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Classic hallucinogens such as lysergic acid diethylamide are
thought to elicit their psychotropic actions via serotonin receptors
of the 5-hydroxytryptamine 2A subtype (5-HT2aR). One likely site
for these effects is the prefrontal cortex (PFC). Previous studies
have shown that activation of 5-HTaRs in this region results in a
robust increase in spontaneous glutamatergic synaptic activity,
and these results have led to the widely held idea that hallucino-
gens elicit their effect by modulating synaptic transmission within
the PFC. Here, we combine cellular and molecular biological ap-
proaches, including single-cell 5-HT.aRs inactivation and 5-HT.aR
rescue over a 5-HT24R knockout genetic background, to distinguish
between competing hypotheses accounting for these effects. The
results from these experiments do not support the idea that
5-HT2aRs elicit the release of an excitatory retrograde messenger
nor that they activate thalamocortical afferents, the two dominant
hypotheses. Rather, they suggest that 5-HT,aRs facilitate intrinsic
networks within the PFC. Consistent with this idea, we locate a
discrete subpopulation of pyramidal cells that is strongly excited
by 5-HT.aR activation.

gene gun | in vitro electrophysiology | organotypic slices | serotonin |
hallucinogen

he idea that classic hallucinogens such as lysergic acid

diethylamide and psylocibin act by interfering with seroto-
nergic neurotransmission can be traced to the middle of the 20th
century (1). It was, however, not until the 1980s that serotonin
receptors of the 5-hydroxytryptamine 2A subtype (5-HT2aR)
were identified as the molecular target for these agents (refs. 2,
3; reviewed in refs. 4, 5). Subsequent brain imaging studies in
human subjects have extended these findings to identify the
prefrontal cortex (PFC), which is highly enriched in these
receptors, as a key brain region in mediating the effects of
hallucinogens (6, 7). These findings have led to the now widely
accepted view that activation of 5-HT,4R in the prefrontal is a
key biological step leading to the psychological effects of hallu-
cinogens (5, 8).

Our understanding of the mechanisms by which 5-HT,AR
activation elicits the sensory and behavioral manifestation of
hallucinogens would be enriched by a precise understanding of
how these receptors modulate cellular and network excitability
in the PFC. To that effect, a number of studies have addressed
the electrophysiological effects signaled by 5-HT»aRs in this
region. There is general concordance that the most robust
cellular effect observed in pyramidal cell of the PFC on stimu-
lation of 5-HT2aRs involves an increase in both the frequency
and amplitude of glutamatergic spontaneous excitatory postsyn-
aptic potentials/spontaneous excitatory postsynaptic currents
(sEPSCs) (9-14). This observation thus points to 5-HT»aRs as
powerful modulators of the excitability of PFC networks and
reconciles evidence implicating both glutamatergic and seroto-
nergic systems in the actions of hallucinogens (15).
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Although multiple mechanistic interpretations have been
proposed to account for the effect of 5-HT;4R activation on
glutamatergic synaptic activity in the PFC, the now dominant
view holds that 5-HT,sRs, which are overwhelmingly located
postsynaptically on pyramidal neurons in this region, trigger the
release of glutamate from thalamocortical fibers by mean of a
yet-unidentified retrograde messenger (11, 14, 16) (but see ref.
17). From a conceptual standpoint, this idea, which has come to
dominate the field (e.g., refs. 5, 14, 15, 18), forms a very attractive
hypothesis that integrates results from a cellular level into the
broader context of the thalamocortical gating hypothesis of
psychotomimetic hallucinogens and schizophrenia.

Despite its conceptual attractiveness, this hypothesis has not
been rigorously tested, partly because of the unknown identity of
the postulated retrograde messenger. Here, we use various
molecular and cellular strategies to directly test different aspects
of this hypothesis. Our results are inconsistent with this view and
instead indicate that 5-HT»5Rs lead to an increase in glutama-
tergic recurrent network activity in the PFC.

