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Abstract—Acetylcholine and dopamine are simultaneously
released in the cortex at the occurrence of novel stimuli. In
addition to a series of excitatory effects, acetylcholine de-
cr the rel of glutamate acting on presynaptic mus-
carinic receptors. By recording evoked excitatory postsynap-
tic currents in layers Il/lll neurons of the auditory cortex, we
found that activation of muscarinic receptors by oxotremo-
rine reduces the amplitude of glutamatergic current (A, ./
A.,=0.53+0.17) in the absence but not in the presence of
dopamine (A ,,/A.=0.89%£0.12 in 20 uM dopamine). These
data suggested that an excessive sensitivity to dopamine,
such as postulated in schizophrenia, could prevent the de-
crease of glutamate release associated with the activation of
cholinergic corticopetal nuclei. Thus, a possible mechanism
of action of antipsychotic drugs could be through a depres-
sion of the glutamatergic signal in the auditory cortex. We
tested the capability of haloperidol, clozapine and lam-
otrigine to affect glutamatergic synaptic currents and their
muscarinic modulation. We found that antipsychotics not
only work as dopamine receptor antagonists in re-establish-
ing muscarinic modulation, but also directly depress gluta-
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matergic currents. These results suggest that presynaptic
modulation of glutamate release can account for a dual route
of action of antipsychotic drugs. © 2005 IBRO. Published by
Elsevier Ltd. All rights reserved.
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In most mammalian species, the appearance of salient
stimuli into the sensory field elicits the activation of several
subcortical nuclei, which, in turn, supply cortex with a
modulatory feedback. Among these corticopetal nuclei are
the cholinergic nucleus of Meynert in the basal forebrain,
which is activated during selective attention and presenta-
tion of novel stimuli (Richardson and Delong, 1991;
Voytko et al., 1994; Voytko, 1996; Bentley et al., 2003a,b;
Arnold et al., 2002; Passetti et al., 2000; Sarter and Bruno,
2000), and the dopaminergic ventral tegmental area
(VTA), also activated by novel stimuli such as unexpected
reward (Montague et al., 1996; Fiorillo et al., 2003; Waelti
et al., 2001; Schultz, 1998). Acetylcholine (ACh) and do-
pamine (DA) reach their targets with a diffuse, non-synap-
tic network of axon terminals, and exert their effect(s) by
volume transmission (Descarries and Mechawar, 2000).
The co-activation of cholinergic and the dopaminergic nu-
clei suggests the possibility that these two neurotransmit-
ters may affect cortical function in an interactive manner.

Cholinergic fibers and receptors have been identified
across all cortical layers, at all ages and in virtually all
mammalian species (Mash and Potter, 1986; Campbell et
al., 1987; Van Huizen et al., 1994). Cholinergic modulation
is particularly relevant in the temporal cortex (Aramakis et
al., 1997; Hsieh et al., 2000; Metherate and Ashe, 1991;
Kilgard and Merzenich, 1998), which processes
incoming auditory signal and acts as an important asso-
ciative area. Almost all types of DA receptors (DARs) are
present in the temporal cortex of juvenile rodents despite a
modest dopaminergic innervation (Berger-Sweeney, 2003;
Laplante et al., 2004; Verney et al., 1982; Berger et al.,
1991; Wedzony et al., 2000; Meador-Woodruff et al., 1991;
Ciliax et al., 2000). On the other hand, a more developed
dopaminergic innervation is present in the temporal cortex
of higher order mammals like cetacea (Hof et al., 1995),
primates (Campbell et al., 1987; Lewis et al., 1986, 1987)
and humans (Goldsmith et al., 1997; Goldsmith and Joyce,
1996; Joyce et al., 1998). In these species, dopaminergic
fibers travel along layer 1, containing the apical dendrites
of layers 2/3 pyramidal neurons and represents thus a
potential anatomical substrate for a functional ACh-DA
interactions. ACh muscarinic receptors (MRs) and DARs
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are coupled by G-proteins to signaling cascades that have
the potential for directly interacting with each other.

Recent clinical and preclinical evidence points to the
emergence of hyperglutamatergic states in the temporal
cortex of schizophrenic patients as the main physiopatho-
logical substrate of auditory hallucinations (Anand et al.,
2000; Hoffman et al., 2003; Moghaddam, 2003). Since
ACh elicits a marked depression of glutamate release
mediated by the activation MRs in the neocortex (Kimura
and Baughman, 1997; Metherate and Ashe, 1991), and
since most drugs effective in the treatment of schizo-
phrenic psychosis are antidopaminergic, we hypothesized
that DA may reduce the muscarinic-induced depression of
glutamatergic synaptic transmission in the temporal cortex.
We tested this hypothesis using a rat slice preparation and
recording excitatory postsynaptic currents (EPSCs) from
auditory cortex layers 2/3 neurons.

EXPERIMENTAL PROCEDURES
Preparation

We used an auditory cortex slice preparation similar to one pre-
viously described (Atzori et al., 2001). Three to 4-week-old Wistar
rats (Charles River, Wilmington, MA, USA) were anesthetized with
forane (Baxter, Round Lake, IL, USA), killed according to the
National Institutes of Health guidelines, and their brains sliced with
a vibratome in a refrigerated solution (0—4 °C) containing (mM)
130 NaCl, 3.5 KClI, 10 glucose, 24 NaHCO4, 1.25 NaH,PO,, 1.5
CaCl, and 1.5 MgCl,, saturated with a mixture of 95% O, and 5%
CO, (artificial cerebrospinal fluid, ACSF). The recording solution
contained also bicuculline methachloride (10 wM) and b-2-amino-
5-phosphonopentanoic acid (APV, 100 wM) for blocking, respec-
tively, GABA A receptor (GABALR)- and N-methyl-D-aspartate
receptor (NMDAR)-mediated currents. Coronal slices from the
most caudal fourth of the brain were retained after removing the
occipital convexity, and subsequently incubated in ACSF at 32 °C
before being placed in the recording chamber. The recording area
was selected dorsally to the sylvian sulcus corresponding to the
auditory cortex (Rutkowski et al., 2003). The recording area in the
prefrontal cortex was selected in the medial aspect of coronal
slices of the frontal lobes (see for instance Gonzalez-Burgos and
Barrionuevo, 2001).

Drugs and solutions

All drugs were purchased from Sigma (St. Louis, MO, USA) or
from Tocris (Ellisville, MO, USA). In recordings using DA or DA
analogues, 1.5 mM ascorbate was added as antioxidant. The
presence of ascorbate induced a slight change in the pH of the
extracellular solution (<0.1 pH units). Since the comparison of
recordings with or without pH correction after ascorbate showed
similar results the corresponding data were pooled together. Stock
solutions of DA, SKF38393, quinpirole, SCH23390 and spiperone
were prepared on the same day of the experiment, protected from
light with aluminum foil and oxygenated only minutes before and
during delivery. In order to assess a possible postsynaptic mod-
ulation, in some experiments, pulses of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA, 100 M), were applied
at 100—200 wM from the recording areas, once every 30 s. AMPA
was dissolved in dimethylsulphoxide (DMSO) and diluted 10-fold
in ACSF before being backfilled to a glass pipette similar to the
one used for recording. AMPA application was performed with a
pressure system (picospritzer, General Valve Corporation, Fair-
field, NJ, USA) through a glass pipette (p=25 p.s.i., 3—-12 ms).
Stock solutions of all drugs were prepared in water except for

tropicamide, U73122, the ester of phorbol phorbol-12-myristate-
13-acetate, KT5720 and clozapine, whose stock solutions were
prepared in DMSO, and haloperidol, which was dissolved in eth-
anol. For nonaqueous solutions the final concentration of the
solvent was added to the recording control solution. Drugs were
bath-applied into the recording chamber except for U73122, rp-
cAMP-S and KT 5720, which were added to the incubation cham-
ber as a pre-treatment as specified in the text.

