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ABSTRACT
Correlations between 5-hydroxytryptamine (5-HT) receptor
binding affinities and human hallucinogenic potency have sug-
gested that 5-HT2 receptors mediate the hallucinogenic effects
of lysergic acid diethylamide (LSD) and phenethylamine hallu-
cinogens. Electrophysiological studies have suggested that a
subpopulation of y-aminobutyric acid (GABA)ergic interneu-
rons in layer Ill of the rat piriform cortex are excited by serotonin
(5-HT) via 5-HT2A receptors. These interneurons have inhibitory
inputs on pyramidal cells in layer II. In the present study, we
tested low concentrations of both LSD (3-1 00 nM) and the
phenethylamine hallucinogen 1 -(2,5-dimethoxy-4-iodophenyl-
2-aminopropane (DOI; 0.3-i 0 �M) on rat piriform cortical inter-
neurons that were excited by 5-HT. Both LSD (3-100 nM) and
DOI (0.3-1 0 �M) excited almost every cell excited by 5-HT. The
maximal excitation achieved with LSD and DOI was 39% and

55% of the effect of a near-maximal 5-HT concentration (100

SM). Consistent with a partial agonist action, LSD and DOl
blocked the 5-HT excitation of piriform cortical interneurons
only at the higher hallucinogen concentrations tested. A spe-
cific 5-HT2A receptor antagonist, MDL 1 00,907, blocked exci-
tation of these interneurons by 5-HT, LSD and DOl, but not by
norepinephrine or a-amino-3-hydroxy-5-methyl-4-isoxazole-
propionate. Again, consistent with a partial agonist action of the
hallucinogens, intracellular experiments showed that a maximal
concentration of DOI (1 0 �M) induced fewer postsynaptic in-
hibitory currents than did 5-HT (100 �tM) in pyramidal neurons
in layer II of the piriform cortex. Based on the present electro-
physiological studies, we conclude that LSD and DOI, a phen-
ethylamine hallucinogen, act as highly potent partial agonists at
cortical 5-HT2A receptors.

Correlations between 5-HT receptor binding affinity and

the hallucinogenic potency of LSD and phenethylamine hal-

lucinogens in humans have suggested that 5-HT2 receptors
mediate the hallucinogenic effects of LSD and phenethyl-

amine hallucinogens (Glennon et at., 1984; Titeler et at.,

1988). LSD has a similar affinity for the 5-HT2A receptor (Kd:

0.5-2.5 nM) and for the 5-HT2� receptor (Kd: 3.8-12 nM;

Titeler et at., 1988; Hoyer, 1988). The Kd of LSD for 5-HT2

receptors is near the peak plasma levels measured after both
i.v. and p.o. LSD administration (10-20 nM; Aghajanian and

Bing, 1964; Hawks and Chiang, 1986). However, agreement
does not exist regarding whether LSD and other hallucino-

gens act as full or partial agonists (Sanders-Bush et at. , 1988;

Glennon, 1990; Sheldon and Aghajanian, 1990) or antago-
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nists (Pierce and Peroutka, 1988, 1990) at cortical 5-HT2
receptors.

Because the cerebral cortex has a higher density of 5-HT2A

receptors than most subcortical areas (Pazos et at., 1985;

Mengod et at., 1990; Pompeiano et at., 1994), and given the
profound effects of LSD on sensory and cognitive processes,

cortical 5-HT2A receptors are likely to mediate many of the

hallucinogenic actions of LSD. LSD (1 p.M) was previously

reported to act as an antagonist at 5-HT2 receptors on a

subpopulation of pyramidal neurons that are depolarized by

5-HT in the rat somatosensory cortex (Pierce and Peroutka,
1990). However, the depolarizations caused by 5-HT are only

about 4 mV, making detection of partial agonist effects diffi-

cult, especially in light of the observation that LSD stimu-

lates phosphoinositide hydrolysis in cerebral cortex to only

25% of the maximum response to 5-HT (Sanders-Bush et at.,

1988).

The rat piriform cortex has a population of GABAergic

interneurons that are excited by 5-HT via 5-HT2A receptors
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(Sheldon and Aghajanian, 1990, 1991; Gellman and Agha-

janian, 1993; Marek and Aghajarnan, 1994). These GABAergic
interneurons give rise to IPSPs in pyramidal neurons found
in layer II of the piriform cortex (Sheldon and Aghajanian,

1990). These interneurons appear to represent an ideal
model system for the study of 5-HT� receptors because the
signal is robust and other 5-HT receptors do not appear to be
present on these cells (Sheldon and Aghajanian, 1990, 1991).

In contrast, cortical pyramidal cells often display both
5-HT2A and 5-HT1A responses (Davies et at., 1987; Araneda

and Andrade, 1991). Therefore, the present study was de-

signed to investigate whether LSD and the phenethylamine
hallucinogen DOI are agonists, partial agonists or antago-

nists at 5-HT2A receptors on 5-HT-activated interneurons in

piriform cortex.

