50% inhibition of centage of control firing rate was determined by

taking the mean of the firing rate for 10 seconds in
,wever, raphe (.ells is necessary to approach a 50% in- a control period and also at the 25 to 35-second
e been hibition in the areas receiving a uniform 5-HT interval after the onset of the ejection current. The

mean firi_ag rate in the ejection current period was
in the inlmt (fig. 4). Since a 50% inhibition of firing divided by the firing rate during the control periodgluta-
cis and _ was not achieved in all areas, a more precise and converted to a percentage.



694 HAIGLER AND AGHAJANIAN Yol. 188 197_

TABLE 1 back hypothesis, a complete transection was
Response of dorsal raphe (presynaptic) and post- made at the junction between the diencephalon

synaptic neurons to intravenous LSD and mesencephalon. This would prevent any "
- neuronal feedback information from postsynap-Percent

No., Intravenous Changefrom tic cells in the forebrain from reaching the raphe.
Area Cell Dose of LSD Control

FiringRates If the inhibitory effect of LSD on the raphe is

..... dependent on a feedback inhibition emanating
_g/k_ from the postsynaptie cells in the forebrain, then

Presynapticarea such a lesion should prevent or attenuate theDorsal raphe nucleus 7 11.6 _ 1.3 b --100

Postsynaptic areas inhibition of firing of a raphe neuron produced

Superior colliculus 12 I 20 +49 ± 11, by intravenous LSD. As is illustrated in figure 5,
Ventral lateral genicu- 8 1 _} +40 -_ 15 d

late there is no difference in the inhibition produced
Subiculum 20 +23 =e0 by intravenous LSD between a control animal

Amygda]a 1120 [ 20 +15 ± a° and an animal with a midbrain diencephalon

a The mean control and postdrug firing rates were determined transection. In a series of such comparisons there
(cf. legend to fig. 6). The postdrug firing rate was determined at was no significant difference (t test; F > .2)
the 30- to 40-second interval after the intravenous administra- between the mean dose to produce an inhibition
lion of LSD since inhibition of the raphe would have occurred

wittdn 30 secomls. These data were evaluated statistically using of at least 1 minute in the six transected animals
Student's _test for paired dataon the meanof the firingratee be- (mean dose : 18.3 - 4.0 #g/kg) and the six
fore they were converted to the percentage shown.

b This is the mean do_e -4- S.E.M. which produced a total control animals (mean dose -- 15 ----- 2.23 pg/kg).
inhibition of firing of the raphe neuron for at least 30 seconds. Figure 6 illustrates a typical complete transec-

P < .01. tion. These data indicate that the inhibition of

dp < .O5. firing of raphe ceils produced by intravenous

dose (16/_g/kg) necessary to produce total in- LSD is not dependent on an inhibitory feedback
hibition of firing in the group of raphe cells from the postsynaptic cells in the forebrain. This
tested under the same conditions (table 1). The experiment, however, does not fully test the feed-
intravenous LSD did not produce an inhibition back hypothesis because feedback inhibition of FIo. 6. I
of firing in the postsynaptie ceils; instead, there the raphe in response to LSD could be mediated cut in the s
was an acceleration of firing (figs. 2-3; table 1). by postsynaptic cells in the midbrain, is complete
To test whether the intravenous I._D might Some of the cells in ar_as receiving a non- were evalut

produce this acceleration by antagonizing the in- raphe nucl

hibitory effect of endogenous 5-HT, 5-HT was 120 LSTDIVCONTROL _ uniform il

administered microiontophetically after the ac- 1 lillltllltl by 5-HT;

celeration had occurred (figs. 2-3). It was found [ _"'_ _ and thala]that microiontophoretie 5-HT was still effective X 0J __ ity to LSI
in inhibitingthe postsynapticcells.By inference, _ areas (tal
this indicates that the acceleration of firing in _ LSO-IV

1' TRANSECTION unaffecte(
the postsynaptie cells is not being produced _ 1201 "[',"1,[ 2). LSD

through a blockade of endogenous 5-HT acting / _, 5-HT inon the postsynaptic cell. 0 J , __)L_ citatory
A suggested mechanism through which LSD _hMIN _ variation

could indirectly inhibit raphe neurons is that plained l
LSD mimics 5-HT at postsynaptie cells, setting FIG. 5. Comparison of the sensitivity of rapheneurons to intravenous LSD in a control animal receive
into motion a compensatory neuronal feedback and an animal with a mesencephalic-diencephalic though (
inhibition of the presynaptic (raphe) ceils transection. The arrow in both cases marks the ceive a spoint at which 20 #g/kg of intravenous LSD were
(And6n et at., 1968 Aghajanian and Freedman, administered. Both cells show a prompt, complete these we