Results

To study the cellular basis of the increase in synaptic activity
induced by activation of 5-HT,aRs, we first sought to selectively
activate 5-HT,aRs in our recording conditions because other
5-HT subtypes can also increase spontaneous synaptic activity in
this region. Administration of the selective 5-HT, agonist am-
5-HT (10 uM) elicited a robust increase in both the amplitude
and the frequency of spontaneous synaptic activity recorded
from PFC layer V pyramidal neurons (postnatal days 15-30; n =
18) (Fig. 1). This effect was blocked by the selective 5-HT,aR
antagonist MDL 100907 (300 nM) (Fig. 1 B; and B:) but not by
the selective 5-HT,cR antagonist SB 242084 (100 nM; n = 4; P =
0.19, paired Student’s ¢ test; data not shown). Consistent with
previous reports, this increase in synaptic activity was blocked by
the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/
kainate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-
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Fig. 1. 5-HTaRs increase synaptic activity in the PFC. (A;) Administration of
am-5-HT (10 uM) results in a large increase in both the frequency and ampli-
tude of sEPSCs recorded from a layer V pyramidal neuron. (A;) Histogram
depicting the effect of am-5-HT on the distribution of sEPSC amplitudes for
the experiment illustrated in A;. The leftmost distribution centered at 0 pA
depicts the noise distribution. (A3) Cumulative distribution of sEPSC ampli-
tudes recorded before and after the administration of am-5-HT for the same
experiment. (B;) In a different cell, two consecutive administrations of am-
5-HT (10 uM) result in reliable increases in sEPSC activity. (Inset) Plot summa-
rizing the effect of consecutive applications of am-5-HT on sEPSCs (n = 6).
White bars, baseline; gray bars, am-5-HT. (B;) Administration of MDL 100907
(300 nM) blocks the ability of am-5-HT to elicit an increase in sEPSC activity.
(Inset) Plot summarizing the effect of MDL 100907 (n = 7). (*, P < 0.01, paired
Student's t test). White bars, baseline; gray bars, am-5-HT.

dione (30 uM; n = 3; data not shown) and by tetrodotoxin (1
uM; n > 10 cells; data not shown). In prefrontal cortical slices,
administration of tetrodotoxin reduces the frequency of synaptic
events indicating that a subset of neurons is spontaneously active
(12). Together, these results recapitulate previous findings show-
ing that activation of 5-HT,oRs in PFC induces an increase in
glutamate-mediated SEPSCs recorded from layer V pyramidal
neurons.

Given that cortical pyramidal neurons are extensively inter-
connected, the simplest explanation for these observations
would be that activation of 5-HT,oRs excites a subset of pyra-
midal neurons (presumably of layer V because they are highly
enriched in 5-HT,aRs) whose activity is then detected in the
recorded neuron as an increase in SEPSCs. This interpretation,
however, has been generally rejected because 5-HT,aRs have
not been found to excite (i.e., induce action potential firing)
pyramidal neurons of PFC (4, 9, 11). This is contrary to the
situation that prevails for muscarinic receptor activation, which,
in addition to inducing a robust increase in sEPSCs in PFC,
readily depolarizes and excites layer V pyramidal neurons (19).
We thus next sought to address several alternative mechanisms
that could account for this 5-HT,,R-mediated increase in SEPSCs.

Activation of 5-HT,aR Does Not Change Glutamate Release Probabil-
ities or the Number or Function of Synaptic a-Amino-3-hydroxy-5-
methyl-4-isoxazolepropionic Acid Receptors. First, a direct action of
5-HT>2aRs on synaptic terminals could increase the probability of
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release of glutamate and thus contribute to the increase in
frequency of sSEPSCs. However, administration of am-5-HT did
not increase the frequency of mEPSCs (n = 13) [see supporting
information (SI) Fig. 6], a measure of presynaptic release
probabilities. This finding is consistent with the observation that
5-HT,4Rs are located predominantly on postsynaptic dendritic
structures and are generally undetectable at glutamate releasing
terminals (18). Second, the amplitude of mEPSCs was un-
changed by administration of am-5-HT (SI Fig. 6). These
findings, in conjunction with previous reports using similar,
although not identical, conditions and approaches (9, 11, 12)
indicate that neither an increase in the probability of release nor
an increase in the number or function of synaptic a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors is likely to
contribute significantly to the effect of am-5-HT on sEPSCs.

