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Hallucinogen-Induced UP States in the Brain Slice of
Rat Prefrontal Cortex: Role of Glutamate Spillover

and NR2B-NMDA Receptors
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Psychedelic hallucinogens (eg LSD or DOI) induce disturbances of mood, perception, and cognition through stimulation of serotonin
5-HT, A receptors. While these drugs are not proconvulsant, they have been shown by microdialysis to increase extracellular glutamate in
the prefrontal cortex. Electrophysiological studies in the rat prefrontal slice have shown that both LSD and DOI enhance a prolonged,
late wave of glutamate release onto layer V pyramidal neurons after an electrical stimulus. Here, we hypothesize that the network activity
underlying this UP state involves glutamate spillover from excitatory synapses. To test this hypothesis, we raised the viscosity of the
extracellular solution by adding the inert macromolecule dextran (~ | mM) that is known to retard glutamate overflow into the
extrasynaptic space. Dextran suppressed the UP state or late excitatory postsynaptic current (EPSC), but neither the fast EPSC, the
traditional polysynaptic EPSC, nor a synaptic form of 5-HT;a-mediated transmission (serotonin-induced spontaneous EPSCs). Consistent
with the previous work showing that extrasynaptic glutamate transmission in adult depends on NR2B-containing NMDA receptors, we
found that NR2B-selective antagonists, ifenprodil and Ro25-6981, also suppressed the late EPSCs. The effect of psychedelic hallucinogens
on UP states could be partially mimicked by inhibiting glutamate uptake but only after blocking inhibitory group Il metabotropic glutamate
receptors. This difference suggests that hallucinogens increase glutamate spillover in a phasic manner unlike glutamate uptake inhibitors.
Increases in glutamate spillover have been suggested to recruit synapses not directly in the pathway activated by the electrical stimulus.
Such recruitment could account for certain cognitive, affective, and sensory perturbations generated by psychedelic hallucinogens.
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INTRODUCTION

Psychedelic hallucinogens alter many aspects of cortical
function through their activation of 5-HT,, receptors (for
a review, see Nichols, 2004). Imaging studies in humans
have shown that both indolamine and phenethlylamine
hallucinogens increase the prefrontal cortex activation
(Vollenweider et al, 1997; Gouzoulis-Mayfrank et al,
1999). Consistent with such activation, microdialysis studies
in rats have shown that psychedelic hallucinogens increase
extracellular levels of the excitatory amino acid, glutamate
(Scruggs et al, 2003; Muschamp et al, 2004). Interestingly,
psychedelic hallucinogens are not proconvulsant; in fact,
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numerous EEG studies show that LSD promotes the
desynchronized brain waves of active waking rather than
epileptiform activity (reviewed in Rodin and Luby, 1966).
Electrophysiological studies in rats show that indolamine
(eg lysergic acid diethylamine; LSD) and phenethlylamine
(eg 1-(2,5-dimethoxy-4-iodophenyl-2-aminopropane (DOI))
hallucinogens enhance a delayed form of glutamate release
through their partial agonist actions at 5-HT,, receptors
(Aghajanian and Marek, 1999). This late wave of glutamate
release depends on activation of NMDA receptors (Stutzmann
et al, 2001) and resembles the UP states resulting from
sustained activity in balanced excitatory and inhibitory
recurrent networks described recently (Shu et al, 2003;
Hasenstaub et al, 2005). In the adult rat prefrontal cortex,
under typical submerged slice conditions, this phenomenon
can be observed only infrequently in the absence of psyche-
delic hallucinogen (eg when a pathway is stimulated after a
long quiescent period). The application of a low concentra-
tion of a psychedelic hallucinogen to the brain slice allows
this late wave or UP state to occur much more frequently.
The ability of psychedelic hallucinogens to promote or



exaggerate UP states in vivo would have profound repercus-
sions for perception, mood, and cognition.