Electrophysiology

Slices were placed in an immersion chamber, where cells with a
prominent apical dendrite, suggestive of pyramidal morphology,
were visually selected using an Axioskop 2 (Zeiss, Oberkochen,
Germany) with Nomarski optics and an infrared camera system
(DAGE-MTI, Michigan City, IN, USA). EPSCs were recorded in
the whole-cell configuration, in voltage clamp mode, holding the
membrane potential at V,,=—60 mV, with 3-5 M() electrodes filled
with a solution containing (mM) 100 CsOH, 100 gluconic acid, 5
1,2-bis(2-aminophenoxy)ethane-N,N,N’,N'-tetraacetic acid K
(BAPTA-K), 1 lidocaine N-ethyl bromide (QX314), 1 MgCl,, 10
HEPES, 4 glutathione, 1.5 ATPMg,, 0.3 GTPNa,, 8 biocytin. The
holding voltage was not corrected for the junction potential (<4
mV). Holding current (l,,) and input resistance (€};,) were moni-
tored before and during drug application with a 5 mV negative
pulse delivered before the paired pulse protocol. Electrically
evoked EPSC were measured by delivering two electric stimuli
(90-180 s, 10-50 pA) 50 ms-apart every 6 s with an isolation
unit, through a glass stimulation monopolar electrode filled with
ACSF, and placed 150-200 um from the recording electrode.
EPSCs were blocked by 6,7-dinitroquinoxaline-2,3-dione (DNQX),
indicative of their glutamatergic origin. Paired pulse ratio (PPR)
was defined as the ratio between the mean of the second to the
mean of the first response. Miniature evoked excitatory postsyn-
aptic currents (MEPSCs) were measured in the presence of
0.5uM tetrodotoxin (TTX). Recordings started after a stabilization
period of a few minutes during which the pipette solution dialyzed
into the recorded cell. We defined as statistically stable period a
time interval (typically 3-5 min) along which the EPSC mean
amplitude measured during any 1-min assessment did not vary
according to an unpaired Student t-test. After recording an initial
baseline for 3—10 min, drugs were bath-applied for 5 min or longer,
until reaching a stable condition (as defined above). Drug effects
were assessed by measuring and comparing the different param-
eters (mean, PPR, and others) between baseline (control) after
treatment, with paired Student t-tests. Unpaired Student t-tests
were used for comparisons between different groups of cells. Data
were reported as different only if P<0.05%. We indicated as
Areatment the mean amplitude of the glutamatergic currents under
the described treatment.

RESULTS

DA prevents the muscarinic depression of
glutamatergic currents

We first determined the effect of the broad-spectrum mus-
carinic agonist oxotremorine (oxo, 10 wM) on the evoked
excitatory postsynaptic current (eEPSCs) recorded at
V,,=—60 mV from layers 2/3 neurons after stimulation of
the infragranular layers. Application of oxo reversibly de-
creased the eEPSCs amplitude, as shown in Fig. 1A.
Representative eEPSC traces (Fig. 1A, left) and amplitude
time courses (Fig. 1A, right) are displayed before and after
the application of oxo.

We then tested the possibility that DA affects musca-
rinic depression of the glutamatergic signal by repeating



ACSF

— wash
— 0XO
—— control

B ACSF +

20 uM DA
*
1 ...................... T ...........
< NP
\o [a)
3 [T [
<° 8 —
-,
£
0

M. Atzori et al. / Neuroscience 134 (2005) 1153-1165 1155

10 pA

eEPSC ampl. (pA)

20 ms
<
o
e
20 ms

PPR

0

—

in 0XO .

eEPSC ampl. (pA)

> .
-40 -+ .‘o.‘:.'O e o *®° B o T w
L]

25 4oTaRee N e TAY

ACSF + 20 uM DA
10 uM OXO

0 5 10 15 20 25

DA + OXO

0Xo

Atreat/Actr
DA
OXO + DA

o
X
o

+
<
=)
£

0

Fig. 1. DA prevents the depression of the AMPA signal induced by oxotremorine. (A, B) Representative traces (left) and time courses (right) showing
that application of the muscarinic agonist oxotremorine (oxo) reversibly decreased the amplitude of the eEPSC in ACSF alone (A) but not in the
presence of 20 uM DA (B). As above, traces are the average of 20 responses to a pair of stimuli distant 50 ms at 0.166 Hz. (C) Fraction of oxo-induced
block in eEPSC amplitude in ACSF (n=18) and DA (n=16, P<<0.05, unpaired Student t-test). (D) Change in PPR after oxo in ACSF (left bars, P<<0.05,
paired Student t-test, n=18) or in the presence of DA (right bars, n.s., paired Student t-test, n=12). (E) DA prevented the depressant effect of oxo (left
bars, n.s., paired Student t-test, n=8) but did not recover the same effect after its induction (right bars, n.s., paired Student t-test, n=7).

the previous experiment in the presence of 20 uM DA. The
presence of DA prevented the depressant effect of oxo as
shown in the representative traces (Fig. 1B, left) and am-
plitude time courses (Fig. 1B, right). Panel 1C summarizes
the changes in eEPSCs amplitude following application of

oxo, alone, or in the presence of DA. DA also prevented

the oxo-induced PPR enhancement (Fig. 1D). Since ascor-
bate was used as antioxidant in all solutions containing DA
analogues, we separately tested the effect of ascorbate on
the glutamatergic signal. Ascorbate slightly decreased
eEPSC amplitude (A ccorpate/Acti=0.8520.10, n=8) with
minimal changes in pH and osmolarity of the extracellular
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solution. Furthermore, its presence did not change the ex-
tent of the oxo-induced eEPSC depression (A, o/Acn=
0.54+0.13, in ACSF, n=18, vs. A, /A.n=0.67=0.12 in
ascorbate, n=7, n.s.d.). The effect of oxo was prevented
by the presence of the muscarinic blocker atropine (A.,./
A.y=1.1520.21 in 1.5 uM atropine, n=8). In a series of
long-lasting experiments the eEPSC amplitude recovered
consistently after oxo-induced depression. Nonetheless,
we could never fully recover the eEPSC amplitude, possi-
bly due to partial rundown, to a long-term synaptic plastic-
ity already described in the visual cortex (Kirkwood et al.,
1999), or to a combination of the two.

Despite its continuous release, a very effective re-
uptake process can quickly reduce the concentration of DA
in the extracellular space. We tested whether the presence
of endogenously released DA could be unmasked by
blocking its re-uptake with bath-application of GBR12909
(50 nM), a selective blocker of DA re-uptake. Application of
GBR12909 did not significantly affect eEPSC amplitude, but
prevented the depressant effect of oxo (Aggr/Acn=
1.0620.24, n.s.d., Aggrioxo/Acer=1.13£0.36, n.s.,
n=9), suggesting that dopaminergic fibers are present in
the auditory cortex, and that an effective re-uptake process
limits the concentration of DA. We further tested whether
DA could reverse the depression after its induction. Appli-
cation of DA following oxo failed to prevent eEPSCs inhi-
bition. In fact sequential application of DA and DA +oxo left
eEPSC amplitude substantially unchanged (Fig. 1E left),
whereas application of DA +oxo following oxo alone did not
recover the eEPSC amplitude depression (Fig. 1E right).
This result suggested that DA interacts with the muscarinic
metabolic cascade at an early stage of the pathway.

Effect of antipsychotics on the depression of the
glutamatergic signal

The previous results show that the dopaminergic system
can control the cholinergic modulation of the glutama-
tergic signal. As a consequence, an increase in dopa-
minergic sensitivity would disrupt MR-mediated depres-
sion of glutamate release, leading to a hyperglutamater-
gic state in the auditory cortex. Since a similar
impairment of the DA system and glutamatergic trans-
mission is seen in patients with schizophrenia (Kesha-
van, 1999), most often associated with auditory halluci-
nations, we wanted to investigate whether antipsychotic
drugs, effective in the treatment of acute schizophrenic
episodes, also affect the DA-dependent block of mus-
carinic modulation of eEPSCs.

We studied the effect of the typical antipsychotic hal-
operidol, along with that of clozapine, representative of
“atypical” antipsychotics, and of lamotrigine, whose use as
antiepileptic has recently been extended as a co-adjuvant
in the treatment of psychotic episodes (Tiihonen et al.,
2003). We first tested whether each of the three antipsy-
chotics might directly affect EPSCs in the auditory cortex,
finding that all of them depressed eEPSC amplitude, to an
extent comparable to the depression induced by oxo (Fig.
2A, white bars). Importantly, the presence of DA did not
affect the eEPSC depression induced by any of the anti-

psychotic drugs used as shown in another series of similar
experiments (Fig. 2A, gray bars). We then tested whether
the presence of the antispychotics affected the inhibition of
the muscarinic blockade by DA. We found that haloperidol
or clozapine, but not lamotrigine effectively “antagonized”
the inhibition of the muscarinic blockade by DA, possibly
due to their antidopaminergic profile (Fig. 2B, n=7, 7 and
6 respectively).