Single-Cell Inactivation of 5-HT,aR-Mediated Signaling Does Not Block
the 5-HT,4R-Mediated Increase in Spontaneous Synaptic Activity. We
next sought to determine whether activation of postsynaptic
5-HT,aRs elicited an increase in SEPSCs by inducing the release
of a retrograde messenger that, in turn, would induce glutamate
release from excitatory terminals, as was previously proposed
(11, 14, 16). To this end, we envisioned a set of cellular and
molecular strategies to be implemented by biolistic transfection
of neurons (particle-mediated gene transfer) in organotypic
slices of PFC. Organotypic slices from cortex maintain their
general synaptic architecture for several days in culture (>2
weeks) and biolistically transfected neurons can routinely be
recorded from such slices (20, 21). Recordings from layer V
pyramidal neurons showed that administration of am-5-HT to
slices maintained in culture for up to 5-7 days induced an
increase in the frequency and amplitude of SEPSCS (n > 40) (see
SI Fig. 7) that was blocked by MDL 100907 (300 nM; n = 3; data
not shown). Although the magnitude of this effect was generally
smaller than that observed in acute slices, these observations
indicate that this preparation can be used to address the mech-
anism underlying the 5-HT,sR-mediated increase in SEPSCs.

One prediction of the retrograde message hypothesis is that
inactivation of postsynaptic 5-HT,aRs in a particular neuron
should selectively suppress the increase in SEPSC activity onto
that cell but not onto adjacent control neurons. To achieve
single-cell suppression of 5-HT»aR signaling, we transfected
pyramidal cells with a construct coding the C-terminal portion
of phospholipase C g1 (PLCB1) fused to GFP (PLCB-ct). This
construct binds to Gagq and has been shown to act as a
dominant negative capable of suppressing signaling by Gog11
(22). Paired recordings showed that em-5-HT induced a small
inward current in control nontransfected pyramidal neurons but
not in neighboring neurons transfected with PLCB-ct (Fig. 2C
Upper). In addition, the ability of carbachol to induce an inward
current (19) was also prevented in cells transfected with PLCpB-ct
(Fig. 2D Upper). This is consistent with the view that carbachol
acts through receptors coupled to Gag.11 and PLCB1 to induce
an inward current (H.-D. Yan and R.A., unpublished work).
Thus, these results indicate that Gag; signaling in general, and
5-HT,4R signaling in particular, were effectively blocked in cells
transfected with PLCB-ct dominant negative.

If postsynaptic 5-HT,aRs induce the release of a retrograde
messenger that then induces glutamate release from presynaptic
terminals, inhibition of postsynaptic 5-HT»aR signaling can be
expected to inhibit the ability of these receptors to increase
SsEPSC activity. However, we found that the ability of am-5-HT
to increase the frequency of sEPSCs was indistinguishable
between controls and neurons transfected with PLCB-ct (Fig. 2C
Lower). Likewise, the ability of carbachol to increase frequency
of sEPSCs was unaltered by PLCB-ct (Fig. 2D Lower). These
results are inconsistent with the idea that postsynaptic 5-HT»aRs
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Fig. 2. Single-cell inactivation of 5-HT,aRs by PLCB-ct blocked the 5-HT,aR-
induced inward current but not the increase in sEPSCs. (A) Diagrami illustrating
the site of action for the PLCB-ct dominant negative. (B) Differential interfer-
ence contrast (DIC)/fluorescence (Fluo) image of a neuron transfected with the
PLCB-ct dominant negative in an organotypic cortical slice (postnatal day 12;
3 days in vitro). (Scale bar: 50 um.) (C) Paired recordings from neighboring
neurons (Inset; n = 14) showing that the inward current elicited by am-5-HT
in control neurons was blocked in neurons expressing the PLCB-ct construct
(Upper; P < 0.05, paired Student’s t test) but not the increase in SEPSCs (Lower;
P =0.59, paired Student's t test; n = 14 pairs). (D) Administration of carbachol
(Carb) induced a slow inward current in control, nontransfected neurons
(—29.9 = 6.1 pA; n = 11) but not in neurons transfected with the PLCB-ct
construct (—0.4 = 2.4 pA; n = 20; P < 0.01, unpaired Student's t test) (Upper).
The ability of carbachol to induce an increase in sEPSCs was indistinguishable
between control and transfected neurons (Lower; P = 0.41, unpaired Stu-
dent’s t test).

signal the release of a retrograde messenger capable of inducing
glutamate release.