Methods

Brain slice preparation. Brain slices were prepared from 60

male Sprague-Dawley rats (100-200 g) as described previously

(Aghajanian and Rasmussen, 1989). Briefly, rats were anesthetized
with chioral hydrate (400 mg/kg i.p.), in adherence to protocols

approved by the Yale University Animal Care and Use Committee.

After decapitation, the brain was removed rapidly and placed in an

ice-cold modified ACSF in which sucrose (252 mM) was substituted

for NaCl. A block of the piriform cortex was dissected free and
coronal slices (500 �m) were cut with a vibrating-knife microtome

(Vibrashice, WPI). A slice containing piriform cortex was then trans-

ferred to the stage of a fluid-gas interface chamber which had a

constant flow of humidified 95% 02-5% CO2. The chamber was

heated slowly from room temperature to 34#{176}C.The slices were per-

fused with normal ACSF, which consisted of (in milhimolar): NaCl,
126; KC1, 3; CaC12, 2; MgSO4, 2; NaHCO3, 26; NaH2PO4, 1.25 and

D-glucose, 10. There was a 2-hr recovery period before beginning

experiments.

Electrophysiological recordings. Extracellular recordings

were conducted using an Axoclamp-2A (Axon Instruments, Burlin-
game, CA). Placement of the recording electrodes was facilitated by

visualizing the three layers of the piriform cortex at low magnifica-

tion under reflected light. Extracellular recordings from interneu-

rons located in layer III of the piriform cortex were made using glass

microelectrodes filled with 2 M NaCl (5-10 megohm) as described
previously (Sheldon and Aghajanian, 1990). Cells were found by

searching while the slice was perfused with 30 �M 5-HT in order to
activate quiescent cells. Cells were identified as interneurons if they
had short duration (0.1-0.5 msec) and low amplitude (0.25-i mV)
extracehlular action potentials and the ability to sustain rapid firing
rates as characterized previously by both extracellular and intracel-

lular recordings (Sheldon and Aghajanian, 1990, 1991; Gellman and
Aghajanian, 1993). Unlike the interneurons, pyramidal cells in layer

H are not brought to threshold for firing by bath application of 5-HT
(Sheldon and Aghajanian, 1990). Once an interneuron was located,

the solution was switched from 30 j.�M 5-HT back to control ACSF
and the 5-HT-activated cells gradually slowed and, in most cases,
ceased firing. Then, the effects of 5-HT creatinine sulfate, (-)-NE
bitartrate (Sigma Chemical Co., St. Louis, MO) and AMPA (RBI,
Natick, MA) were tested. Concentration-response determinations for

5-HT alone were made by perfusing successively higher concentra-

tions of5-HT (10, 30 and 100 pM) for 2 mm and then testing the next

higher dose after the previous response returned to base line; the 10

�M 5-HT was near threshold and the 100 �.tM 5-HT was near max-

imal. To ensure equilibration, LSD and DOI always were applied for

a 10-mm period. When the effects of 5-HT, NE and AMPA were

tested in cells treated with LSD or DO!, this was not performed until

the response to LSD or DO! had clearly reached a maximum re-
sponse. The response for each drug concentration was defined as the

total number of counts during the 1-mm period of maximal activa-
tion for a given cell. The 5-HT� receptor antagonist MDL 100,907

(Marion Merrell Dow Research Institute, Cincinnati, OH, kindly

provided by Dr. C. Schmidt) was perfused for 15- to 30-mm periods

before and after hallucinogen treatment in different experiments.

All drugs were in ACSF, which was bath-applied by gravity feed

and the solutions were switched by way of 3-way stopcocks (Baxter

Healthcare, Valencia, CA). There is approximately a 40-sec “dead

space” in this system from the time that each solution is turned on
until the new solution reaches the slice.

Intracellular recording and single-electrode voltage clamping were
conducted in layer II pyramidal cells using an Axoclamp 2 (Axon

Instruments, Burlingame, CA). Stubby electrodes (�8 mm, shank to

tip) with relatively low capacitance and resistance (25-35 megohm)

were pulled from filament-containing capillary tubing (1.5 mm) with

a Brown-Flaming electrode puller (Sutter Instruments) and filled

with 2 M KC1. Under voltage clamp, electrodes prepared in this
manner had rapid settling times (50-75 �sec), allowing switching

frequencies of4 to 6 Hz and a loop gain of 10 nA/mV (30% duty cycle).
Phase lag was used to prevent oscillations; false clamping was

avoided by using optimal capacitance neutralization and by allowing
settling to a horizontal base line, as verified by monitoring input

voltage continuously. Pyramidal cells were identified according to

criteria as previously described (Sheldon and Aghajanian, 1991).