1968). This hypothesis is not supported by the inhibition; the bottom trace is the record of a response
data in the present experiments since a promi- raphe cell in an animal with a complete transection

between the mesencephalon and diencephalon. This tally, c¢
nent direct inhibitory effect is produced by LSD transection would prevent any neuronal feedback receives
on the raphe neurons in amounts that have from the forebrain reaching the dorsal raphe nu-

little direct effect on the postsynaptic cells, cleus. Both traces shown here are integrated rec- 5-HT. tan acce]ords, with the ordinate indicating the rate in spikes
Nevertheless, to further test the neuronal feed- per minute of neurons in the dorsal raphe nucleus, blocked

%----_
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• cut in the same plane as the transection, demonstrates that the mesencephalic-diencephalic separation
! is complete but that the surrounding cortex and bippocampus are relatively undamaged• All transections

non- were evaluated in this way to ensure that no possible feedback pathways from the forebrain to the dorsal
raphe nucleus existed.

uniform input of 5-HT terminals are inhibited

by 5-HT; such cells (i.e., in ventral hippocampus
; and thalamus) have the same relative insensitiv- TABLE 2

ity to LSD as do cells in the defined postsynaptic Response of cells in comparison areas to the m_cro-
, areas (table 2). Cells in the thalamus were either iontophoresis of LSD and g-HT at an ejection
' unaffected, inhibited or excited by 5-HT (Table current of $0 nA _

, 2). LSD blocked or attenuated the effects of No of Inhlbi- Slowing No Ex¢ita-t 5-HT in seven of the eight cases in which ex- tionb Effect tionc

citatory responses to 5-HT were observed. The Area Cills: ''

variation in response to 5-HT is possibly ex- _ _ ,_ __ ,_ __ __

aphe plained by the fact that the thalamus does not Thalamus 27 12 0 6 11 1 11 8 0

timal , receive a uniform input of 5-HT terminals. A1- Dorsal lateral ten- 24 18 0 fi 16 0 8 0 0

halle though cells in the dorsal lateral genieulate re- ieulate
the 7 / 8 11 0

were ceive a sparse 5-HT input, a large proportion of Reticular formation 18 0 0 6 4

plete t these were readily inhibited by 5-HT; again the Ventralcampushippo- 4 8 0 1 2 [ 0 2 0 0

of a response to LSD was minimal (table 2). Typi- 1ction
This cally, cells in the reticular formation, which also • Twenty nanoamperas is the upper limit of the range of cur-rent intensities for both 5-HT and LSD which produced corn-

[back _ receives a sparse 5-HT input, were unaffected by plete inhibition in dorsal raphe neurons (of. figs.2-4).
nu- ' 5-HT. However, in four reticular units there was _ Inhibition is defined as at least a 90_c decrease in mean firingree-

pikes an acceleration of firing by 5-HT which could be rat_ (c]. legendto fig. 4).¢ Excitation is defined as at least a 20c/o increase in mean firing

ms. blocked by LSD. These cells, as well as the r_te.
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thalamic cells accelerated by 5-HT, appeared to that this acceleration is not due to a blockade release of _
be similar in both their response to 5-HT and of tbe inhibitory effect of endogenous 5-HT since LSD (Cha:
LSD to those reported by Boakes et al. (1970) microiontophoretically applied 5-HT is inhibi- of the exis
and Roberts and Straughan (1967). tory even after the intravenous LSD. These data postsynap_

suggest the possibility that at low doses LSD LSD it a]
Discussion acts primarily by inhibiting the presynaptic on the po