In order to understand the details of the DA-ACh inter-
action in the modulation of the glutamatergic signal, we
performed a series of experiments for determining the
locus, receptor types, and signaling pathways associated
with this process.

Locus of modulation of the glutamatergic signal

Application of oxo or DA did not significantly change the
mean holding current, |,, (I,(oxo)—I,(control)=—2+24 pA,
n=38; |,,(DA)—I,(control)=—3=*4 pA, n=8) or input resistance
Qi (i (control)=310=37 MQ vs. Q,,(0x0)=317=40 MQ,
n=8; O,,(control)=235+37 MQ vs. (,,(DA)=263+48 MQ,
same two samples as above). The change in PPR follow-
ing application of oxo suggested a presynaptic involve-
ment in the muscarinic eEPSC depression, and, conse-
quently, in its block following DA application. We directly
determined the effect of oxo on spike-independent gluta-
mate release by measuring frequency and amplitude of
mEPSCS at V,,=—60 mV in the presence of the Na*
channel blocker TTX (0.5 pM), in addition to bicuculline
and APV. mEPSC frequency was decreased after oxo
application (2.8+0.7 Hz in control vs. 1.5+£0.4 Hz in oxo,
P<0.05, n=14), whereas mEPSC amplitude was not
changed (9.6+1.5 pA in control vs. 8.5+1.4 in oxo, n.s.,
same sample). In contrast, in the presence of 20 uM DA,
oxo was unable to affect either the mEPSC amplitude or
their frequency (n=11, Fig. 3A).

We also tested the effect of oxo and DA on the
postsynaptic current evoked by short pressure pulses of
the glutamate channel agonist AMPA in a responsive area
surrounding the recorded cells (100—200 pm radius). The
responses to exogenously-applied AMPA were not
changed after oxo application, as shown in the example
and insets (Fig. 3B, left). The mean amplitude of the re-
sponse is reported in Fig. 3B, right (n=10). Likewise, ap-
plication of DA failed to change the amplitude of response
to AMPA (7819 pA in control vs. 7617 pA in DA, n.s.,
n=7).

Altogether, these data confirm the hypothesis that pre-
synaptic MRs decrease excitatory currents by depressing
glutamate release, and suggest that DARs interact with
MRs at the presynaptic level.

We also wanted to determine whether the depres-
sion of the glutamatergic signal directly induced by neu-
roleptic application had a pre- or a postsynaptic origin.
Neuroleptic treatment did not change eEPSCs PPR (Fig.
3C, left), leaving open the possibility of a postsynaptic
effect. However, bath application of haloperidol, cloza-
pine or lamotrigine failed to affect the amplitude of the
currents evoked by exogenous application of AMPA



M. Atzori et al. / Neuroscience 134 (2005) 1153-1165

>

*

in ACSF

in dopamine

0.5 A

A treatment / A control

1157

direct effect of antipsychotics

o

TREATMENT

[oxotremorine (10 uM)]

haloperidol (5 uM)

clozapine (10 uM)

lamotrigine (50 uM)

in DA + treatment

104— — — — — ;——T———

0.5

ono / ActrI

Fig. 2. Effect of antipsychotics on glutamatergic signaling. (A) DA-induced blockage of muscarinic depression: haloperidol and clozapine, but not
lamotrigine, prevent the dopaminergic block of the muscarinic depression (n=7, 7 and 6 respectively). (B) Bath-application of any of the three drugs
decreases eEPSC amplitude in control (left columns of each pair, n=11, 15 and 8), as well as in the presence of DA (right columns, n=6 each). The
extent of the reduction is similar to the decrease induced by oxo in control but not in DA, shown for comparison in the first group of columns. The
asterisks indicate statistical differences (P<0.05) assessed with a paired Student t-test.

(Fig. 3C, right), allowing to discard the hypothesis of a
postsynaptic locus of action.

D,- and D,-like receptor co-activation is necessary
for blocking the muscarinic eEPSC depression

In order to determine which class of DARs is responsible
for the suppression of the muscarinic eEPSC inhibition, we
performed a series of experiments using agonists and
antagonists of either D,- or D,-like receptors. In the first
series we applied the D,-like agonist SKF 38393 (50 pM,
n=11) or the D,-like agonist quinpirole (10 .M, n=9) prior
to the application of oxo. In none of these experiments
could we fully reproduce the antagonistic effect of DA with
respect to the cholinergic suppression of the eEPSC (Fig.
4A, bars 3 and 4, compare with bars 1 and 2). Surprisingly,
simultaneous application of both agonists did mimic the DA

suppressive effect (Fig. 4A, bar 5, n=8). We then sequen-
tially applied DA and DA+oxo in the presence of either the
D,-like or the D,-like antagonists SCH 23390 (10 M,
n=4) or spiperone (10 wM, n=6). In both cases the pres-
ence of either substance alone prevented the suppressive
effect of DA (Fig. 4A, bars 6 and 7). These data suggest
that a cooperative effect of the two classes of DARs
blocked the cellular cascade activated by MRs.

MRs involved in the eEPSC depression

For understanding the molecular nature of the interaction
between DA and the MR(s) involved in eEPSCs depres-
sion, we further investigated the nature of the oxo-induced
eEPSC inhibition, utilizing a series of muscarinic antago-
nists. Two broad classes of MRs are known: one class is
composed of the MR, MR and MgR, and is associated
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Fig. 3. The muscarinic depression of EPSCs is presynaptic. (A) Effect of oxo on mEPSCs frequency (left) and amplitude (right) in the presence of
0.5 M TTX. The presence of oxo reduced mEPSCs frequency but not amplitude in control (n=14) but not in the presence of 20 wM DA (n=11, paired
Student t-test). (B) Applications of oxo did not affect the response to exogenously applied AMPA as shown in the representative time course (left, 9
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responses before or after oxo application. Average is shown at the right (=10, n.s., paired Student t-test). (C) Oxo but not antipsychotics changed
PPR (left panel, n=18, 11, 15 and 8 respectively, paired Student t-test), compatible with a post-synaptic effect. However none of these drugs affected
the amplitude of the response to exogenously applied AMPA (right panel, none statistically different, paired Student t-test, n=10, 6, 7, and 6

respectively).

with phospholipid metabolism and activation of phospho-
lipase C (PLC); the other class is composed of the M, and
M, receptor subtypes, which negatively modulate the ad-
enylyl cyclase (Loffelholz, 1996). Since both D,- and D,-

like receptors are associated with adenylyl cyclase activity,
we hypothesized an interaction between DARs and M, or
M, MRs. Thus, blockade of M, or M, receptors should
prevent the muscarinic depression of the eEPSC ampli-
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(col. 6 and 7). (B) Involvement of MRs activating Phospholipase C. Bars 1 and 2 reproduce the effect of the antagonists of the M, receptor tropicamide
(10 wM), and M, receptor methoctramine (10 wM), both associated with adenylyl cyclase activation, while bar 3 represents the effect of 2-h-long
pre-incubation in PT TX (100 ng/100 mL), an inhibitor of the G_-protein associated with the M, and M, receptors. In no case did the treatment prevent the
oxo-induced eEPSC depression. Bars 4, 5 and 6 show the effect of pirenzepine (10 nM), and 4-DAMP (10 pM), antagonists of the PLC-associated M, and
M, receptors respectively, or of >2-h-long incubation in U73122 (10 pM), a PLC blocker. In the last three conditions oxo failed to depress eEPSCs,
suggesting the involvement of the PLC pathway. (C, D) Bars represent the ratio of the eEPSC amplitude after treatment over the corresponding control amplitude.
(C) DA blocks PLC by activating PKA. The non-inactivating analog of the PLC metabolite diacylglycerol, PE, mimicked oxo in depressing the AMPA signal (bar 1),
and saturated its effect (bar 2), confirming the involvement of PLC. DA was unable to prevent the PE-induced reduction of the AMPA signal, indicating that the
monoamine acted at the level of the PLC or uphill. The membrane-permeable cAMP analog and PKA activator 8Br-cAMP (2 mM) did not depress eEPSC
per se (bar 4), but mimicked the effect of DA in preventing the oxo-induced eEPSC depression (bar 5). Bars 6 and 7 show that the application of rp-cAMPS
(50 wM) or pre-incubation in KT 5720 (1 wM), which respectively prevented the activation of and specifically blocked PKA, also prevented the DA suppression
of the eEPSC by oxo, indicating that PKA activation is required for blocking the muscarinic eEPSC depression. (D) Antipsychotics act through a
non-muscarinic mechanism. The presence of the muscarinic blocker atropine did not prevent the eEPSC decrease by antipsychotics (first three columns,
n=6, 7, and 6 respectively). In the presence of oxo antipsychotics were still able to reduce eEPSC amplitude, although to a lesser extent than in control (last
three columns, n=8, 7, and 6 respectively). Statistical differences were assessed using the paired Student t-test throughout Fig. 4.
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tude. However, neither the presence of the selective M,
receptor antagonist tropicamide (10 pM, n=10), nor of the
M, receptor antagonist methoctramine (10 uM, n=7), was
able to prevent the oxo-induced eEPSC depression (Fig.
4B, col. 1 and 2). To further test the possibility of an
involvement of M, or M, receptors, we incubated the slices
in 2 wg/mL of pertussis toxin (PT TX, n=9), an inhibitor of
the G-protein-associated with M, and M, receptors, for 2 h
prior to recording. However, PT TX incubation was unable
to prevent the depression (Fig. 4B, col. 3).