Only cells having a resting potential �65, an apparent input resis-

tance of >25 megohm and a spike amplitude of >80 mV were used

for recording. As previously noted (Sheldon and Aghajarnan, 1990),

most pyramidal cells in piriform cortex display spontaneous synaptic

potentials with the characteristics of GABAA-mediated IPSPs (e.g.,
they are seen as depolarizing potentials with KC1-fllled electrodes

and are blocked by the GABAA antagonist bicuculhine). In the

present study, pyramidal cells were voltage-clamped at -90 mV to
enhance the amplitude of the IPSCs, which were recorded. The

voltage-clamp signals were low-pass filtered (1000 Hz) and data were
acquired with a pCLAMPlDigidata 1200 system (Axon Instruments

Inc.). IPSC frequencies were obtained from 10 successive episodes
(1-sec duration) during the base line and drug treatment periods by

means of Axograph software using a peak detect program.

Data analysis. The response for each drug was defined as the
total number ofspikes during the 1-mm period ofmaximal activation

for a given cell. The effects of 5-HT, NE and AMPA both before and
after LSD, DOl or MDL 100,907 was tested using a paired t test.

Results

As reported previously, 5-HT excited a subpopulation of
cells in layer III of the rat piriform cortex with the electro-
physiological characteristics of interneurons (Sheldon and
Aghajanian, 1990, 1991; Gellman and Aghajanian, 1993).

Also as reported previously, 5-HT induced IPSCs in layer II
pyramidal cells (Sheldon and Aghajanian, 1990, 1991; Gell-

man and Aghajanian, 1993, 1994). Many of the same inter-

neurons that were excited by 5-HT were also excited by NE

via stimulation of atpha-1B adrenoceptors (Sheldon and
Aghajanian, 1988; Marek and Aghajanian, 1996). All inter-

neurons tested were excited by the excitatory amino acid
agonist AMPA. Fifty-five 5-HT-activated interneurons and
five pyramidal cells were tested in the present study.

LSD and DO! excite piriform cortical interneurons.

LSD (3-100 nM) induced a concentration-dependent increase

in the firing rate of interneurons and the maximal firing rate
produced by the highest concentration ofLSD was 39 ± 7.7%

of the maximal effect observed in the same neurons in re-
sponse to 100 �M 5-HT (figs. 1 and 2). The lowest concentra-
tion of LSD (3 aM) applied for 10 mm induced firing in only
2 of 4 cells tested that were activated by 5-HT. The two
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Fig. 1. Firing rate histogram of a quiescent piriform cortical intemeuron
during and after successive 10-mm perfusions with 3, 10 and 100 nM
LSD. Note that the excitation induced by 10 nM LSD continued through
the 100 nM LSD perfusion and that the response to 100 nM LSD began
5 mm after the beginning of the LSD application. Only two other cells
were successively perfused with all three concentrations of LSD. This
cell was used for illustrative purposes as all of the remaining cells were
given a single concentration of LSD.

Fig. Z Percent of maximal excitation of piriform cortical intemeurons
induced by LSD (3-100 nM) and DOl (0.3-3 �M) after a 10-mm LSD or
DOl perfusion compared to the maximal excitation induced by 100 MM
5-HT. Significantly different from the base line, ***� < oo�.

interneurons that were excited by 3 nM LSD began to fire 25
mm after the beginning of the LSD application and reached
a plateau level of firing 7 to 14 mm later. Figure 1 illustrates
an interneuron that was activated by LSD in a dose-depen-

dent manner; the interneuron was not induced to fire by 3
nM LSD but was excited by 10 and 100 nM LSD. The higher

concentrations of LSD (10 or 100 nM) induced firing in 15 of
16 cells tested that were activated by 5-HT. The interneurons

began to fire approximately 8 to 14 mm after the beginning of
the 10 and 100 nM LSD application and generally reached a

plateau level of firing a few minutes later (figs. 1 and 3A).
Note in figure 1 where the increment in firing induced by 100

nM LSD induced-firing began to occur 6 mm after the begin-
fling of the LSD application in a cell that continued to fire
from a previous 10-mm application of 10 nM LSD. In 12 of 14
cells this excitation lasted 20 mm to more than 1 hr (figs. 1
and 4); in the remaining 2 cells this induction of firing was
short-lived (fig. 3A). After 3 and 10 riM (fig. 3A) LSD,
whether the response was short-lived or prolonged, the max-

imal response to 30 �.tM 5-HT was the same as it was to 5-HT
before LSD treatment (table 1). However, the maximal re-

-I, sponse to 100 �.tM 5-HT was slightly but significantly reduced
to 95 ± 1.5 and 85 ± 9.2% by 3 and 10 nM LSD. When the

selective 5-HT� receptor antagonist MDL 100,907 (30 nM)
was applied for 15 mm after the 10 nM LSD application, the

response to 100 �iM 5-HT, but not 100 �.tM NE, was blocked
(n = 2, fig. 3B). Unlike the lower LSD concentrations, the

highest LSD concentration (100 nM) almost totally prevented
any additional effect by 100 �tM 5-HT (table 1; figs. 4 and 5).