Our principle finding is that the serotonergic (raphe) neurons and produces an acceleration of quirement
neurons of the dorsal raphe nucleus are inhibited firing in the postsynaptie cells by releasing them the presy
at a much lower microiontophoretie ejection from a tonic inhibitory raphe input. Evidence assumptic
current of LSD than are neurons in the ventral that the raphe has a tonic inhibitory influence on pounds is
lateral geniculate, amygdala, optic rectum and the postsynaptic cells is 2-fold. First, electrical act on th_
subiculum which receive an identified serotoner- stimulation of the raphe mimics the effects of tested exl
gic input. At the highest ejection current used the microiontophoretic application of 5-HT to Data
(40 hA), LSD does have a depressant effect on cells in the suprachiasmatic nucleus by causing indicate
these postsynaptic neurons. In sharp contrast to an inhibition of firing (Bloom eta/., 1972). Straugha
this radmr remarkable difference in sensitivity Suprachiasmatic cells receive a documented 5- (Boakes
to LSD, 5-HT is equipotent in inhibiting raphe HT input (Fuxe, 1965; :Kuhar et al., 1972; action el
neurons and postsynaptic cells in the four areas Aghajanian et al., 1973). Secondly, since raphe by LSD.
studied. In general, the depressant effects of 5- cells exhibit spontaneous activity under most has repc
HT and LSD on the postsynaptic cells parallel conditions (Aghajanian et al., 1973; McGinty terminal
the data of Curtis and Davis (1962) and Teb_cis et al., 1973), they are likely to exert a tonic in- of the r(
and DiMaria (1972) on the lateral geniculate, hibitory influence on the postsynaptic cells under for thei:
When LSD is administered in high intravenous these same conditions. Bloom et al. (1972) have excitato
doses (70-300 #g/kg), there is evidence that it also found that LSD has no effect on the supra- an inhi'
can depress the firing of cells in the lateral ge- chiasmatic cells when applied iontophoretically mimick,
niculate (Horn and McKay, 1973) and the ven- or given in large parenteral doses. Moreover, areas o
tral hippocampus (Aghajanian and Haigler, LSD did not block the inhibitory effects of 5- low in 1
1973). This is in agreement with the evidence HT or the inhibitory effects of raphe stimulation uniforn
that LSD at high doses (0.5-2.0 mg/kg) has a on these cells (Bloom et al., 1972). To test the found
5-HT-like effect on presumed postsynaptic cells possibility of a tonic raphe inhibitory influence blocke(
in the spinal cord (And6n eta/., 1968). Taken more thorouglfly, further studies are needed in pH va
together these data indicate that LSD in suffi- which the effects of raphe stimulation are corn- the nn
ciently high concentrations may act as a 5-HT pared to the effect of 5-HT applied microionto- cells w
agonist on at least some postsynaptic neurons, phoretically in other identified postsynaptic gen to:
However,this effectof LSDmaybe nonspecifie areas, results
since some depression is also obtained at the The data reported here demonstrate that both pretin
same ejection current on cells in areas such as raphe and postsynaptic cells are inhibited by more,
the reticular formation, which do not receive a microiontophoretic 5-HT. This indicates that in in are
substantial 5-HT input. In any event, at low relation to the serotonergic synhpses there is a or not
ejection currents, LSD has a more striking effect 5-HT receptor both on the pre- and postsynapti¢ studie
on the prcsynaptie (raphe)neurons. neurons. Two possible physiological functions input

The experiments in which LSD was adminis- can be suggested for a presynaptic indoleamine firing
tered intravenously further demonstrate a differ- receptor. The presynaptic receptor could reflect Be
ence in the sensitivity of presynaptic (raphe) the presence of 5-HT collaterals within or be- HT l:
and postsynaptic cells to this drug. At low in- tween the various raphe nuclei. Another possibil- (Cou
travenous doses LSD inhibits the raphe cells but ity is that the entire presynaptjc membrane, in- are i:
not the postsynaptic cells. Instead there tends eluding that of the raphe terminals, is sensitive corr_
to be an acceleration in the firing rate of post- to 5-HT and structurally related indoleamines fluor
synaptic neurons. After low intravenous doses of such as LSD. This sensitivity could serve as part tine
LSD such an acceleration has also been observed of a local feedback mechanism at the terminal Fux,

in the lateral geniculate of cats (Mouriz-Garcia as has been suggested for central dopaminergio dors
et d., 1969; Horn and McKay, 1973). We find neurons (Carlsson eta/., 1972). The block of the by ,J