A growing body of literature suggests that activation of
high-affinity extrasynaptic NMDA receptors by glutamater-
gic spillover may play a significant role in the brain function
(Kullmann et al, 1996; Barbour and Hausser, 1997; Rusakov
and Kullmann, 1998; Scimemi et al, 2004; Lozovaya et al,
2004). According to this view, the activation of any one
synapse would not only activate its immediate postsynaptic
partner, but may also—depending on conditions—be able
to activate high-affinity NMDA receptors at adjacent spines
or presynaptic terminals. While the diffusion of glutamate
appears highly regulated by glial and neuronal uptake
mechanisms (reviewed in Huang and Bergles, 2004),
dendritic spines in the cerebral cortex are unusual in their
relative lack of glial cover (Spacek, 1985). Since spillover
would preferentially activate high-affinity NMDA receptors,
it has been suggested that under normal physiological
conditions it would not interfere with fast point-to-point
transmission but instead may enhance responsiveness of
the network (Shu et al, 2003; Scimemi et al, 2004). In fact,
there are aspects of the subjective effects of psychedelic
hallucinogens that appear consistent with enhancing
interactions between synapses that would normally
not experience °‘cross talk,’—that is, altered sensory
perception, increased emotional lability, and disturbed
cognitive processing.

In this study, we investigate whether the psychedelic
hallucinogens LSD and DOI enhance extrasynaptic trans-
mission of glutamate in the brain slice of prefrontal cortex.
First, we retard the diffusion of glutamate beyond the
synapse by changing the viscosity of the extracellular space
using dextran, a macromolecule that has often been
employed to suppress spillover (Min et al, 1998; Perrais
and Ropert, 2000; Nielsen et al, 2004; Piet et al, 2004;
Savtchenko and Rusakov, 2005). Then, we assess the
subtypes of NMDA receptors that are involved in the
delayed wave of glutamate enhanced by psychedelic
hallucinogens. Finally, we test whether blocking glutamate
uptake is able to mimic LSD or DOIL.

METHODS

Coronal slices (400 pm thick) of the medial prefrontal
cortex were prepared from adolescent/young adult Spra-
gue-Dawley rats (35-60 days old), in accordance with
protocols approved by the Yale University Animal Care and
Use Committee. Slices were cut in chilled (~4°), oxyge-
nated ACSF in which 254 mM sucrose was substituted for
NacCl, then placed in a modified perfusion chamber (Warner
Instruments, Hamden, CT) mounted on the stage of an
Olympus BX50WI microscope (Olympus; Melville, NY).
Regular ACSF (128 mM NacCl, 3 mM KCl, 1.25 mM NaH,PO,,
10 mM p-glucose, 26 mM NaHCO;, 2mM CaCl, and 2 mM
MgSO,; pH 7.35) was bubbled with 95% oxygen and 5%
carbon dioxide, warmed, and flowed over slice at 30-34°
Celsius (3-4 ml/min).

Platinum-irridium bipolar stimulating electrodes with
3 um tips (FHC, Bowdoinham, ME) were placed midlayer in
the medial prefrontal cortex and controlled via a Pulse-
master A300 interval generator (WPI, Sarasota, FL) and a
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stimulus isolation unit (Axon Instruments, Union City, CA).
Whole-cell patch electrodes (4-6 M) contained 120 mM
potassium gluconate, 5mM KCl, 2mM MgCl, 4mM K,-
ATP, 0.4mM Na,-GTP, 10mM Na,-phosphocreatine, and
10mM HEPES (adjusted to pH 7.33 with KOH). Neurons
were patched under visual control using IR-DIC micro-
scopy. Currents were recorded using continuous single
electrode voltage clamp mode with an Axoclamp 2A, low-
pass filtered at 3kHz, amplified 100 x through Cyberamp
and digitized at 15kHz, and acquired using pClamp/
Digidata 1200 (Axon Instruments). The neurons were
voltage-clamped near their resting potential. The tips of
the stimulating electrodes were located either in layer II/III
or layer V (50-500 pm dorsal or ventral) from the patched
neuron. The stimulating currents employed were 0.2 ms in
duration and ranged from 5 to 25 pA in amplitude. During
the baseline period in each experiment, stimuli were
adjusted to produce a distinct fast EPSC but kept below
the level that recruited late outward currents.