In contrast, the maximal effect of 100 �.tM NE after even the
higher concentration of LSD reached the same level as did
the effect of 100 MM NE before LSD treatment (figs. 4 and 5).
LSD (10 nM) increased the excitatory effect ofAMPA to 202%
of control (fig. 5). The increased excitability in response to
AMPA after LSD was prolonged and seen even in the two
cells with a short-lived response to LSD (fig. 3A). LSD (100

nM) also increased the excitatory effect of AMPA (to 344% of

control; fig. 5).
DOI (0.3-3 �.tM, 10-mm perfusion) induced firing in 23 of 24

cells tested that were also activated by 5-HT. DOl, 1 and 3

jtM, excited piriform interneurons to 55 ± 14 and 49 ± 8%,

respectively, of the firing rate observed in the same neurons
to 100 p.M 5-HT (fig. 2). The interneurons began to fire about
6 to 15 mm after the beginning of the DO! perfusion and

generally reached a plateau level of firing 12 to 20 mm later
(fig. 6). During and after this plateau period, the effect of 30
or 100 p.M 5-HT brought cells to approximately the same
firing rate as 5-HT before the 0.3 and 1.0 MM DO! treatments
(fig. 7; table 1). A higher DO! concentration (3 MM) decreased
the effect of 30 and 100 �tM 5-HT to 62 ± 14 and 87 ± 6.5%

of control, respectively (table 1; figs. 6 and 7). DOl (10 �tM)
decreased the effect of 100 �M 5-HT to 64 ± 12% of control

(n = 3, P < .05, data not shown). Unlike 5-HT, the maximal
effect of 100 .tM NE after DO! (0.3-3.0 �tM) reached the same
level as did the effect of 100 p.M NE before DO! treatment
(figs. 6 and 7). All three concentrations of DO! potentiated

the effect of 5 �M AMPA (figs. 6 and 7). DO! also potentiated
the effect of 5 �.tM AMPA in the only interneuron in which
DO! (0.3 �tM) did not induce firing (data not shown).

Because LSD and DO! potentiated AMPA-induced excita-
tion, experiments were conducted on piriform cortical inter-

neurons to examine the interaction between 5-HT and
AMPA. As with LSD and DO!, a low concentration of 5-HT

(10 .tM) had a greater than an additive effect with 5 �.tM
AMPA (fig. 8A; table 2). The maximal firing rate after the

combination of 5-HT (10 �tM) and AMPA was 3-fold greater

than the response to either 5-HT or AMPA alone. A high
concentration of 5-HT (100 �M) had an additive effect with 5
�tM AMPA (fig. 8B; table 2). As reported previously (Marek
and Aghajanian, 1995), 5-HT did not have an additive effect

with NE (table 2) as the maximal firing rate after the com-
bined perfusion of 5-HT and NE was significantly less than

the sum of 5-HT alone together with NE alone.
MDL 100,907 blocks LSD and DO! excitation of inter-

neurons. To evaluate the effects of blockade of the 5-HT2A

receptor upon the excitatory effects of LSD or DOl, we pre-

treated the slices with the selective 5-HT2A receptor antago-

nist MDL 100,907 (Palfreyman et at., 1993) before applica-

tion of LSD or DO! in 5-HT-activated interneurons. When
MDL 100,907 (30 riM) was applied to the slice for 30 mm

before LSD (100 nM), only 1 of 4 cells was excited by LSD, in
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Fig. 3. Firing rate histogram of a piriform cor-
tical interneuron before, during and after a
10-mm perfusion with 10 nM LSD (A), and
after a 15-mm perfusion with 30 nM MDL
100,907 (B). 5-HI (10, 30 and 100 MM, mdi-
cated with solid lines), NE (100 MM, indicated
with a solid line), AMPA (5 MM, indicated with
a double line) and LSD (10 nM, indicated with
a dotted line) were applied in ACSF for the
times indicated.

contrast to 10 of 1 1 cells excited by LSD without MDL

100,907 pretreatment. MDL 100,907 decreased the firing
rate in LSD-treated cells to 19% of control (fig. 9). Similarly,

none of 4 cells tested were excited by DO! (3 MM) after a 15-

to 30-mm pretreatment with 30 nM MDL 100,907. In con-
trast all cells tested (n = 13) without MDL 100,907 pretreat-

ment were excited by 3 MM DO!. Thus, MDL 100,907 de-
creased the firing rate in DOI-treated cells to 0% of control

(fig. 9). In these experiments, MDL 100,907 also blocked the

induction of firing in response to 100 �.tM 5-HT by 84%, but
did not block the effects of 100 MM NE (n = 5) or 5 MM AMPA
(n = 7, fig. 9).