In contrast, application of the MR antagonists pirenz-
epine dihydrochloride (10 M, n=8) or of the M;R antag-
onist 4-diphenylacetoxy-N-(2-chloroethyl)piperidine me-
thiodide (4-DAMP, 10 pM, n=16) did prevent the oxo-
induced decrease of eEPSC amplitude (Fig. 4B, col. 4 and
5). Furthermore, pre-incubation of the PLC inhibitor
U73122 (10 nM, n=5) abolished the oxo-induced inhibition
of eEPSCs (Fig. 4B, col. 6), suggesting that oxo inhibited
eEPSC by acting on M; or M; receptors, signaling via
activation of PLC and not using a cAMP-dependent mech-
anism.

Pharmacology of the ACh-DA interaction

The previous data suggested that activation of MRs activates
PLC, which in turn decreases the release of glutamate by
activating protein kinase C (PKC). This was confirmed by the
eEPSCs inhibition following permanent activation of PKC by
application of the phorbole ester phorbol-12-myristate-13-
acetate (PE, 2 pM, n=7, Fig. 4C, bar 1). No further decrease
of the eEPSC amplitude followed the subsequent application
of oxo (n=7), indicating the same cellular target for oxo and
PLC (Fig. 4C, bar 2). However, pre-application of DA did not
block the suppressive effect of the PE on the eEPSC (Fig.
4C, bar 3, n=7), suggesting that DAR activation might impair
the muscarinic cascade at an early stages along the meta-
bolic pathway.

In contrast, application of the membrane-permeable
cyclic AMP (cAMP) analog 8-Br-cAMP (2 mM) did not
affect the eEPSC amplitude by itself, but mimicked DA in
preventing the oxo-induced eEPSC depression (Fig. 4C,
bars 4 and 5, n=8 each). These results suggested a
cross-talk between the DA-cCAMP cascade and the MR-
PLC metabolic pathway, perhaps mediated by the activa-
tion of protein kinase A (PKA). We directly tested this
possibility by pre-incubating the tissue in rp-cAMPS
(50 wM, n=6) or KT 5720 (1 uM, n=7), both of which are
potent and selective inhibitors of PKA (but not PKC). Either
treatment successfully prevented the blocking effect of DA
on the oxo-induced eEPSCs depression (Fig. 4C, last two
bars). Together these data are consistent with the hypoth-
esis that DA activated PKA and, in turn, impaired the ability
of ACh to depress glutamate release by inactivating PLC
and the following metabolic cascade.

The effect of antipsychotics is not mediated by MRs

We tested whether the depression of eEPSC amplitude
induced by direct application of antipsychotics was medi-
ated by MRs. The presence of the muscarinic antagonist
atropine did not affect the inhibition of glutamate release by

any of the used antipsychotics (Fig. 4D, first three col-
umns). We also tried to occlude the inhibition of glutamate
release by pre-application of oxo. Even in this circum-
stance, application of the three antipsychotic drugs signif-
icantly decreased eEPSCs amplitude, although to a lesser
extent than in the absence of oxo (Fig. 4D, last three
columns). These data suggest that the direct depression of
the glutamatergic signal by antipsychotics is mediated, at
least in part, by non-MRs.

Since clinical use of lamotrigine indicates its effective-
ness after unsuccessful treatment of psychotic episodes
with typical or atypical antipsychotics (Tiihonen et al.,
2003), we tested the hypothesis that lamotrigine de-
creases glutamatergic responses using a mechanism in-
dependent from the other antipsychotics. We found that
application of lamotrigine decreases eEPSCs amplitude
even in the presence of either clozapine (A.mot+ciozap!
Aciozap=0.59%0.15, P<0.05, n=6), or haloperidol
(Aiamot+halop!PAhaiop=0.67£0.13, P<0.05, n=6), consistent
with its therapeutic profile.

These data suggest the possibility that antidopaminer-
gic activity and direct depression of glutamate release
associated with antipsychotics are distinct cellular mecha-
nisms converging to limit a hyperglutamatergic state as
seen during psychosis.

Comparison between prefrontal and temporal
cortices, and variability of the glutamate depression

Because of its involvement in working memory and several
neuropsychiatric disorders, the prefrontal cortex has been
more intensively studied than the auditory cortex. Assum-
ing that modulatory effects might be region-specific, we
compared the effect of the muscarinic agonist oxo and of
DA separately in the two cortical areas.

Application of oxo decreased reversibly and to a similar
extent eEPSCs amplitude in the auditory cortex and in the
in medial prefrontal cortex (example in Fig. 5A, mean in
Fig. 5B). However, several differences resulted from a
detailed analysis of the results in the two areas. For in-
stance, PPR remained unchanged after oxo application in
the prefrontal cortex but not in the auditory cortex (Fig. 5C).
Also, DA application depressed the eEPSC amplitude in
the prefrontal cortex but not in the auditory cortex (example
in Fig. 5D, mean in Fig. 5E, n=8). Moreover, prefrontal and
auditory cortex differed in the sensitivity of the PPR to DA.
In fact DA application increased PPR in the prefrontal but
not in the auditory cortex (Fig. 5F).

Another difference between the responses of the two
areas was in the homogeneity of the responses (Table 1).
In particular, application of oxo resulted in a systematic
reduction of eEPSCs in the auditory cortex but not in the
prefrontal cortex.

The effect of oxo in the temporal cortex was very
homogeneous in respect to the prefrontal cortex. In fact,
although oxo, similar to the three antipsychotics tested
had, on average, a depressant effect on the EPSCs, oxo
differed from the antipsychotic drugs in the homogeneity of
the effect. On the contrary, application of clozapine had a
mixed effect by depressing strongly the synaptic signals in



M. Atzori et al. / Neuroscience 134 (2005) 1153-1165 1161

oxotremorine (10 uM)

A Prefrontal

Cortex

wash
(o) (o]
trl .
- Auditory 20 ms
Cortex

vy
@)
S
i
10 pA

*
2,
T l
n.s.
=
o
< o
o 5 = ]
X ol g £ B (o
x| lo ac [$)
< [ ol oc (=)
wl |2 ol o
al |<
0- 0

= DA

dopamine (20 uM)

D Prefrontal
Cortex

control

Auditory 20 ms
Cortex

*
* 1
i
>
= - NE e
o o 2 5| [915
o © O
< o = = L
P X ) | oc al |a
a [ < ol o =)
< (&) al o <
Ty
o
0 0

Fig. 5. Cortical modulation of glutamatergic eEPSCs. Application of the muscarinic agonist oxo (10 wM) decreased EPSCs amplitude in the prefrontal
as well as in the auditory cortex: (A) representative traces. (B) Average (n=6 and 18, respectively). Traces are the average of 20 responses to a pair
of stimuli distant 50 ms at 0.167 Hz. (C) Oxo induces an increase in PPR (defined as A,/A,) in the auditory but not in the prefrontal cortex, same sample
as in B. (D) DA depressed EPSCs in the prefrontal but not in the auditory cortex: D, representative traces, E, average (n=6 and 8 respectively). (F)
DA-induced increase in PPR in the prefrontal but not in the auditory cortex (same sample as E). Asterisks indicate statistically significant differences

(P<0.05, unpaired Student t-test).

some cells while leaving it unaltered or even increasing it in
many other cells, in the auditory as well as in the prefrontal
cortex (Table 1). These data indicate that ACh depresses
synaptic glutamatergic signal using an area-specific mo-
lecular mechanism differing from antipsychotics.

