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Background: Auditory gating isthought to reflect sensory
information processing and is absent or diminished in
schizophrenic patients. Although abnormal thalamic sen-
sory processing has been proposed in schizophrenia,
sensory gating of thalamic neurons has not been demon-
strated experimentally. The aim of the present study wasto
establish whether auditory gating is present in the rat
thalamus using a well-characterized animal model of
auditory gating and schizophrenia.

Methods: Hippocampal e ectroencephalogram and sin-
gle-unit activity in the thalamic reticular nucleus (nRT)
were recorded in anaesthetized rats. Evoked potentials in
the hippocampus and neuronal activity in the nRT were
monitored in response to bilateral auditory stimuli. The
effects of the psychostimulant p-amphetamine and the
antipsychotic haloperidol on auditory gating were evalu-
ated.

Results: Thalamic reticular nucleus neurons showed
gated responses to paired-tone auditory stimuli, resem-
bling hippocampal auditory gating. b-amphetamine dis-
rupted auditory gating of nRT neurons and abolished their
burst activity. b-amphetamine also disrupted hippocampal
auditory gating and induced hippocampal theta activity.
The amphetamine-induced gating deficit was reversed by
haloperidol in both regions.

Conclusions: Our findings provide the first experimental
evidence for auditory gating of nRT neurons. We demon-
strated that amphetamine disrupts sensory processing of
NRT neurons, indicating similarities between hippocampal
and thalamic sensory gating. These findings support the
presumed connection between dopamine hyperfunction
and abnormal thalamic filtering in schizophrenia. Biol
Psychiatry 2003;53:244-253 © 2003 Society of Biologi-
cal Psychiatry
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I ntroduction

bnormal sensory processing is thought to be one of

the core pathol ogic mechanisms causal to schizophre-
nia (Braff 1999). Normal auditory processing in humans
includes a reduced expression in the P50 response to the
second of two consecutive stimuli, referred to as auditory
gating. In contrast, impaired auditory gating may lead to
sensory overload (McGhie and Chapman 1961; Venables
1964) and has been observed in schizophrenic patients
(Adler et al 1998; Braff 1999; Cadenhead et al 2000;
Clementz et a 1998; Croft et a 2001), in first-degree
relatives of schizophrenic patients (Adler et a 1998;
Clementz et a 1998), and in subjects with schizotypal
personality disorder (Cadenhead et a 2000). The function
of P50 auditory gating is till under debate; however,
recent findings indicate an association between an audi-
tory gating impairment and either positive symptoms or
cognitive dysfunctions in schizophrenia (Cadenhead et al
2000). The fact that an improved clinical status correlates
with a normalized sensory gating following clozapine
treatment has further substantiated the connection between
impaired sensory gating and schizophrenic symptoms
(Nagamoto et a 1996).

To investigate the underlying neurobiology of auditory
gating, various animal models showing auditory gating
deficits have been developed. In the amphetamine model,
sensory gating is disrupted by an elevated dopamine
neurotransmission in animals (Adler et al 1986; Bickford-
Wimer et a 1990; Stevens et al 1996) and humans (Light
et al 1999).

Studies of auditory gating have focused mainly on the
hippocampus, aregion that is experimentally easily acces-
siblein animals (Adler et a 1986, 1998; Stevens and Wear
1997). Auditory gating to paired tones can be demon-
strated in rats using field potential recordings from the
hippocampal CA3 region (Adler et a 1986; Bickford-
Wimer et al 1990; Nagamoto et al 1996; Schridde and van
Luijtelaar 2001; van Luijtelaar et al 2001). In the present
study, however, we focused on another brain area, the
thalamus, which is involved in sensory processing and
may play arole in the pathophysiology of schizophrenia
In addition to its role in various sensory functions, the
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thalamus receives afferent input from the brain stem
reticular activating system, from cortical and sub-cortical
structures involved in emotion and memory (such as the
amygdala and hippocampus), as well as from cortical
association areas (Jones 1975). Hence, the thalamus plays
an important role in filtering, gating, processing, and
relaying information. In fact, a number of investigators
have proposed that schizophrenia may involve abnormal
thalamic filtering of sensory input to the cerebral cortex
(Andreasen et al 1994, 1999; Braff 1999; Carlsson 2001).
Morphometric analyses, as well as functional imaging
studies, in patients suffering from schizophrenia consis-
tently indicate a reduced volume of the thalamus and
hippocampus (Andreasen et al 1994; Blennow et a 1996;
Buchsbaum et a 1996; Ettinger et a 2001; Pakkenberg
1990).