Single-Cell Rescue of 5-HT4R Signaling Rescues the Ability of am-5-HT
to Signal an Inward Current but Not to Increase Synaptic Activity. In
the previous experiments, the pyramidal neurons whose
5-HT,aRs were inactivated by transfection with PLCB-ct were
surrounded by neurons presumably expressing control levels of
functional 5-HT,aRs. Activation of 5-HT,4Rs in these untrans-
fected neurons could, in principle, have released a retrograde
messenger capable of diffusing away from the site of release to
act on excitatory terminals releasing glutamate onto the trans-
fected neuron. To control for this possibility, we sought to carry
out essentially the reverse experiments, i.e., to record from a
neuron that expresses 5-HT2aRs but that is surrounded by
neurons devoid of 5-HT,4Rs. To this end, we used biolistic
transfection procedures to rescue expression of 5-HT,aRs in
prefrontal cortical neurons derived from 5-HT,aR knockout
(5-HT2AR™/7) mice (23). We reasoned that if 5-HT,Rs signaled
the increase in SEPSCs by the release of a retrograde messenger,
then we should be able to selectively rescue the ability of
am-5-HT to increase SEPSCs only in cells whose expression of
5-HT>4Rs has been rescued.

We first characterized the effect of am-5-HT on acute slices
derived from wild-type and 5-HT,AR ™/~ mice. In wild-type mice,
am-5-HT increases sEPSCs frequency and this effect was
blocked by the selective 5-HT,4 antagonist MDL 100907 (300
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Fig.3. 5-HT,aR expression in cells derived from 5-HT,aR knockout (KO) mice
rescues the ability of am-5-HT to induce an inward current but not to increase
sEPSC activity. (A7) Administration of am-5-HT (10 uM) increases sEPSC activity
in wild-type mice, and this effect was blocked by MDL 100907 (300 nM). (Inset)
Plot summarizing the effect of this experiment in four neurons (*, P < 0.01,
paired Student’s t test). White bars, baseline; gray bars, am-5-HT. (A;) The
ability of am-5-HT to increase sEPSC activity is blocked in this recording derived
from a 5-HT;aR KO mouse. In this same cell, carbachol (Carb) (30 uM) elicited
a robust increase in sEPSC activity. On average, the ability of am-5-HT to
increase sEPSCs activity was largely, although not completely, blocked in the
KO (Inset) (n = 39; residual increase in sEPCS by am-5-HT; *, P< 0.01 compared
with baseline, paired Student'’s t test). White bars, baseline; gray bars, am-5-
HT. (B) Diagram illustrating the approach used for this experiment. 5-HTaRs
were expressed in cultured cortical brain slices derived from 5-HT;aR KO mice
to rescue 5-HT2aR expression in a small subset of neurons. (C) Differential
interference contrast/fluorescence image illustrating a paired recording from
a control neuron and one transfected with 5-HTaRs and GFP. (D) Results from
paired recordings showing that expression of 5-HT,aRs rescued the ability of
am-5-HT to induce an inward current (Upper; P < 0.01, paired Student'’s t test;
n = 16 pairs) but had no effect on the ability of this agonist to increase sEPSC
activity (Lower). (E) In slices bathed in the 5-HT,c receptor antagonist SB
242084 (100 nM; >20 min), paired recordings from control and transfected
neurons showed that expression of 5-HT,aRs rescued the ability of am-5-HT to
induce an inward current (Upper; P<0.01, paired Student’s ttest; n = 10 pairs)
but had no effect on the ability of this agonist to increase sEPSC activity (Lower).
(F) The ability of carbachol to induce an inward current (Left) and an increase in
SEPSCs (Right) was indistinguishable between controls (n = 16) and neurons
transfected with 5-HT>aRs (n = 15) in slices derived from 5-HT,aR KO mice.

nM;n = 4) (Fig. 34; and A>). The ability of am-5-HT to increase
SsEPSCs was greatly, but surprisingly not completely, suppressed
in 5-HT2AR~/~ mice (Fig. 3 4; and A5). Indeed, in 9 of 39 cells
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tested from 5-HT2aR™/~ mice, a generally small, but clearly
distinguishable, increase in the frequency of SEPSCs could be
detected after administration of am-5-HT. This residual re-
sponse to am-5-HT was blocked by the selective 5-HT,¢ receptor
antagonist SB 242084 (100 nM; n = 4; P < 0.05, paired Student’s
t test; data not shown). Because the effect of am-5-HT appeared
to be entirely mediated by 5-HT»aRs in wild-type mice, we
interpreted this finding as reflecting a possible small adaptive
up-regulation of 5-HT,c receptors in the 5-HT,AR™/~ mice.
However, because this residual increase in SEPSC activity was
very small, these findings validate the use of this knockout mouse
as a suitable physiological null background.