DO! induces !PSCs in piriform cortical pyramidal
neurons. DO! was tested for its ability to induce !PSCs in
piriform cortical pyramidal neurons because 5-HT has been
shown to induce !PSPs in piriform cortical pyramidal neu-
rons by exciting GABAergic interneurons in a tetrodotoxin-
sensitive manner (Sheldon and Aghajanian, 1990, 1991;

Gellman and Aghajanian, 1993). Because preliminary exper-

iments with 10 MM DO! found that this concentration excited

GABAergic interneurons to the same degree observed with 1
and 3 .tM DO!, we tested only a single high concentration of

DO! (10 MM) for technical reasons to minimize the latency of
the response to DO! so as not to prolong unnecessarily the

experiments being performed under conditions of voltage-

clamp. As noted previously (Sheldon and Aghajanian, 1990;

Gellman and Aghajanian, 1993, 1994) for IPSPs, spontane-

ous reverse !PSCs are observed when using 2 mM KC1-filled
electrodes (fig. 10, A and E). DO! was tested in 5 separate

cells where 5-HT (100 MM) clearly induced an increase in

!PSCs. DO! (10 p.M) induced !PSCs (fig. 5) in all 5 of these

cells with a latency of 6 to 8 mm. After subtracting the

frequency of basal IPSCs from both the 5-HT- and DO!-
induced IPSCs, the frequency of IPSCs induced by DO! was

49 (± 14)% of that induced by 100 MM 5-HT (fig. 10). This

percentage is similar to that observed in comparing the direct

effects of DO! and 5-HT on the firing of interneurons (see
above). It should be noted that the frequency of !PSCs in
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Peak firing rate (Hz) of piriform cortical intemeurons to agonist
(5-HT, NE and AMPA) before and after haIIuclnogens�

Treatment 30 �M 5-HI 100 �M 5-HI

Agonist 14.0 ± 1.1 20.4 ± 0.3
LSD (3 nM) 0.5 ± 0.3 0.6 ± 0.3

Agonist + LSDC 13.2 ± 1.0 19.3 ± 0.3**
n=3 n=3

Agonist 13.0 ± 1 .0 1 9.6 ± 1.4
LSD (10 nM) 4.1 ± 0.9 4.4 ± 1.1
Agonist + LSD 11.9 ± 1.1 16.8 ± 1.8W

n=7 n=7

Agonist 12.4 ± 1.7 16.8 ± 1.4
LSD (100 nM) 5.5 ± 1.4 5.0 ± 1.0
Agonist + LSD 6.6 ± 1 .8* 7.7 ± 1 3**

n=5 n=9

Agonist 10.1 ± 1.4 12.7 ± 1.2
DOI (0.3 MM) 2.5 ± 1 .3 2.4 ± 1.3
Agonist + DOI 10.2 ± 1.6 12.7 ± 1.4

n=4 n=4

Agonist 10.5 ± 0.8 15.4 ± 1.6
DOI (1 .0 MM) 5.2 ± 0.2 7.5 ± 1.1
Agonist + DOl 8.5 ± 1 .3 1 4.6 ± 1.5

n=2 n=7

Agonist 12.4 ± 0.9 15.2 ± 0.8
DOl (3.0 MM) 5.0 ± 1 .3 4.9 ± 1.3
Agonist + 001 7.7 ± 1.7** 13.1 ± �

n=11 n=10
a Finng rate (Hz) represents mean ± SE.
b 5-HT was tested after LSD or DCI only after a maximum response to the

hallucinogen had clearly occurred in each cell.
C Agonist + LSD/DOI refers to total agonist effect after LSD/DOl.
* P < .05; ““ P < .01 and � P < .001 , compared to pre-LSD or 001 response.

pyramidal cells is only an approximation to the firing rate

frequencies of 5-HT excited interneurons because: 1) there
are spontaneously active GABAergic interneurons that are
inhibited by 5-HT through 5-HT1A receptor (Sheldon and
Aghajanian, 1990) and 2) DO! will affect only interneurons
excited by 5-HT2 receptor stimulation, whereas 5-HT can
inhibit as well as excite different interneurons. Nevertheless,

the present results show that in pyramidal cells DO! induces
one-half as many !PSCs compared to 5-HT, just as DO!
excited interneurons to one-half the firing rate compared to
5-HT.

Discussion

These studies were designed to evaluate whether the hal-

lucinogenic drugs LSD and DO! are agonists, partial agonists

or antagonists at 5-HT2A receptors using the excitation of
piriform cortical interneurons by 5-HT as a model system. In
general, the results show that both LSD and DO! are ago-
nists rather than antagonists in this system because both

hallucinogens excited virtually all piriform cortical interneu-
rons that were excited by 5-HT. Furthermore, the results
suggest that LSD and DO! are partial agonists at cortical

5-HT2A receptors because the maximal excitation produced
by LSD and DO! was only 40 to 55% ofthe excitation induced
by a near-maximal 5-HT concentration. Consistent with a
partial agonist action, only high concentrations of LSD and
DO! substantially reduced the maximal excitation induced
by 5-HT. The blockade of LSD, DO! and 5-HT by MDL
100,907, a potent and specific 5-HT2A antagonist (Sorensen et