DISCUSSION

Activation of muscarinic agonists depresses AMPAR-me-
diated currents in many brain areas, including hypoglossal
motorneurons (Bellingham and Berger, 1996), mesen-
cephalon (Grillner et al., 1999), the amygdala (Yajeya et
al., 2000), basal forebrain (Sim and Griffith, 1996), neos-
triatum (Hsu et al.,, 1995), visual cortex (Kimura and
Baughman, 1997) and auditory cortex (Metherate and
Ashe, 1991), presumably due to a presynaptic effect. We

confirmed that the activation of MRs presynaptically de-
presses the glutamatergic signal in the auditory cortex, and
found that this effect is suppressed by the presence of DA.
The effectiveness of the specific DA reuptake blocker in
mimicking the presence of DA suggests that endog-
enously-released DA has the potential to modulate the
muscarinic depression of glutamate release. DA could pre-

Table 1. Homogeneity of muscarinic modulation in the temporal cortex

Auditory cortex Prefrontal cortex

Depressed Non-depr. Depressed Non-depr.

Oxotremorine  18/18 (100%) 0/18 (0%)  4/6 (67%)  2/6 (33%)
Clozapine 8/15(53%)  7/15 (47%) 6/15 (40%) 9/15 (60%)
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vent the depression only if applied before MRs activation,
possibly due to a cross-talk at an early stage of the cas-
cades initiated by the two modulators (Cordeaux and Hill,
2002).

Possible function of cortical ACh and DA in the
auditory cortex

Sensory information processing in the cortex is hampered
by the spontaneous activation of cortico-cortical connec-
tions, which represent more than 95% of the cortical input
(Mountcastle, 1998). Despite its excitatory effects, such as
block of K* channels (Krnjevic, 1993) and decrease of
GABA release (Metherate and Ashe, 1995), ACh can con-
tribute to create a background for the emergence of
thalamocortical input by (1) transiently decreasing cortico-
cortical glutamate release, with the activation of MRs and
(2) selectively enhancing thalamocortical transmission by
presynaptic nicotinic receptors (Metherate and Ashe,
1993; Hsieh et al., 2000; Kimura, 2000).

The presence of DA could, in turn, open a spatio-
temporal window of enhancement of the information flow
associated with glutamate release, whose strength is nor-
mally limited by the influence of ACh, necessary for infor-
mation encoding and retrieval (Linster et al., 2003; Patil et
al., 1998). The concomitant presence of DA and ACh could
also increase NMDAR-mediated currents (Seamans et al.,
2001; Wang and O’Donnell, 2001; Aramakis et al., 1997;
Chen and Yang, 2002) contributing to auditory cortical
plasticity following the activation of corticopetal cholinergic
and dopaminergic nuclei coupled with auditory stimulation
during a critical period for hearing (Kilgard and Merzenich,
1998; Bao et al., 2001; Zhang et al., 2002).

Further investigation is needed to determine whether
the relevance of the ACh-DA interactions that we de-
scribed extends to the adult period.

Effects of excess DA activity

A corollary of our results is that in case of DA hypersensi-
tivity, due to either a pathological increase of phasically-
released DA, decreased DA re-uptake, increased DAR
density or enhanced intracellular signaling in response to
DA (Keshavan, 1999), cortically released ACh would fail to
depress glutamate release. In this situation thalamocortical
activity would no longer be able to emerge in a background
of uninhibited cortico-cortical connections. A combination
of hyperglutamatergic activity in the auditory cortex to-
gether with frontal hypofunction has the potential for dis-
turbing cortical processing of information (Weinberger et
al., 1992; Weinberger and Berman, 1996).

This interpretation could also give a rationale for the
antipsychotic properties of muscarinic agonists (Stanhope
et al., 2001) and the psychotomimetic characteristics of
muscarinic antagonists (Muller and Wanke, 1998; Andersen
et al., 2003), in that muscarinic agonists would decrease
glutamate release while muscarinic antagonists would pre-
vent the depressing action of endogenous ACh on cortico-
cortical communication. In this scenario, drugs inhibiting
the release of glutamate would relieve symptoms origi-

nated in the auditory areas and possibly in the whole
temporal cortex.

We have shown that: (1) haloperidol and clozapine
oppose the DA blockage of the muscarinic depression of
glutamate release, representing an indirect mechanism for
decreasing cortical excitability, (2) both drugs, as well as
lamotrigine, directly depress eEPSC amplitude in a DA-
insensitive fashion: these two effects might represent com-
plementary mechanisms of action of antipsychotic drugs.

Mechanisms of action

Several lines of evidence indicate that the muscarinic de-
pression of the glutamate signal is presynaptic: the change
in PPR following the application of the muscarinic agonist,
the decrease of mMEPSC frequency but not of their ampli-
tude, the failure of oxo to alter neuronal electrotonic prop-
erties, or the response to exogenously applied AMPA.
MRs activating PLC were responsible for the depression of
the EPSCs, similar to the muscarinic depression of EPSCs
in rat neostriatum (Hsu et al., 1995) and mesencephalon
(Grillner et al., 1999) but different from visual cortex
(Kimura and Baughman, 1997). Direct activation of PKC
with PE mimicked and occluded muscarinic depression of
glutamate release, suggesting that PKC is a possible
downstream target of PLC. The failure of DA to block the
PE-induced depression indicates that DA might block the
muscarinic effect at the level of PLC or at earlier steps in
the signaling cascade. Activation of MRs could impair the
release machinery either directly or at the level of Ca™2-
dependent elements such as Ca*? channels involved in
neurotransmitter release, or by affecting other voltage-
gated conductances at the synaptic terminal. The block of
the muscarinic depression of glutamate release was
caused by cooperative action of D, and D, receptors,
consistent with the D;R-D,R synergism not unusual in the
striatum (Murer et al., 1997; Maltais et al., 2000; Hu and
White, 1997; Waszczak et al., 2002), and confirmed by the
recent finding that simultaneous activation of D1- and D2-
like receptors directly activates PLC metabolism (Lee et
al.,, 2004). A similar mechanism has been advocated for
drugs used in the treatment of maniac-depressive psycho-
sis (Williams et al., 2002; Bergson et al., 2003), and might
in principle compete with the activation of the muscarinic
pathway in a cAMP-independent manner. However, appli-
cation of a cAMP agonist, although incapable of directly
affecting eEPSCs, prevented their muscarinic depression,
suggesting an interaction between PKA and the PLC cas-
cade. This possibility was, corroborated by the observation
that slice incubation with PKA antagonists prevented DA
from blocking the muscarinic depression. Similar pathways
were previously described outside the CNS (Vogl et al.,
2000; Cordeaux and Hill, 2002; Ali et al., 1998; Ding et al.,
1997). Possible mechanisms are PKA-induced phosphor-
ylation of the Gy subunit which prevents PLC activation
(Godwin and Soltoff, 2000), or conformational change of
PLC induced by PKA phosphorylation at Ser''°® (Dodge
and Sanborn, 1998; Yue et al., 1998). Alternatively, the
interaction could directly involve a voltage-gated Ca™?2-
channel whose tonic, PLC-induced, down-regulation may
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be prevented by PKA phosphorylation (Wu et al., 2002).
The possibility that DA acts as norepinephrine receptor
agonist offers a complementary series of interpretation
for the present data. Further studies will be necessary
to uncover the biochemical details of the ACh—DA inter-
action.