A key requirement for this experiment is that 5-HT,AR
function in pyramidal neurons be effectively “rescued” by the
transfection of 5-HT,aRs. We thus monitored the ability of
5-HT2aR activation to elicit an inward current in pyramidal
neurons. Paired recordings in slices derived from 5-HT,aR ™/~
mice showed that am-5-HT did not induce an inward current in
control (nontransfected) cells but elicited a clear inward current
in neighboring neurons transfected with 5-HT»aRs (Fig. 3D
Upper). Thus, 5-HT,aR-mediated signaling was effectively res-
cued in 5-HT>4R '~ cells transfected with 5-HT>4Rs.

If activation of 5-HT,aR were to result in the generation of a
retrograde messenger capable of inducing the release of gluta-
mate, the ability of am-5-HT to increase the frequency of
SsEPSCs should be rescued in 5-HT>4oR /'~ cells transfected with
5-HT:aRs. We found that am-5-HT elicited a small increase in
sEPSC frequency in control untransfected cells from
5-HT2aR '~ mice and this small increase was of similar magni-
tude in neighboring neurons transfected with 5-HT»4Rs (Fig. 3D
Lower; n = 16 pairs).

Admittedly, the interpretation of this experiment is compli-
cated by the small increase in SEPSCs induced by am-5-HT in
slices derived from 5-HT>4R ~/~ mice. We had earlier attributed
this residual response to a possible up-regulation of 5-HT>c
receptor function in 5-HT,aR ™/~ mice. To resolve this remaining
ambiguity, we repeated the rescue experiment in the presence of
the 5-HT»c receptor antagonist SB 242084 (100 nM) (Fig. 3E).
Consistent with our observation in acute slices, in the presence
SB 242084, am-5-HT did not increase the frequency of SEPSCs
in control (untransfected) neurons in cultured slices from
5-HT>AR ™~ mice (Fig. 3E Lower; n = 10 pairs). Importantly,
am-5-HT also did not increase the frequency of sEPSCs in
neighboring cells rescued with 5-HT,4Rs in these conditions
(Fig. 3E Lower; n = 10 pairs). Again, 5-HT,aRs were functional
in the transfected neurons in these experiments because am-
5-HT induced a robust inward current only in transfected
neurons (Fig. 3E Upper). Finally, this general failure to observe
changes in the frequency of SEPSCs was likely not the result of
nonspecific changes brought by the transfection procedure or
from 5-HT,aAR gene deletion per se, because the ability of
carbachol to induce an inward current and to increase the
frequency of sSEPSCs was indistinguishable between control cells
and cells transfected with 5-HT»aRs (Fig. 3F). Together, these
results indicate that expression of 5-HT,aRs in pyramidal cells
from 5-HT>aR™/~ mice effectively rescued the ability of
5-HT,aRs to signal an inward current, but not the ability to
increase the frequency of SEPSCs. As such, they failed to support
the retrograde message hypothesis.

GTP+S Selectively Renders Irreversible the 5-HT;aR-Induced Inward
Current but Not the Increase in sEPSCs. To control for a potential
confound resulting from the culturing procedure, we sought an
alternative strategy to test for the presence of a retrograde
messenger induced by activation of 5-HT,4Rs in acute slices. We
reasoned that a manipulation that would alter G protein-
mediated signaling in the recorded cell should equally disrupt
the ability of 5-HT,aRs to induce an inward current and the
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Fig.4. Effects of intracellular GTPyS on the 5-HT,aR-induced inward current
and increase in SEPSCs. (A) Cell pairs were patched with electrodes filled with
intracellular solution containing either GTP or GTPyS. Intracellular perfusion
with GTPyS (>10 min) rendered the inward current induced by am-5-HT (10
uM) effectively irreversible (Upper) but had no detectable effect on the
increase in sEPSCs (n = 13 pairs) (Lower). (Inset) Image illustrating the record-
ing configuration used for this experiment. (B) Essentially identical results
were observed in cortical slices derived from adult (postnatal day > 33) rats by
using 5-HT as an agonist (10 uM, n = 7 control and n = 6 GTPyS-loaded
neurons).