+
5HT

+
NE

5HT LSD � LSD � NE
LSD LSD AMPA LSD LSD

100 n M LSD

5HT LSD LSD #{149}NE LSD LSD AMPA LSD LSD
+ + +
5HT NE AMPA

+
AMPA

Fig. 5. Maximal response to 5-HT (1 00 MM), NE (1 00 MM) and AMPA (5
MM) both before and after 10-mm perfusion with 3 nM (top panel), 10
nM (middle panel) or 100 nM (bottom panel) LSD. The open bars
present the effects of 100 MM 5-HT, 1 00 MM NE or 5 MM AMPA before
LSD application. The hatched bars present the effects of LSD on the
firing rate for the mm period immediately before retesting with 5-HI, NE
or AMPA. The shaded bars present the maximal response to 5-HI, NE
or AMPA when tested again after the LSD perfusion and thus present
the combined effects of LSD and 5-HT, NE or AMPA. 5-HI, NE and
AMPA were retested in these cells only after LSD had clearly reached
a maximum response. *�D < .05; **� < � ; ***�D < oo�.

at. , 1993; Marek and Aghajanian, 1994), indicates that both
LSD and DO!, as well as 5-HT, are acting through 5-HT2A
receptors. The present results provide the first electrophysi-

ological demonstration that cortical 5-HT� receptors are
stimulated potently by LSD. In contrast to a previous sug-
gestion for LSD (Pierce and Peroutka, 1988, 1990), these

results show that LSD is not a 5-HT2A receptor antagonist in

the cerebral cortex. Instead, the present results demonstrate

that both LSD and DO! are potent partial agonists at piri-

form cortical 5-HT� receptors, in agreement with previous
work suggesting that LSD (Sanders-Bush et at. , 1988) and

DO! (Pierce and Peroutka, 1988) are partial agonists at stim-
ulating frontal cortical 5-HT2A receptor-mediated P1 hydro-

lysis.
The onset of the excitation of interneurons by both LSD

and DO! was slow compared to both 30 and 100 �.tM 5-HT.
This slow onset could be an artefact ofextracellular recording
in that a response is not seen until the cell is brought to
threshold for firing. However, intracellular recordings in pin-
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form cortical interneurons with a maximal concentration of

DOT demonstrated that the time to both onset and plateau

for the response was over 4 times the corresponding times for

the 100 MM 5-HT concentration (unpublished observations).

Similar delayed responses for LSD and DO! were previously

observed in the facial motor nucleus (Garratt et al., 1993).

The slow onset of the effects of hallucinogens might be re-

lated to the slow rate of association with the 5-HT2A receptor

for both LSD (Bennett and Snyder, 1975; Kadan et at., 1984)

and the phenethylamines such as DOI (Lyon et at., 1987).

Bennett and Snyder (1975) reported that binding of LSD to

5-HT2A receptors at 37#{176}Cdid not reach equilibrium until
about 6 mm; the rate of binding was even slower at lower

temperatures. A slow rate of association of LSD for the plate-

let 5-HT2A receptor has also been observed (Geaney et al.,

1984). Functionally, 5-HT induces a maximal shape change

in platelets with a latency less than 1 mm, whereas the

maximal shape change induced by LSD in platelets does not

occur until 5 to 10 mm (Laubscher et at., 1981). These obser-

vations are of interest to the present findings because the

5-HT-induced platelet shape change is mediated by 5-HT2A

receptors (Geaney et at., 1984) and the slow onset ofthe LSD

response occurs even in the absence of any difficulties with

penetration through the tissue. Also in agreement with the

above work, Burns and Sanders-Bush (1992) observed slow

dissociation of LSD from the 5-HT2A receptor and suggested
that this was the reason why LSD, in addition to a partial

agonist effect, blocked 5-HT2A receptors in an unsurmount-

able manner using a cell line transfected with brain 5-HT2A

receptors.

Other factors might also play a role in the slow onset of the

effects of the hallucinogens. Because the hallucinogens are
partial agonists at the 5-HT2A receptor, a higher percentage

occupancy of receptors may be needed for a given response.

Interestingly, the slow onset of the hallucinogens in slice

preparations is paralleled by the observation that humans do

not report subjective effects of i.v. LSD until about 5 mm

after the i.v. bolus (unpublished observations from Aghaja-

nian and Bing, 1964). It remains to be determined to what

degree the slow onset of the hallucinogens is related to a

lower efficacy in stimulating the 5-HT2A receptor as com-

pared to the factor of hallucinogen binding kinetics.

A nonadditive interaction occurred between the hallucino-

gens and NE, which differed in some important respects from
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Fig. 6. Firing rate histogram of a piriform
cortical interneuron before (top panel)
and after (bottom panel) a 10-mm perfu-
sion with 3 MM DOl. 5-HI (30 and 100

MM, indicated with solid lines), NE (100
MM, indicated with solid line), AMPA (5

MM, indicated with a double line) and DOI
(3 MM, indicated with a dotted line) were
applied in ACSF for the times indicated.