Fast and late EPSC areas (pA*ms) were measured using
Axograph software. The measurement was performed by
determining the absolute area under the curve from the
point of return to baseline after the fast EPSC (or deviation
from smooth decay phase in the case of a late EPSC that
emerged without a return to baseline) to the point of return
to baseline (or end of the trace) after the late EPSC. Analysis
of spontaneous EPSCs from each 10s block of sweeps was
performed using MiniAnalysis software (Synaptosoft Inc.,
Decatur, GA), as described previously (Lambe and Aghaja-
nian, 2003). Group statistical significance was assessed
using paired f-tests. Averages were expressed as mean+
standard error (SE).

Drugs were applied in the fast-flowing bath. Drugs were
obtained from Sigma (St Louis, MO). The dextran solution
was prepared according to previously established methods
(Min et al, 1998; Nielsen et al, 2004). Dextran (~ 40kDa)
was added to standard ACSF in a concentration of 5% and
rendered iso-osmotic by diluting the solution with water
(~6%). Flow rate and temperature were kept constant
during application of dextran.

RESULTS

Effects of a Hallucinogen on Electrophysiological
Properties of Layer V Neurons

DOI (3uM, 15min; 5-100 min washout) had little or no
effect on membrane and spike properties of layer V
pyramidal neurons, consistent with previous slice work in
older animals (Zhang, 2003; Beique et al, 2004). All neurons
were tested within 3 min of achieving whole-cell configura-
tion, N=9 neurons before DOI, resting potential:
—69.9+1.5mV, spike amplitude: 90.0+2.5mV; input
resistance: 86.1+9.5MQ; N=10 cells after DOI, resting
potential: —69.1+0.9mV; spike amplitude 90.7+2.8 mV;
input resistance: 90.0 + 13.6 MQ. There was a nonsignificant
trend for neurons to be more excitable after DOI (before
DOIL, N =9 neurons; 4.0 + 0.4 spikes with injection of 0.2 nA
depolarizing current; after DOI, 4.3+0.3 spikes with the
same current N=10 neurons). In neurons that were
followed before, during, and after DOI application (see
example in Figure 1), two of five showed an increase in
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excitability, as measured by an increase in spikes in
response to a depolarizing current, and three of five showed
a small increase in spontaneous excitatory postsynaptic
potentials as previously reported (Marek and Aghajanian,
1999).

Psychedelic Hallucinogens Enhance Extrasynaptic
Transmission

As described previously (Aghajanian and Marek, 1999;
Stutzmann et al, 2001), slow rates (0.1 Hz) of electrical
stimulation in either layer II/III or layer V of the medial
prefrontal cortex induces fast excitatory postsynaptic
currents (fast EPSCs) in pyramidal neurons in layer V.
Bath application of either DOI (3uM, 15min) of LSD
(10nM, 10 min) elicits a late wave of glutamate release (late
EPSC) after each fast evoked response (0.1 Hz), as shown in
Figure 2. These hallucinogen-enhanced late EPSCs can be
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Figure | Membrane and spiking properties of a typical neuron recorded
in this study in response to depolarizing and hyperpolarizing current pulses.
Current clamp traces (0.1 nA steps) from a layer V pyramidal recorded (a)
before and (b) after application of DOI (3 pM, 15 min). Note slight increase
in spontaneous excitatory postsynaptic potentials following DOI.
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Figure 2