release of a retrograde messenger. To test this prediction, we
used the poorly hydrolysable GTP analog GTP+S, a compound
that limits the rate of GTP hydrolysis by Ga subunits and thus
renders G protein-mediated responses irreversible. A previous
study has successfully used this strategy to disclose a G protein-
mediated release of a cannabinoid retrograde messenger (24).

Consistent with a previous report (25), paired recordings from
layer V pyramidal neurons of acute slices showed that am-5-HT
induced a small inward current that fully recovered on agonist
removal in control cells, while inducing an irreversible inward
current in neighboring cells loaded with GTPyS (Fig. 44 Lower;
n = 13 pairs). Administration of am-5-HT induced comparable
increases in SEPSCs in control and GTP+yS-loaded neurons.
However, contrary to what was observed for the inward current,
the increases in SEPSC for both conditions recovered on agonist
removal with identical time courses (Fig. 44 Upper). Similar
results were obtained in slices derived from adult animals by
using 5-HT as the agonist, with the exception that the inward
current induced by 5-HT was larger than that induced by
am-5-HT (Fig. 4B). These findings in acute slices are again
inconsistent with the idea that activation of 5-HT>sRs in the PFC
lead to an increase in sEPSCs by inducing the release of a
retrograde messenger.

A Subpopulation of Neurons Within the PFC Is Depolarized and Excited
by 5-HT24R Activation and Represents the Likely Source of the sEPSCs
Induced by Activation of These Receptors. One of the key finding
leading to the retrograde messenger hypothesis has been the
failure to locate, within PFC, neurons capable of being robustly
depolarized to fire action potential by the activation of
5-HT7aRs (4, 9, 11). The very small inward current induced by
am-5-HT in our recordings, both in acute and cultured slices, is
consistent with these observations. However, we noticed in
current-clamp recordings in acute rat PFC slices that a subpopu-
lation of large neurons in the deep layers was highly sensitive to
the administration of 5-HT and responded with strong mem-
brane depolarizations capable of initiating spiking activity (Fig.
5). Focusing on the largest cells in the deep layer of the PFC, we
found that approximately one-third of our recorded cells were
excited by 5-HT (10-30 uM; 84 of 260 cells sampled). Biocytin
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Fig.5. Asubpopulation of pyramidal neuronsin acute rat PFCslices is excited
by activation of 5-HT2aRs. (A;) Administration of 5-HT (30 wM) depolarized
and excited this pyramidal neuron in PFC. (Inset) Image of this cell after filling
with biocytin. (Scale bar: 150 um.) (A) Administration of am-5-HT (10 uM)
similarly depolarized and excited another pyramidal neuron. (B) Consecutive
applications of 5-HT (30 uM) elicited comparable (i.e., nondesensitizing)
excitation of this subpopulation of neurons. The excitation induced by 5-HT
was blocked by MDL 100907. Upper, n = 6; Lower, n = 7. (C) DAMGO
suppresses the 5-HT,aR-induced increase in spontaneous activity. (C;) Consec-
utive administration of am-5-HT (30 uM) elicited comparable (i.e., nondesen-
sitizing) increase in frequency of sEPSCs (n = 6). (C;) The increase in sEPSCs
induced by am-5-HT is blocked by administration of DAMGO (10 uM; n = 6; P <
0.01, paired Student’s t test). (D) The ability of am-5-HT (30 uM) to excite
pyramidal neurons is blocked by administration of DAMGO (10 uM; n = 5; P <
0.01, paired Student'’s t test).

labeling in some of these recordings identified post hoc these
cells as pyramidal (i.e., glutamate releasing; n > 20) (Fig. 54;
Inset) neurons.