Antipsychotics and depression of glutamate release

We demonstrated that antispychotics depress eEPSC am-
plitude using a non-muscarinic mechanism. Furthermore,
the capability of lamotrigine for depressing the glutamater-
gic signal in the presence of either haloperidol or clozapine
is a possible mechanism accounting for the reported ef-
fectiveness of the drug in patients with haloperidol- or
clozapine-resistant psychoses (Tihonen et al., 2003; Kre-
mer et al., 2004; Dursun and Deakin, 2001), and consistent
with the hypothesis that lamotrigine exerts a direct effect at
the presynaptic terminal (Wang et al., 1996a,b; Von
Wegerer et al., 1997; Calabresi et al., 1999; Cunningham
and Jones, 2000).

Although oxo and the antipsychotics tested induced
similar degrees of eEPSC depression, the effect of the
antipsychotics differed from that of the muscarinic agonist
not only in their insensitivity to the presence of DA, but also
in other aspects of the glutamatergic depression, including
the change in PPR and the homogeneity of the glutamate
depressant action. All these data suggested the possibility
that antipsychotics, most of which possess a complex
pharmacological profile (Olianas et al., 1999), exert their
glutamate-release depressant properties by acting on pre-
synaptic receptors other than muscarinic M, or M3, impair-
ing glutamate release in a DA-insensitive fashion.

Our data suggest the possibility of a dual route of
action of antispychotics: an antidopaminergic action which
preserves muscarinic sensitivity of glutamatergic axons,
and a direct decrease of glutamate release which substi-
tutes the effect of endogenous ACh in depressing gluta-
mate release. The present results shed new light on the
hypothesis that some antipsychotics act primarily as
glutamate release inhibitors (Krystal et al., 2003). We
speculate that an excess of DA sensitivity might contrib-
ute to the production of psychotic symptoms by prevent-
ing the reduction of glutamate release in the temporal
cortex, following the activation of corticopetal cholin-
ergic nuclei.

Regional specificity of the modulation of glutamate
release

Although we confirmed that the activation of MRs presyn-
aptically depresses the glutamatergic signal equally in the
prefrontal and in the auditory cortex, we detected a series
of regional differences in the modulation of the release of
glutamate: while in the prefrontal cortex DA induced a
large reduction (—45%) in eEPSC amplitude, DA failed to
affect AMPA currents in the auditory cortex, as its pres-
ence did not affect eEPSC amplitude or the exogenously-
evoked AMPA responses. The increase in PPR induced in
the prefrontal cortex by the presence of DA corroborates
the hypothesis of the reduction of glutamate release sug-

gested previously (Seamans et al., 2001; Gao et al., 2001).
Prefrontal cortex differed from auditory cortex also for the
absence of facilitation following the muscarinic depression
of glutamate release, and for the presence of a postsyn-
aptically-mediated current enhancement (+16%, Gonza-
lez-Islas and Hablitz, 2003) which we failed to observe in
the auditory cortex. Together, these data indicate that
neurotransmitter modulation may be substantially different
in different cortical areas, suggesting caution in the extrap-
olation of pharmacological data derived from different brain
regions.

Acknowledgments—We want to thank Dr. D. Plenz, Dr. M.
Grimaldi, Dr. C. McBain, Dr. Q.Y. Liu, Dr. J. Bridgman-Fritz, Dr. F.
Valenzuela and Ms. K. Ozawa for helpful suggestions and critical
revision of the manuscript. This investigation has been funded by
the Blanchette Rockefeller Neuroscience Institute, NIDCD 1R01-
DC005986-01A1 and NARSAD foundation/Sidney Baer Trust to
MA and CoNaCyT 34424-N to J.C.P.

REFERENCES

Ali H, Sozzani S, Fisher |, Barr AJ, Richardson RM, Haribabu B,
Snyderman R (1998) Differential regulation of formyl peptide
and platelet-activating factor receptors. Role of phospholipase
Cbeta3 phosphorylation by protein kinase A. J Biol Chem
273:11012-11016.

Anand A, Charney DS, Oren DA, Berman RM, Hu XS, Cappiello A,
Krystal JH (2000) Attenuation of the neuropsychiatric effects of
ketamine with lamotrigine: support for hyperglutamatergic effects
of N-methyl-D-aspartate receptor antagonists. Arch Gen Psychia-
try 57:270-276.

Andersen MB, Fink-Jensen A, Peacock L, Gerlach J, Bymaster F,
Lundbaek JA, Werge T (2003) The muscarinic M(1)/M(4) receptor
agonist xanomeline exhibits antipsychotic-like activity in Cebus
apella monkeys. Neuropsychopharmacology, in press.

Aramakis VB, Bandrowski AE, Ashe JH (1997) Activation of musca-
rinic receptors modulates NMDA receptor-mediated responses in
auditory cortex. Exp Brain Res 113:484-496.

Arnold HM, Burk JA, Hodgson EM, Sarter M, Bruno JP (2002) Differ-
ential cortical acetylcholine release in rats performing a sustained
attention task versus behavioral control tasks that do not explicitly
tax attention. Neuroscience 114:451-460.

Atzori M, Lei S, Evans DI, Kanold PO, Phillips-Tansey E, Mcintyre O,
McBain CJ (2001) Differential synaptic processing separates sta-
tionary from transient inputs to the auditory cortex. Nat Neurosci
4:1230-1237.

Bao S, Chan VT, Merzenich MM (2001) Cortical remodelling induced
by activity of ventral tegmental dopamine neurons. Nature 412:
79-83.

Bellingham MC, Berger AJ (1996) Presynaptic depression of excita-
tory synaptic inputs to rat hypoglossal motoneurons by muscarinic
M2 receptors. J Neurophysiol 76:3758-3770.

Bentley P, Vuilleumier P, Thiel CM, Driver J, Dolan RJ (2003b) Effects
of attention and emotion on repetition priming and their modulation
by cholinergic enhancement. J Neurophysiol 90:1171-1181.

Bentley P, Vuilleumier P, Thiel CM, Driver J, Dolan RJ (2003a) Cho-
linergic enhancement modulates neural correlates of selective at-
tention and emotional processing. Neuroimage 20:58-70.

Berger B, Gaspar P, Verney C (1991) Dopaminergic innervation of the
cerebral cortex: unexpected differences between rodents and pri-
mates. Trends Neurosci 14:21-27.

Berger-Sweeney J (2003) The cholinergic basal forebrain system dur-
ing development and its influence on cognitive processes: impor-
tant questions and potential answers. Neurosci Biobehav Rev
27:401-411.



1164 M. Atzori et al. / Neuroscience 134 (2005) 1153-1165

Bergson C, Levenson R, Goldman-Rakic PS, Lidow MS (2003) Dopa-
mine receptor-interacting proteins: the Ca(2+) connection in do-
pamine signaling. Trends Pharmacol Sci 24:486—-492.

Calabresi P, Centonze D, Marfia GA, Pisani A, Bernardi G (1999) An
in vitro electrophysiological study on the effects of phenytoin, lam-
otrigine and gabapentin on striatal neurons. Br J Pharmacol
126:689—-696.

Campbell MJ, Lewis DA, Foote SL, Morrison JH (1987) Distribution of
choline acetyltransferase-, serotonin-, dopamine-beta-hydroxy-
lase-, tyrosine hydroxylase-immunoreactive fibers in monkey pri-
mary auditory cortex. J Comp Neurol 261:209-220.

Chen L, Yang CR (2002) Interaction of dopamine D1 and NMDA
receptors mediates acute clozapine potentiation of glutamate EP-
SPs in rat prefrontal cortex. J Neurophysiol 87:2324-2336.

Ciliax BJ, Nash N, Heilman C, Sunahara R, Hartney A, Tiberi M, Rye
DB, Caron MG, Niznik HB, Levey Al (2000) Dopamine D(5) recep-
tor immunolocalization in rat and monkey brain. Synapse
37:125-145.

Cordeaux Y, Hill SJ (2002) Mechanisms of cross-talk between G-
protein-coupled receptors. Neurosignals 11:45-57.

Cunningham MO, Jones RS (2000) The anticonvulsant, lamotrigine
decreases spontaneous glutamate release but increases sponta-
neous GABA release in the rat entorhinal cortex in vitro. Neuro-
pharmacology 39:2139-2146.

Descarries L, Mechawar N (2000) Ultrastructural evidence for diffuse
transmission by monoamine and acetylcholine neurons of the cen-
tral nervous system. Prog Brain Res 125:27—-47.