extremely prolonged, lasting up to 2s in some neurons.
The effect becomes refractory at more frequent rates of
stimulation and at 1 Hz stimulation is suppressed comple-
tely, although the fast EPSC does not appear to have
changed. The effect of LSD and DOI is very slow to wash
out, lasting more than 2h without reapplication of drug.
Stimulation in either layer II/III or V was effective at
eliciting late EPSCs in the presence of DOI in 100% of the
traces at 0.1 Hz under the recording conditions used in this
study (this effect is temperature dependent and occurs less
frequently at temperatures below 30°C). Previous work has
shown that the hallucinogen-enhanced late EPSC (but not
the fast EPSC) can be suppressed by the selective 5-HT,4
antagonist MDL100907 (Aghajanian and Marek, 1999) and
depends on NMDA activation (Stutzmann et al, 2001). This
NMDA activation appears to be in the network since the late
EPSC is mediated postsynaptically by AMPA receptors
in cells recorded at hyperpolarized resting potentials and,
like the fast EPSC, can be blocked with AMPA/kainate
antagonists (eg LY293558 or CNQX) (Aghajanian and
Marek, 1999). Figure 2 shows that wash-in of 5% dextran
(~1mM) dramatically attenuated the late EPSCs without
significantly changing the fast EPSC. Note that early
components of the late EPSC, which are in the range of
conventional polysynaptic responses, are less affected by
dextran (see arrows in Figure 2). The late EPSCs remained
substantially suppressed for at least 5min into the washout
of dextran and recovered slowly over the next 5-10 min. The
mean data for five neurons with LSD and six neurons with
DOI are summarized in Figure 2c. The fast EPSC provided
an internal control to test whether dextran interfered with
monosynaptic transmission. In addition, we tested a
monosynaptic form of 5-HT,s-mediated neurotransmis-
sion,the induction of spontaneous EPSCs,—to ensure that
dextran was not interfering with 5-HT,, receptors or
transduction pathways. As shown in Figure 3, dextran did
not suppress either the frequency or the amplitude of
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Increasing the viscosity of the extracellular fluid with 5% dextran suppresses the late excitatory postsynaptic currents (late EPSCs) enhanced by

psychedelic hallucinogens but does not suppress the electrically evoked fast EPSC. (a) EPSCs evoked electrically (10 pA stimuli given at 0.1 Hz, each trace is
the average of 10 sweeps; Vi = —75mV) under baseline conditions, after DOI (3 uM; |5 min), with 5% dextran (4 min), and after partial washout of dextran
(8 min). Note the absence of a discernable late EPSC prior to DOI application. (b) EPSCs evoked electrically (10 puA stimuli given at 0.1 Hz, each trace is the
average of 10 sweeps; Viy=—75mV) after LSD (10nM, 10 min) with 5% dextran (4 min) (10 pA stimuli given at 0.1 Hz, each trace is the average of 10
sweeps; Vi = —75mV). Note that an early phase of the late EPSC following DOI and LSD is relatively resistant to dextran (arrows). (c) Bar graph showing
percent suppression (mean+ SE) by dextran of fast EPSC and late EPSC areas after DOI (n=6 cells; P <0.01) or after LSD (n=5 cells; ¥P<0.01).
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Figure 3 Synaptic 5-HT,a-elicited spontaneous EPSCs are not sup-
pressed by 5% dextran. (a) Example sweeps (Is) in voltage clamp
(Vg =—75mV) showing basal sEPSCs and those induced by 5-HT (20 uM,
I'min). Spontaneous EPSCs in the same neuron are shown below after
[Omin bath application of 5% dextran and with co-application of 5%
dextran and 5-HT (20 M, I min). (b) Bar graphs show mean frequency
and amplitude of basal and serotonin 5-HT,a-¢elicited spontaneous EPSCs
before and during application of 5% dextran (n=5). There were no
significant effects of dextran. (c) Current clamp traces (0.1 nA steps) from a
layer V pyramidal recorded before and during application of 5% dextran
(5 min).