This 5-HT-induced depolarization/excitation was blocked by
MDL 100907 (100 nM to 1 uM; n = 5 cells) (Fig. 5B) but not by
GR113808 (1 uM) and SB 269970 (1 uM), blockers of 5-HT4 and
5-HT7 receptors, respectively, two receptor subtypes previously
shown capable of depolarizing pyramidal cells (n = 4 cells; data
not shown). Administration of am-5-HT (n = 10) was also found
to be capable of inducing a strong membrane depolarization
leading to action potential spiking (Fig. 54>), whereas admin-
istration of the hallucinogen 1-[2,5-dimethoxy-4-iodophenyl]-2-
aminopropane (10 uM), a selective 5-HT; partial agonist, also
resulted in a strong membrane depolarization (mean depolar-
ization, 6.4 = 0.9 mV; data not shown). Thus, activation of
5-HT>,aRs in cortex both depolarizes and excites a subpopulation
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of deep neurons and increases the frequency of SEPSCs in layer
V pyramidal neurons.

It has been shown previously that activation of u-opioid
receptors can abolish the ability of 5-HT to increase sEPSC
activity (26). If the 5-HT,aR-induced action potential firing of
these deep, large pyramidal neurons is the substrate of the
5-HT,aR-induced increase in sEPSCs in canonical layer V
pyramidal neurons, both these responses should be abolished by
p-opioid receptor activation. We first replicated the initial
finding and found that the selective u-opioid receptor agonist
[D-Ala?,N-MePhe*,Gly’-ol]enkephalin (DAMGO) (10 uM)
completely suppressed the ability of am-5-HT to increase
sEPSCs activity from layer V pyramidal neurons (Fig. 5 C; and
C>). We then carried out current-clamp recordings from the
deep, large cells identified above and found that administration
of DAMGO completely suppressed the ability of am-5-HT to
depolarize and excite these neurons (Fig. 5D). Consistent with
these findings, am-5-HT induced a robust inward current in
these cells, which was blocked by DAMGO, and this effect of
DAMGO was blocked by the opioid antagonist naloxone (1 uM;
n = 6; data not shown). Together, these results support the idea
that the increase in SEPSC activity observed in PFC in response
to 5-HT2aR activation results from the excitation of a subpopu-
lation of pyramidal cells in the deep layers of PFC and not
through activation of thalamocortical axons by a retrograde
messenger.

Discussion

Studies on pyramidal neurons of the PFC have consistently
shown that one of the most robust effects signaled by 5-HT,aRs
is a marked increase in spontaneous glutamate-mediated syn-
aptic activity. Although the mechanism underlying this increase
is generally believed to involve the release of a retrograde
messenger capable of exciting presynaptic thalamocortical ter-
minals impinging on 5-HT,aR expressing pyramidal neurons,
this idea has not been rigorously tested. Here, we report on a
number of experiments whose results are inconsistent with the
involvement of a retrograde messenger. Rather, our results
suggest that 5-HT»sR activation leads to an increase in gluta-
matergic recurrent network activity by directly exciting a sub-
population of pyramidal cells located in the deep layers of
the PFC.

Our strategy for testing the retrograde message hypothesis was
to design experiments aimed at detecting the involvement of a
retrograde messenger independent of any assumptions about its
identity. In the first of these, we used a Gag.;; dominant negative
to block 5-HT:aR signaling in a limited number of cells within
the cortical network. We reasoned that, if S-HT»4R signaled the
release of a retrograde message capable of activating glutamate
releasing terminals impinging on the cell, then the dominant
negative should reduce or block the response. Although
5-HT>aR signaling was effectively blocked in the cells trans-
fected with the dominant negative, the 5-HT,sR-induced in-
crease in SEPSCs was comparable to that seen in control cells.
Because in this experiment control pyramidal neurons surround-
ing the transfected cell could have released a retrograde message
(27), we also carried out essentially the reverse experiments and
rescued 5-HT>4Rs in a small number of neurons in slices derived
from 5-HT»aR knockout mice. In this experiment, transfection
with 5-HT,aR effectively rescued the ability of am-5-HT to
signal an inward current, but failed to rescue its ability to increase
EPSC activity. Both of these results are inconsistent with the
retrograde message hypothesis.