n=41

n=6J

5HT DOl DOl � � NE DOl DOl � AMPA#{149}DOl DOl
+ + +

5HT NE AMPA

Fig. 7. Maximal response to 5-HI (100 MM), NE (100 MM) and AMPA (5

MM) both before and after 10-mm perfusion with 0.3 MM (top panel), 1
MM (middle panel) or 3 MM DOI (bottom panel). The open bars present
the effects of 100 MM 5-HI, 1 00 MM NE or 5 MM AMPA before DOI
application. The hatched bars present the effects of DOI on the firing
rate for the mm period immediately before retesting with 5-HI, NE or
AMPA. The shaded bars present the maximal response to 5-HI, NE or
AMPA when tested again after the DOI perfusion and thus present the
combined effects of DOI and 5-HI, NE or AMPA. 5-HI, NE and AMPA
were retested in these cells only after DOI had clearly reached a
maximum response. **�D < o� ; � < .001.
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Fig. 8. Firing rate histograms of two sep-
arate pinform cortical intemeurons given
either a low concentration of 5-HI (10

MM; A) or a high concentration of 5-HI
(100 MM; B) both alone and in combina-
tion with 5 MM AMPA. 5-HT (1 0 or 100

MM, indicated with solid lines) and AMPA
(5 MM, indicated with a double line) were
applied in ACSF for the times indicated.
The number displayed above the AMPA
responses in (A) correspond to the peak
spikes/i 0 sec as the response went off
the chart recorder scale.

TABLE 2

AMPA and NE interactions with 10 �tMor 100 � 5-HT

Drug n Firing Rate (Hz)a

5-HI (10 MM) 7 7.0 ± 1.4
AMPA (5 MM) 7 7.1 ± 1.3
5-HT (1 0 MM) and AMPA 7 21 .6 ± 3.2b
5-HI (1 00 MM) 6 1 8.9 ± 1.5
AMPA (5 MM) 6 8.4 ± 2.8
NE (100 MM) 6 14.0 ± 2.0
5-HI (100 MM) and AMPA 6 25.0 ± 26b

5-HT (100 MM) and NE 6 20.1 ± 1 gd

the interaction between the hallucinogens and 5-HT. In com-

paring 5-HT and NE responses in these cortical interneu-
rons, it is important to note that 100 MM concentrations of

5-HT and NE result in maximal responses (Marek and Agha-
janian, 1994, 1996). The maximal response to the combina-
tion of a hallucinogen and NE was approximately the same
as NE alone. Previous work (Marek and Aghajanian, 1995)

and present observations suggest that 5-HT and NE share a

common postreceptor transduction mechanism in exciting

cortical interneurons. Specifically, an additive peak ampli-
tude was not obtained for co-application of 5-HT (100 �M)

and NE (100 �.tM) as would be expected for 2 receptors (5-
HT� and atpha-1B adrenergic receptors) that are coupled to

the same postreceptor transduction system. The additive
peak amplitude of 5-HT and AMPA show that the lack of an

additive peak amplitude for the combination of 5-HT and NE

is not due to a ceiling effect. Similarly, the present results

indicate that LSD and DO! also share a common postreceptor
transduction mechanism with NE because the peak ampli-
tude of NE together with the amplitude of LSD and DO! is
not additive. The interaction of 5-HT with the hallucinogens

was also nonadditive, but differed from the NE-hallucinogen

interaction in that the hallucinogens actually caused a con-

centration-dependent reduction in the maximal excitation
seen after 5-HT. These results are consistent with occupancy
of the receptor by LSD and DO! as partial agonists in the

case of 5-HT, but not NE. The failure to show additivity in

LSD MDL DOl MDL
+ +
LSD DOl

i:=i

5HTMDL NE MDL AMPAMDL
+ + +
5HT NE AMPA

Fig. 9. The blockade by MDL 100,907 of the LSD- or DOl-induced
excitation of piriform cortical interneurons (top panel) and the specificity
of MDL 1 00,907 at blocking 5-HI with respect to NE and AMPA. The
maximal finng rate of intemeurons perfused for 10 mm with LSD (100
nM) or DOl (3 MM) was compared to the maximal firing of a separate
group of intemeurons perfused for 10 mm with LSD or DOl after a 15-
to 30-mm pretreatment with MDL 100,907 (30 nM; top panel). Before
testing of these cells with LSD or DOI, the effects of MDL 1 00,907 on
the response of these intemeurons to 100 MM 5-HT, 100 MM NE and 5
MM AMPA was compared to the response to the agonists before the
MDL 100,907 treatment (bottom panel). *�D < .05; �P < .01 ; � < .001.
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Fig. 10. Inhibitory postsynaptic currents
in a piriform pyramidal neuron recorded
under voltage-clamp conditions both
before 5-HI (base line; A), during 5-HT
(1 00 MM; B), after 5-HT washout (C) and
during DOl (10 MM; D). For each condi-
tion, a set of eight 1 -sec sweeps are
shown. Note that a few relatively high-
amplitude IPSCs that were induced by
5-HI were not seen after DOl. Also
shown is a summary of the experiments
(E) with the frequencies of IPSCs ob-
served under basal conditions, 100 MM
5-HT and 10 MM DOl.

these experiments was not due to a ceiling effect because the
excitation induced by AMPA, an ionotropic glutamate ago-
nist, was potentiated by both LSD and DO!.