Ding KH, Husain S, Akhtar RA, Isales CM, Abdel-Latif AA (1997)
Inhibition of muscarinic-stimulated polyphosphoinositide hydrolysis
and Ca2+ mobilization in cat iris sphincter smooth muscle cells by
cAMP-elevating agents. Cell Signal 9:411-421.

Dodge KL, Sanborn BM (1998) Evidence for inhibition by protein
kinase A of receptor/G alpha(qg)/phospholipase C (PLC) coupling
by a mechanism not involving PLCbeta2. Endocrinology 139:
2265-2271.

Dursun SM, Deakin JF (2001) Augmenting antipsychotic treatment
with lamotrigine or topiramate in patients with treatment-resistant
schizophrenia: a naturalistic case-series outcome study. J Psycho-
pharmacol 15:297-301.

Fiorillo CD, Tobler PN, Schultz W (2003) Discrete coding of reward
probability and uncertainty by dopamine neurons. Science 299:
1898-1902.

Gao WJ, Krimer LS, Goldman-Rakic PS (2001) Presynaptic regulation
of recurrent excitation by D1 receptors in prefrontal circuits. Proc
Natl Acad Sci U S A 98:295-300.

Godwin SL, Soltoff SP (2000) Calcium-sensing receptor-mediated
activation of phospholipase C-gamma is downstream of phospho-
lipase C-beta and protein kinase C in MC3T3-E1 osteoblasts. Bone
30:559-566.

Goldsmith SK, Joyce JN (1996) Dopamine D2 receptors are organized
in bands in normal human temporal cortex. Neuroscience
74:435-451.

Goldsmith SK, Shapiro RM, Joyce JN (1997) Disrupted pattern of D2
dopamine receptors in the temporal lobe in schizophrenia. A post-
mortem study. Arch Gen Psychiatry 54:649—-658.

Gonzalez-Burgos G, Barrionuevo G (2001) Voltage-gated sodium
channels shape subthreshold EPSPs in layer 5 pyramidal neurons
from rat prefrontal cortex. J Neurophysiol 86:1671-1684.

Gonzalez-Islas C, Hablitz JJ (2003) Dopamine enhances EPSCs in
layer II-Ill pyramidal neurons in rat prefrontal cortex. J Neurosci 23:
867—875.

Grillner P, Bonci A, Svensson TH, Bernardi G, Mercuri NB (1999)
Presynaptic muscarinic (M3) receptors reduce excitatory transmis-
sion in dopamine neurons of the rat mesencephalon. Neuro-
science 91:557-565.

Hof PR, Glezer Il, Revishchin AV, Bouras C, Charnay Y, Morgane PJ
(1995) Distribution of dopaminergic fibers and neurons in visual

and auditory cortices of the harbor porpoise and pilot whale. Brain
Res Bull 36:275-284.

Hoffman RE, Hawkins KA, Gueorguieva R, Boutros NN, Rachid F,
Carroll K, Krystal JH (2003) Transcranial magnetic stimulation of
left temporoparietal cortex and medication-resistant auditory hal-
lucinations. Arch Gen Psychiatry 60:49-56.

Hsieh CY, Cruikshank SJ, Metherate R (2000) Differential modulation
of auditory thalamocortical and intracortical synaptic transmission
by cholinergic agonist. Brain Res 880:51-64.

Hsu KS, Huang CC, Gean PW (1995) Muscarinic depression of exci-
tatory synaptic transmission mediated by the presynaptic M3 re-
ceptors in the rat neostriatum. Neurosci Lett 197:141-144.

Hu XT, White FJ (1997) Dopamine enhances glutamate-induced ex-
citation of rat striatal neurons by cooperative activation of D1 and
D2 class receptors. Neurosci Lett 224:61-65.

Joyce JN, Myers AJ, Gurevich E (1998) Dopamine D2 receptor bands
in normal human temporal cortex are absent in Alzheimer’s dis-
ease. Brain Res 784:7-17.

Keshavan MS (1999) Development, disease and degeneration in
schizophrenia: a unitary pathophysiological model. J Psychiatr Res
33:513-521.

Kilgard MP, Merzenich MM (1998) Cortical map reorganization en-
abled by nucleus basalis activity. Science 279:1714—-1718.

Kimura F (2000) Cholinergic modulation of cortical function: a hypo-
thetical role in shifting the dynamics in cortical network. Neurosci
Res 38:19-26.

Kimura F, Baughman RW (1997) Distinct muscarinic receptor sub-
types suppress excitatory and inhibitory synaptic responses in
cortical neurons. J Neurophysiol 77:709—-716.

Kirkwood A, Rozas C, Kirkwood J, Perez F, Bear MF (1999) Modula-
tion of long-term synaptic depression in visual cortex by acetylcho-
line and norepinephrine. J Neurosci 19:1599-1609.

Kremer |, Vass A, Gorelik |, Barr G, Blanaru M, Javitt DC, Heresco-
Levy U (2004) Placebo-controlled trial of lamotrigine added to
conventional and atypical antipsychotics in schizophrenia. Biol
Psychiatry 56:441—-446.

Krnjevic K (1993) Central cholinergic mechanisms and function. Prog
Brain Res 98:285-292.

Krystal JH, D’Souza DC, Mathalon D, Perry E, Belger A, Hoffman R
(2003) NMDA receptor antagonist effects, cortical glutamatergic
function, and schizophrenia: toward a paradigm shift in medication
development. Psychopharmacology (Berl) 169:215-233.

Laplante F, Srivastava LK, Quirion R (2004) Alterations in dopaminer-
gic modulation of prefrontal cortical acetylcholine release in post-
pubertal rats with neonatal ventral hippocampal lesions. J Neuro-
chem 89:314-323.

Lee SP, So CH, Rashid AJ, Varghese G, Cheng R, Lanca AJ, O’'Dowd
BF, George SR (2004) Dopamine D1 and D2 receptor Co-activa-
tion generates a novel phospholipase C-mediated calcium signal.
J Biol Chem 279:35671-35678.

Lewis DA, Campbell MJ, Foote SL, Goldstein M, Morrison JH (1987)
The distribution of tyrosine hydroxylase-immunoreactive fibers
in primate neocortex is widespread but regionally specific.
J Neurosci 7:279-290.

Lewis DA, Campbell MJ, Foote SL, Morrison JH (1986) The monoam-
inergic innervation of primate neocortex. Hum Neurobiol 5:181—
188.

Linster C, Maloney M, Patil M, Hasselmo ME (2003) Enhanced cho-
linergic suppression of previously strengthened synapses enables
the formation of self-organized representations in olfactory cortex.
Neurobiol Learn Mem 80:302—-314.

Loffelholz K (1996) Muscarinic receptors and cell signalling. Prog
Brain Res 109:191-194.

Maltais S, te C, Drolet G, Falardeau P (2000) Cellular colocalization of
dopamine D1 mRNA and D2 receptor in rat brain using a D2
dopamine receptor specific polyclonal antibody. Prog Neuropsy-
chopharmacol. Biol Psychiatry 24:1127-1149.



M. Atzori et al. / Neuroscience 134 (2005) 1153-1165 1165

Mash DC, Potter LT (1986) Autoradiographic localization of M1 and
M2 muscarine receptors in the rat brain. Neuroscience 19:
551-564.

Meador-Woodruff JH, Mansour A, Healy DJ, Kuehn R, Zhou QY,
Bunzow JR, Akil H, Civelli O, Watson SJ Jr (1991) Comparison of
the distributions of D1 and D2 dopamine receptor mRNAs in rat
brain. Neuropsychopharmacology 5:231-242.

Metherate R, Ashe JH (1991) Basal forebrain stimulation modifies
auditory cortex responsiveness by an action at muscarinic recep-
tors. Brain Res 559:163-167.

Metherate R, Ashe JH (1993) Nucleus basalis stimulation facilitates
thalamocortical synaptic transmission in the rat auditory cortex.
Synapse 14:132—143.

Metherate R, Ashe JH (1995) Synaptic interactions involving acetyl-
choline, glutamate, and GABA in rat auditory cortex. Exp Brain Res
107:59-72.

Moghaddam B (2003) Bringing order to the glutamate chaos in schizo-
phrenia. Neuron 40:881-884.

Montague PR, Dayan P, Sejnowski TJ (1996) A framework for mes-
encephalic dopamine systems based on predictive Hebbian learn-
ing. J Neurosci 16:1936-1947.