...... , • . .
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blockade _ release of "H-5-HT from isolated brain slices by creasing density of 5-HT-fluorescent cells ill tile
HT since LSD (Chase ct al., 1967) supports the possibility dorsal part of this nucleus (DahlstrSm and Fuxe,
is inhibi_ of tile existence of such a mechanism. Since the 1965). We have found only inhibitory effects of
hese data postsynaptic cells are relatively insensitive to 5-HT in cells histologically verified to be in the
)ses LSD LSD it appears that the indoleamine receptor densely packed 5-HT-containing cells of the dor-
esynaptic on the postsynaptic cell has different steric re- sal raphe nucleus. These data suggest that the
_ration of quircments from the indoleamine receptor on excitatory responses to 5-HT in certain portions
_ingthem _ the presynaptic cell. This argument makes the of the raphe (Couch, 1970) may be accounted
Evidence _ assumption that because the action of both corn- for by the nonfiuorescent cells interspersed
luence on pounds is inhibitory on the presynaptie cell, they among the 5-HT-eontaining fluorescent cells. An-
electrical act on the same receptor site; this remains to be other possible explanation of these data is that
effects of : tested experimentally, there are two different 5-HT receptors, one which
5-HT to Data from experiments carried out on cats produces inhibition and one which produces ex-
causing indicate that, in the cortex (Roberts and citation.

:., 1972). Straughan, 1967) and the reticular formation In conclusion, these data lead to the unex-
xented 5- (Boakes et a/., 1970), 5-HT has an excitatory pectcd conclusion that the serotonergie neurons
:l., 1972; action on some units, an effect which is blocked of the dorsal raphe nucleus are more sensitive to
Leeraphe by LSD. Fuxe (1965), as these authors indicate, LSD, administered both directly and systemi-
_e.......nest has reported that there are diffuse 5-HT nerve cally, than are neurons in the forebrain and
Mc_,mty terminals in the cortex and reticular formation other areas with an identified 5-HT input (post-
tonic in- of the rat CNS. In areas of the rat CNS selected synaptic ceils). Both from the microiontophoretic
_llsunder for their dense 5-HT input, we have not found and transection experiments it appears that the
72) have excitatory responses to 5-HT. Instead, we find effect of LSD on the firing of raphc cells is a
_e supra- "_n inhibitory effect of 5-HT which is weakly direct inhibitory action and is not dependent on
oretically mimicked, not blocked, by LSD. However, in a compensatory neuronal feedback to the raphe
_oreover, areas of the rat CNS where the terminals are from the postsynaptic cells in the forebrain. A1-
cts of 5- low in mlmber (e.g., reticular formation) or non- though LSD applied mieroiontophoretically at
mulation uniform in distribution (e.g., thalamus), we have high ejection currents can produce a decre_e in
test _he found excitatory responses to 5-HT which are firing in the postsynaptic cells, LSD adminis-

influence blocked by LSD. It has been rcported that at tered in low intravenous doses produces an in-
meded in pH values lower than 4 there is an increase in crease in firing, suggesting that these postsynap-
are com- the number of excitatory responses in cortical tic cells are being released from a tonic raphe
croionto- cells which may be due to an ejection of hydro- inhibition. Such low dose effects are of interest
[synaptie gcn ions (Jordan et al., I972). In view of these because LSD produces psychotomimetic effects

results it is necessary to exercise caution in inter- in man in a comparably low dose range. The
:hat both prcting excitatory response to 5-HT. Further- inhibitory action of LSD on the raphe cells
bited by more, the excitatory responses to 5-HT are found mimics the inhibitory effect of 5-HT in the raphe.
s that in in areas where it is difficult to ascertain whether 5-HT differs from LSD in that it is equally
here i_%a or not the cell receives a 5-HT projection. In our potent on the postsynaptic and raphe neurons.
Lsyna _ studies with cells receiving an identified 5-HT The difference in sensitivity to LSD between
functions input, 5-HT invariably produced an inhibition of the raphe and postsynaptic cells suggests that
.oleamine firing, steric requirements of the presynaptic indolea-
ld reflect Both inhibitory and excitatory responses to 5- mine receptor (or receptors) differ from the
n or be- HT have been reported for raphe cells in the rat postsynaptic indoleamine receptor.
possibll- (Couch, 1970). The intermingling of 9ells which Acknowledgments. We thank the FDA-PHS

_rane, in- are inhibited or excited by 5-HT (Couch, 1970) Psychotomimetics Agents Advisory Committee
sensitive corresponds quite well with the intermingling of for providing the LSD used in these studies.
)leamines fluorescent and nonfluorescent cells in the pon-
e as part tine or median raphe nuclei (DahlstrSm and References
terminal Fuxe, 1965). The increased incidence of cells AGgaJ._s_, G. K., Foow., W. E. ^sD SH_aD, M.
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