The present results are in agreement with previous sug-
gestions that 5-HT2 receptors (Glennon et at. , 1984; Rasmus-
sen and Aghajanian, 1986; Garratt et at. , 1993) represent a
common target of action for both indoleamine and pheneth-

ylamine hallucinogens. In particular, the observation that an
indoleamine, LSD, and a phenethylamine, DO!, have similar

electrophysiological effects at cortical 5-HT2A receptors is
consistent with the proposal that the 5-HT� receptor medi-
ates the hallucinogenic effects ofboth indoleamine and phen-

ethylamine hallucinogens (Titeler et at. , 1988). A recent re-
port (Schreiber et at. , 1994) that a series of selective 5-HT�
receptor antagonists, but not a 5-HT2B,�c antagonist, block

the discriminative stimulus effects of the phenethylamine

DOI also supports the hypothesis that both indoleamine and

phenethylamine hallucinogens have behaviorally significant
agonist effects at the 5-HT2A receptor. However, a role for the
5-HT2� receptor cannot be ruled out (Sanders-Bush and
Breeding, 1991).

Other 5-HT receptors do not appear to be likely candidates
for mediating the hallucinogens’ effects of both indoleamine
and phenethylamine hallucinogens. Although LSD potently

binds to S-HTl�lB,lD,j�,jF receptors (Hoyer, 1988; Lovenberg

et at. , 1993a), the phenethylamine hallucinogens do not
(Titeler et at., 1988; Pierce and Peroutka, 1989; Zgombick et

at., 1992; Adham et at., 1993). LSD does not bind potently to

either the 5-HT3 or the 5-HT4 receptor (Peroutka and Hamik,
1988; Gerald et at., 1995). Inasmuch as LSD has relatively

high affinity for the 5-HTs�,sB,6/7 receptors (Matthes et at.,

1993; Monsma et at. , 1993; Ruat et at. , 1993), phenethyl-
amine hallucinogens do not bind potently or act as an agonist
at the 5-HT5 or the 5-HT7 receptor (Erlander et at., 1993;
Lovenberg et at. , 1993b). Thus, the 5-HT2A and 5-HT2� re-
ceptors remain as the most likely shared targets of action for

both indoleamine and phenethylamine hallucinogens. Given
the predominance of 5-HT� receptors over 5-HT2� receptors
in most areas of the neocortex (Pompeiano et at. , 1994;
Wright et at., 1995), the 5-HT� receptor appears to be the

most likely candidate to mediate the major hallucinogenic
effects of indoleamine and phenethylamine hallucinogens.

The present studies are in agreement with behavioral
studies reviewed elsewhere (Glennon, 1990) which argue

that the effects of LSD may be mediated by at least partial

agonist rather than antagonist properties at the 5-HT� re-
ceptor. The present studies also are consistent with evidence
in a cloned pituitary cell line that DO! and LSD decrease the
density of 5-HT� receptors as a consequence of their potent
partial agonist properties (Ferry et at., 1993). One striking
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feature of the present study is that the EC50 for LSD at
inducing firing in piriform cortical interneurons is between 3

and 10 nM, whereas the binding affinity of LSD for the
5-HT2A receptor is between 0.5 to 10 nM (Bennett and Sny-
der, 1975; Peroutka and Snyder, 1979; Kadan et at., 1984;

Titeler et at. , 1988; Hoyer, 1988). Another striking feature of

the present study is the observation that the agonist effects

of LSD and DO! predominate over the antagonist effects

until concentrations of 100 nM and 10 �M, respectively, are
reached. In practice, such high concentrations normally

would not be reached because, for example, the plasma levels
of LSD after a 2 pg/kg i.v. bolus infusion in human subjects

were about 10 to 20 nM for the first 4 hr after the LSD
administration (Aghajanian and Bing, 1964). Similarly, the

peak plasma concentration after p.o. administration of a
140-.tg LSD dose was about 15 nM (Hawks and Chiang,

1986). Thus, the present in vitro data on cortical 5-HT2A
receptors suggest that the hallucinogenic effects of LSD are

due to an agonist, rather than an antagonist, action at

5-HT�, receptors.
There is currently a resurgence ofLSD use. However, there

is no established effective treatment for the acute adverse
effects of this hallucinogen. Selective 5-HT2A antagonists,
but not 5-HT2� antagonists, have been shown to block the

discriminative stimulus effects of DO! (Schreiber et at.,

1994). Based on the present results, potent 5-HT� receptor
antagonists such as MDL 100,907 and risperidone (Gellman
and Aghajanian, 1994) may block the untoward acute effects
of LSD and other indoleamine and phenethylamine halluci-
nogens. The relatively low potency of phenothiazines and
butyrophenones in blocking 5-HT2A receptors in relation to
their dopamine receptor affinities (Rasmussen and Aghaja-

nian, 1988) may account for their limited usefulness in treat-
ing acute adverse effects of LSD use.
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