Mountcastle VB (1998) The brain cortex. Boston, MA: Harvard Uni-
versity Press.

Muller J, Wanke K (1998) Toxic psychoses from atropine and scopol-
amine. Fortschr Neurol Psychiatr 66:289—-295.

Murer MG, Riquelme LA, Tseng KY, Cristal A, Santos J, Pazo JH
(1997) D1-D2 dopamine receptor interaction: an in vivo single unit
electrophysiological study. Neuroreport 8:783—-787.

Olianas MC, Maullu C, Onali P (1999) Mixed agonist-antagonist prop-
erties of clozapine at different human cloned muscarinic receptor
subtypes expressed in Chinese hamster ovary cells. Neuropsycho-
pharmacology 20:263-270.

Passetti F, Dalley JW, O’Connell MT, Everitt BJ, Robbins TW (2000)
Increased acetylcholine release in the rat medial prefrontal cortex
during performance of a visual attentional task. Eur J Neurosci
12:3051-3058.

Patil MM, Linster C, Lubenov E, Hasselmo ME (1998) Cholinergic
agonist carbachol enables associative long-term potentiation in
piriform cortex slices. J Neurophysiol 80:2467-2474.

Richardson RT, DeLong MR (1991) Electrophysiological studies of the
functions of the nucleus basalis in primates. Adv Exp Med Biol
295:233-252.

Rutkowski RG, Miasnikov AA, Weinberger NM (2003) Characterisa-
tion of multiple physiological fields within the anatomical core of rat
auditory cortex. Hear Res 181:116—130.

Sarter M, Bruno JP (2000) Cortical cholinergic inputs mediating
arousal, attentional processing and dreaming: differential afferent
regulation of the basal forebrain by telencephalic and brainstem
afferents. Neuroscience 95:933-952.

Schultz W (1998) Predictive reward signal of dopamine neurons.
J Neurophysiol 80:1-27.

Seamans JK, Durstewitz D, Christie BR, Stevens CF, Sejnowski TJ
(2001) Dopamine D1/D5 receptor modulation of excitatory synaptic
inputs to layer V prefrontal cortex neurons. Proc Natl Acad Sci
U S A 98:301-306.

Sim JA, Griffith WH (1996) Muscarinic inhibition of glutamatergic trans-
missions onto rat magnocellular basal forebrain neurons in a thin-
slice preparation. Eur J Neurosci 8:880—891.

Stanhope KJ, Mirza NR, Bickerdike MJ, Bright JL, Harrington NR,
Hesselink MB, Kennett GA, Lightowler S, Sheardown MJ, Syed R,
Upton RL, Wadsworth G, Weiss SM, Wyatt A (2001) The musca-
rinic receptor agonist xanomeline has an antipsychotic-like profile
in the rat. J Pharmacol Exp Ther 299:782-792.

Tiihonen J, Hallikainen T, Ryynanen OP, Repo-Tiihonen E, Kotilainen
I, Eronen M, Toivonen P, Wahlbeck K, Putkonen A (2003) Lam-
otrigine in treatment-resistant schizophrenia: a randomized place-
bo-controlled crossover trial. Biol Psychiatry 54:1241-1248.

Van Huizen F, March D, Cynader MS, Shaw C (1994) Muscarinic
receptor characteristics and regulation in rat cerebral cortex:
changes during development, aging and the oestrous cycle. Eur
J Neurosci 6:237-243.

Verney C, Berger B, Adrien J, Vigny A, Gay M (1982) Development of
the dopaminergic innervation of the rat cerebral cortex. A light
microscopic immunocytochemical study using anti-tyrosine hy-
droxylase antibodies. Brain Res 281:41-52.

Vogl A, Noe J, Breer H, Boekhoff | (2000) Cross-talk between
olfactory second messenger pathways. Eur J Biochem 267:
4529-4535.

Von Wegerer J, Hesslinger B, Berger M, Walden J (1997) A calcium
antagonistic effect of the new antiepileptic drug lamotrigine. Eur
Neuropsychopharmacol 7:77—81.

Voytko ML (1996) Cognitive functions of the basal forebrain cholin-
ergic system in monkeys: memory or attention?Behav Brain Res
75:13-25.

Voytko ML, Olton DS, Richardson RT, Gorman LK, Tobin JR, Price DL
(1994) Basal forebrain lesions in monkeys disrupt attention but not
learning and memory. J Neurosci 14:167—-186.

Waelti P, Dickinson A, Schultz W (2001) Dopamine responses comply
with basic assumptions of formal learning theory. Nature 412:
43-48.

Wang J, O’Donnell P (2001) D(1) dopamine receptors potentiate
NMDA-mediated excitability increase in layer V prefrontal cortical
pyramidal neurons. Cereb Cortex 11:452—462.

Wang SJ, Huang CC, Hsu KS, Tsai JJ, Gean PW (1996a) Inhibition of
N-type calcium currents by lamotrigine in rat amygdalar neurones.
Neuroreport 7:3037-3040.

Wang SJ, Huang CC, Hsu KS, Tsai JJ, Gean PW (1996b) Presynaptic
inhibition of excitatory neurotransmission by lamotrigine in the rat
amygdalar neurons. Synapse 24:248-255.

Waszczak BL, Martin LP, Finlay HE, Zahr N, Stellar JR (2002) Effects
of individual and concurrent stimulation of striatal D1 and D2
dopamine receptors on electrophysiological and behavioral output
from rat basal ganglia. J Pharmacol Exp Ther 300:850—861.

Wedzony K, Chocyk A, Mackowiak M, Fijal K, Czyrak A (2000) Cortical
localization of dopamine D4 receptors in the rat brain- immunocy-
tochemical study. J Physiol Pharmacol 51:205-221.

Weinberger DR, Berman KF (1996) Prefrontal function in schizophrenia:
confounds and controversies. Philos Trans R Soc Lond B Biol Sci
351:1495-1503.

Weinberger DR, Berman KF, Daniel DG (1992) Mesoprefrontal cortical
dopaminergic activity and prefrontal hypofunction in schizophrenia.
Clin Neuropharmacol 15(Suppl 1 Pt A):568A—569A.

Williams RS, Cheng L, Mudge AW, Harwood AJ (2002) A common
mechanism of action for three mood-stabilizing drugs. Nature
417:292-295.

Wu L, Bauer CS, Zhen XG, Xie C, Yang J (2002) Dual regulation of voltage-
gated calcium channels by Ptdins(4,5)P2. Nature 419:947-952.

Yajeya J, De La FA, Criado JM, Bajo V, Sanchez-Riolobos A, Heredia
M (2000) Muscarinic agonist carbachol depresses excitatory syn-
aptic transmission in the rat basolateral amygdala in vitro. Synapse
38:151-160.

Yue C, Dodge KL, Weber G, Sanborn BM (1998) Phosphorylation of
serine 1105 by protein kinase A inhibits phospholipase Cbeta3
stimulation by Galphag. J Biol Chem 273:18023—18027.

Zhang LI, Bao S, Merzenich MM (2002) Disruption of primary auditory
cortex by synchronous auditory inputs during a critical period. Proc
Natl Acad Sci U S A 99:2309-2314.

(Accepted 11 May 2005)
(Available online 12 July 2005)



	DOPAMINE PREVENTS MUSCARINIC-INDUCED DECREASE OF GLUTAMATE RELEASE IN THE AUDITORY CORTEX
	EXPERIMENTAL PROCEDURES
	Preparation
	Drugs and solutions
	Electrophysiology

	RESULTS
	DA prevents the muscarinic depression of glutamatergic currents
	Effect of antipsychotics on the depression of the glutamatergic signal
	Locus of modulation of the glutamatergic signal
	D1 - and D2 -like receptor co-activation is necessary for blocking the muscarinic eEPSC depression
	MRs involved in the eEPSC depression
	Pharmacology of the ACh–DA interaction
	The effect of antipsychotics is not mediated by MRs
	Comparison between prefrontal and temporal cortices, and variability of the glutamate depression

	DISCUSSION
	Possible function of cortical ACh and DA in the auditory cortex
	Effects of excess DA activity
	Mechanisms of action
	Antipsychotics and depression of glutamate release
	Regional specificity of the modulation of glutamate release

	Acknowledgments
	REFERENCES