By necessity, the molecular intervention strategies used for the
above experiments were implemented on organotypic slices held
in cultures for several days. In this preparation, only synaptic
networks from within the cortical slice are likely to be preserved,
whereas axons originating from neurons outside the plane of cut
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can be expected to have degenerated. Thus, it remains possible
that the culturing procedure resulted in functional changes
impacting the ability of 5-HT,R activation to trigger the release
of a retrograde messenger. To test this possibility, we took
advantage of the ability of GTP4S to allow for the irreversible
activation of G protein signaling cascades. Intracellular injection
of GTP»S, however, had no effect on the ability of am-5-HT to
elicit an increase in SEPSCs while rendering the inward current
elicited by 5-HT,aR activation effectively irreversible. As such,
these results again failed to support the idea that postsynaptic
5-HT,aRs in pyramidal cell of the rat PFC regulate SEPSCs by
releasing a retrograde message.

Historically, acceptance of the retrograde messenger hypoth-
esis emerged from the failure of simpler mechanisms to explain
the increase the ability of 5S-HT,aRs to increase sEPSC activity.
Specifically, S-HT,aR activation did not appear to excite pyra-
midal neurons (4, 9, 11, 25) but involved an increase in the
release of glutamate by afferent presynaptic terminals (9, 11, 12,
14). As such, the retrograde messenger hypothesis did seem to
offer the only possible explanation for the phenomenon. We
have now identified a discrete subpopulation of neurons in the
PFC that is excited by 5-HT,sR activations and that can, in
principle, represent the cellular elements responsible for the
increase in SEPSCs. Although it is difficult to test experimentally
this conjecture, previous studies have reported that p-opioid
agonist suppress the ability of 5-HT>aRs to increase SEPSC
activity. Because these receptors are expressed at very low levels
in cortex, it has also been suggested this effect could help identify
the presynaptic cellular elements mediating the 5-HT»4R induce
increase in glutamate release. We found that activation of
p-opioid receptors completely blocked the ability of 5-HT,aRs
to excite this subpopulation of pyramidal cells. These physio-
logical results are consistent with the presence of scattered
p-opioid receptor expressing cells in the frontal cortex, espe-
cially in the deep layers (28, 29). As such, these results support
the view that 5-HT,oRs in PFC enhance the overall excitability
of PFC network by regulating the properties of a key subpopu-
lation of pyramidal neurons.

Although 5-HT,aRs are expressed robustly in the PFC, they
are also expressed in other regions of the brain (30) where they
mediate membrane depolarization and neuronal excitation (31).
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However, selective rescue of 5-HT»4R expression in cortex is
sufficient to rescue 5S-HT,aR-induced head shaking, a behavioral
proxy for hallucinogenic activity (32) and as such provide
experimental support to the idea that cortical 5-HT>4Rs mediate
the psychotropic effects of hallucinogens. Interestingly, activa-
tion of p-opioid receptors suppresses the 5-HT,aR-induced
excitation of the subpopulation of neurons identified in the
current study, the increase in SEPSCs recorded from canonical
layer V neurons, and the 1-[2,5-dimethoxy-4-iodophenyl]-2-
aminopropane-induced head shaking behavior (33). This con-
gruence across different levels of biological organization sup-
ports the idea that the 5-HT,sR-mediated increase in glutamate
synaptic activity analyzed in the current work bears a causal
relationship to the mechanism of action of hallucinogens.

The results outlined in the current work lead to a reconcep-
tualization of the mechanism of action of hallucinogens away
from the idea that they facilitate thalamocortical excitatory
synaptic transmission and toward the idea that they directly
modulate recurrent intrinsic networks, perhaps regulating the
gain of recurrent circuits in the PFC. A corollary implication of
this view hold that excessive stimulation of 5-HT,5Rs, such as
during hallucinogen use, might destabilize PFC recurrent circuits
and thus give rise to the sensory manifestation of hallucinogens.
The present results thus suggest that the “breakdown” of cortical
function brought by hallucinogens does not result from an
excessive stimulation of thalamocortical innervation but rather
from altered function of PFC intrinsic circuitry. Future studies
will be required to further dissect the behavioral consequences
predicted by this model.

Methods

Acute slices containing PFC were prepared following standard
procedures, and cultured slices were prepared as previously
described. Whole-cell voltage- and current-clamp recordings
were obtained from layer V pyramidal neurons following stan-
dard procedures. These procedures are described in greater
detail in ST Methods.
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