serotonin-induced spontaneous EPSCs. The mean data for
five neurons are summarized in Figure 3b. In fact, there was
a nonsignificant trend toward an increase in both basal and
5-HT-induced sEPSCs. Finally, as illustrated in Figure 3c,
the excitability and membrane properties of the neurons
were not significantly changed in the presence of 5%
dextran: spike amplitude (basal: 88.8+4.1 mV; dextran:
87.8+5.5mV), input resistance (basal: 82.6+9.2 MQ; dex-
tran: 83.0+ 8.7 MQ), and membrane time constant measure-
ment or tau (basal: 0.3940.03; dextran 0.41+0.03). The
selective suppression of the late EPSCs or UP states by
dextran suggests that the late wave of glutamate release
enhanced by psychedelic hallucinogens stimulates extra-
synaptic rather than synaptic glutamate receptors.

Since recent studies in the adult rat have suggested that
extrasynaptic glutamate transmission is mediated dispro-
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Figure 4 Selective antagonists for NMDA receptors that contain the
NR2B subunit suppress the DOl-enhanced late EPSC but not the fast
EPSC. (a) Averaged traces (10 sweeps) showing fast and late EPSCs after
DOI (I15min; 3 uM) before and after application of Ro25-6981 (500 nM,
[0 min). (b) Bar graph showing percent suppression (mean + SE) of fast and
late EPSC areas by ifenprodil (3uM; n=5; *P<0.01) and Ro25-6981
(500nM; n=5; *P<0.05).

portionately by NMDA receptors that contain the NR2B
subunit (Lozovaya et al, 2004; Scimemi et al, 2004), we
assessed the ability of the selective NR2B antagonists Ro25-
6981 (Fischer et al, 1997) and ifenprodil (Williams, 1993) to
suppress DOI-enhanced late EPSCs. As shown in Figure 4,
the late EPSC was markedly suppressed by either Ro25-6981
(500 nM, 10 min) or ifenprodil (3 uM, 10 min). By contrast,
neither R025-6981 nor ifenprodil had any significant effect
on the fast EPSC.

Effects of Inhibiting Glutamate Uptake

Since glutamate uptake by transporters is known to be a
major limiting factor on spillover under normal conditions
in brain slice (Diamond, 2001; Huang and Bergles, 2004),
their blockade is known to increase extracellular glutamate
(Melendez et al, 2005), and Gg-coupled mechanisms can
decrease surface expression of glutamate transporters
(Kalandadze et al, 2002), we tested whether blocking
glutamate uptake with a relatively low concentration of
TBOA could enhance the occurrence of late EPSCs similarly
to psychedelic hallucinogens. Figure 5 shows that TBOA
(30uM, 3-5min) only minimally enhanced late EPSCs.
Since recent work has shown that the increase in ambient
glutamate with TBOA additionally activates inhibitory
group II metabotropic glutamate (mGlu2/3) receptors
(Melendez et al, 2005), we hypothesized that an antagonist
of inhibitory metabotropic glutamate receptors may allow
TBOA to mimic the effects of psychedelic hallucinogens.
In Figure 5, we illustrate that emergence of late EPSCs in
the presence of TBOA depends critically on blockade of
mGlu2/3 receptors. By contrast, the late EPSCs enhanced
by DOI are not significantly increased by application of
LY341495 (300 nM-1 pM; 5+4% increase, N=4), compared
to the effect of LY341495 on TBOA (300 nM; 350+ 26%
increase; N=75). These results suggest that the timing of
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Figure 5 Blocking glutamate uptake with TBOA only partially enhances
the late EPSC. In order to mimic the effect of psychedelic hallucinogens, it is
necessary to concurrently block inhibitory group Il metabotropic glutamate
(MGIu2/3) receptors. (a) Averaged traces (10 sweeps) before and after
application of TBOA (30 uM; 5 min), followed by application of the mGlu2/3
receptor antagonist LY341495 (300nM, 10min). Prominent late EPSCs
will only emerge after preapplication of LY341495 during 0.1 Hz electrical
stimulation in the presence of TBOA (30 pM; 5 min). (b) Bar graph showing
the absolute area of fast and late EPSCs (mean+ SE) before and during
TBOA (30uM; 5min), application of LY341495 (300nM, 10min), and
repeat application of TBOA (30 uM; 5min) (n=5; *P<0.05).

the glutamate spillover enhanced by psychedelic hallucino-
gens is different from the increase in ambient levels of
glutamate with TBOA. In microdialysis studies, however,
time-averaging means that the phasic increases in glutamate
spillover with DOI would appear similar to the tonic
increases with glutamate uptake inhibition.

DISCUSSION

The late EPSCs or UP states enhanced by psychedelic
hallucinogens behave in a manner that is consistent with
the involvement of glutamate spillover. These late EPSCs
are selectively suppressed by increasing the viscosity of
the extracellular space, a manipulation known to retard
extrasynaptic transmission (Min et al, 1998; Perrais and
Ropert, 2000; Nielsen et al, 2004). They also depend on
NR2B-containing NMDA receptors, a population thought to
be mainly extrasynaptic in the adolescent and adult rat
(Stocca and Vicini, 1998; Rumbaugh and Vicini, 1999;
Tovar and Westbrook, 1999; Townsend et al, 2003; Liu et al,
2004). However, the late EPSCs cannot be mimicked
simply by increased ambient glutamate after uptake is
blocked with TBOA. Together, these results suggest that
psychedelic hallucinogens enhance network activity in the
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rat prefrontal cortex through a phasic increase in glutamate
spillover.

Mechanistic Analysis

Glutamate spillover appears to be critical for triggering late
EPSCs or UP states in submerged brain slice of the rat
prefrontal cortex; however, it is known that such waves of
activity depend on traditional synaptic transmission in a
network of neurons (Sutor and Hablitz, 1989; Shu et al,
2003; Hasenstaub et al, 2005). This critical role of network
activity complicates analysis of the mechanism underlying
the enhancement of late EPSCs or UP states by psychedelic
hallucinogens. For example, while late EPSCs received by
the recorded neuron depend on stimulation of NR2B-
containing NMDA receptors, these receptors may be widely
distributed within the network. Consistent with previous
work in this field (Sutor and Hablitz, 1989; Shu et al, 2003),
manipulating NMDA receptor activation in the recorded
neuron by changing the holding potential or with MK-801
open channel blockade (data not shown) does not prevent
the occurrence of late EPSCs or UP states.

Underlying mechanisms could involve a 5-HT,, receptor-
mediated increase in phasic glutamate release, a reduction
in rapid uptake, or potentially an enhancement in the
detection of glutamate spillover. Recent work demonstrates
that 5-HT,, receptors can enhance the gain on prefrontal
pyramidal neurons (Zhang and Arsenault, 2005). However,
there is also an emerging body of evidence suggesting that
stimulated vesicular release of glutamate from astrocytes
can activate extrasynaptic NMDA receptors and enhance
neuronal synchrony (Fellin et al, 2004). Interestingly,
ultrastructural work has demonstrated the presence of
5-HT, 4 receptors on glial processes in the medial prefrontal
cortex (Miner et al, 2003). Alternatively, blockade of
only one subtype of glutamate transporter may result in
enhanced phasic glutamate spillover without also raising
tonic levels of extrasynaptic glutamate. It is also conceivable
that psychedelic hallucinogens enhance network activation
by increasing detection of already occurring glutamate
spillover.

Physical Arrangement Favors Spillover

Spines in cortex are also known to have substantially less
glial cover (~30% of the spine) than in other brain areas
such as the cerebellum (~75% of the spine) (Spacek, 1985),
which suggests that it may be an environment conducive to
spillover. Physiological variations in glial coverage have
been shown to alter glutamate diffusion in the extracellular
space (Piet et al, 2004). The ability of psychedelic
hallucinogens to enhance either spillover, or detection of
spillover, in the prefrontal cortical slice may arise from the
density of 5-HT,, receptors on apical dendrites of layer V
neurons (Blue et al, 1988; Cornea-Hebert et al, 1999;
Hamada et al, 1998; Jakab and Goldman-Rakic, 1998;
Willins et al, 1997; Xu and Pandey, 2000; Miner et al,
2003), together with the arrangement of these apical
dendrites in bundles (Gabbott and Bacon, 1996; Skoglund
et al, 2004). These structural features may contribute to the
ability of psychedelic hallucinogens to enhance spillover or
detection of spillover in the medial prefrontal cortex.



Possible Recruitment of Presynaptic NMDA Receptors

The ability of NR2B selective antagonists to suppress DOI-
enhanced late EPSCs supports the involvement of extra-
synaptic NMDA receptors. At the low concentrations used,
these antagonists are selective for NR2B (Williams, 1993;
Fischer et al, 1997). The convergence of their effects helps to
rule out the likelihood that their suppression of DOI-elicited
late EPSCs was nonspecific. While NR2B receptors are
omnipresent in the young rat, by adulthood they are
thought to be located mainly at extrasynaptic locations
(Stocca and Vicini, 1998; Rumbaugh and Vicini, 1999; Tovar
and Westbrook, 1999; Townsend et al, 2003; Liu et al, 2004;
but see Charton et al, 1999). Ultrastructural studies show
them postsynaptically at the edge of synapses (Fujisawa and
Aoki, 2003). However, another potential target of glutamate
spillover could be presynaptic NMDA receptors. Recent
ultrastructural work has shown the presence of NMDA
receptors on axon terminals in the cortex (Conti et al, 1999;
Aoki et al, 2003; Fujisawa and Aoki, 2003), cerebellum
(Duguid and Smart, 2004), and hippocampus (Janssen et al,
2005).

The presence of NMDA receptors presynaptically on
GABAergic terminals raises the question of whether
glutamate spillover enhances a late form of GABA
transmission as well. While this question is beyond the
scope of the current work, there is support for this
hypothesis in microdialysis work showing that psychedelic
hallucinogens enhance extracellular GABA levels in the
prefrontal cortex (Abi-Saab et al, 1999). A balance in
glutamatergic and GABAergic excitation, akin to that
observed in UP states (Shu et al, 2003; Hasenstaub et al,
2005), would further explain why psychedelic hallucinogens
are not convulsants (Rodin and Luby, 1966). While frequent
UP states are characteristic of alert waking (Steriade et al,
2001), psychedelic hallucinogens may perturb perception
and cognition by pushing such states beyond normal limits.

Caveats

The use of dextran to increase the viscosity of the
extracellular space has been extensively examined. Dextran
is an inert macromolecule and is known at the concentra-
tion used to reduce diffusion on the order of 25-30%
(Nielsen et al, 2004). On the other hand, the suppression of
DOI-enhanced late EPSCs is ~75% which suggests that the
late EPSCs may be mediated by more distant diffusion of
glutamate. In this study, we found no significant changes in
membrane properties and excitability of neurons in the
medial prefrontal cortex in the presence of dextran.
Previous work has examined the effects of dextran on the
slice and found no significant changes in spine head size,
fine branching, or shrinkage (Savtchenko and Rusakov,
2005).

Clinical Significance

The ability of psychedelic hallucinogens to increase
glutamate spillover and excite extrasynaptic NMDA recep-
tors would allow the recruitment of adjacent synapses not
directly activated by external stimuli. Such recruitment is
consistent with accounts of perturbations in perceptual and
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cognitive boundaries reported by people who have taken
psychedelic hallucinogens. As hyperglutamatergic states
may be involved in prodromal stages of schizophrenia
(Vollenweider et al, 1997), our work suggests that NR2B
antagonists may have potential as novel therapeutic or
prophylactic agents in this condition. In contrast to broad-
spectrum NMDA antagonists, selective antagonists for
NMDA receptors containing the NR2B subunit have not
been reported to be psychotomimetic in humans (Merchant
et al, 1999) and may enhance some aspects of cognitive
performance in rats (Higgins et al, 2005).
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