The aim of the present study was to explore whether
auditory gating processes are present in the rat thalamus,
particularly the thalamic reticular nucleus (nRT), where
several sensory modalities are represented (Guillery et al
1998). The unique anatomical connections of NRT neurons
give rise to their presumed function in sensory processing
(Crick 1984; Houser et a 1980; Jones 1975; McCormick
and Bal 1994). This led us to study auditory gating
mechanisms in this thalamic subregion using single-unit
recordings in the auditory sector of the nRT (Shosaku and
Sumitomo 1983). In addition, field potential recordings
from the hippocampal CA3 region in anesthetized rats
were studied. Auditory gating responses to various inter-
tone stimulus intervals were studied both in nRT and
hippocampus, and effects of enhanced dopamine neuro-
transmission on gating processes were investigated.

Methods and Materials

Surgery

Harlan male Sprague-Dawley rats (250—300 g) were anesthe-
tized with chloral hydrate (400 mg/kg intraperitoneally, supple-
mented by 150 mg/kg as necessary). The femoral vein and artery
were cannulated with PE-50 tubing to administer drug and
monitor blood pressure, respectively. Mean arterial blood pres-
sure ranged between 60—90 mm Hg in chloral hydrate-anesthe-
tized rats. Body temperature was kept at 37°C by means of an
isothermal heating pad (Braintree Scientific, Braintree, MA).
Animals were placed in a Kopf stereotaxic unit with the incisor
bar lowered by 3.3 mm below the interaural line corresponding
to the atlas of Paxinos and Watson (1986).

Electroencephal ogram Recordings

Following craniotomy, a monopolar, stainless steel macroelec-
trode (Rhodes Medical Instruments, Woodland Hills, CA) was
lowered into the CA3 region of the left hippocampus, 3.8 mm
ventral, 3.5 mm posterior, and 3.0 mm lateral from bregma
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(Paxinos and Watson 1986). Hippocampal field potentials (elec-
troencephalogram [EEG]) were recorded and amplified (Grass
P15). Data were digitized and stored using the Spike2 software
package (Cambridge Electronic Design, Cambridge, UK). The
location of electrode track was verified in seria sections of
frozen tissue. For quantitative EEG analysis, fast Fourier trans-
formation was performed. Auditory evoked potentials were
determined by measuring the potential difference between the
positive and the negative deflection 20 and 40 msec after
stimulation (P20 and N40), respectively. For quantification, 25
sweeps were averaged, and the amplitude was determined and
the ratio of the response after the second stimulus (test, T) and
thefirst stimulus (conditioning, C) was calculated. This T/C ratio
is used as a measure of gating.

Sngle-Unit Recordings

Spontaneously active nRT neurons were monitored by means of
extracellular recording techniques. Glass microelectrodes filled
with 2 mol/L NaCl and 2% pontamine sky blue (impedance 2—4
mol/L M) were lowered 5.2-5.6 mm into the left nRT (3.0 mm
posterior and 3.6 mm lateral with respect to bregma), using a
hydraulic microdrive (Kopf Instruments, Tujunga, CA). To
identify neurons in the auditory sector of the reticular thalamus,
continuous auditory stimulation was presented during electrode
descent, and only those neurons that responded with activation to
auditory stimuli were selected for our studies. Signals were
amplified, low-pass filtered, and action potentials discriminated
on-line (Neurolog System, Hertfordshire, UK). Data were digi-
tized and stored using the Spike2 software package. At the end of
each experiment, dye was deposited from the recording electrode
using a 10 pA DC current for 10-15 min. Location of the
electrode tip was verified in serial sections of frozen tissue and
subsequently determined by microscopic inspection of dlide-
mounted and cresy! violet—stained sections. Data were analyzed
by determining firing rates and interspike time interval histo-
grams at baseline and after drug administration. To quantify
changes in firing pattern, the ratio of the SD to the mean of
peristimulus time histograms (PSTH) was calculated (coefficient
of variance). Raster displays and PSTHs were constructed from
the evoked responses to auditory stimulation on-line. The num-
ber of events (i.e., extracellularly recorded action potentials)
before auditory stimulation and after the conditioning and test
stimuli were determined using PSTHs. The number of events
after the test stimulus divided by the number of events after the
conditioning stimulus was called the T/C ratio. For statistical
comparisons, the Student t test was used. Differences were
considered significant when p < .05.

Stimulation

Auditory stimulation consisted of two consecutive tone bursts of
10 msec duration at a frequency of 5 KHz. The sound pressure
level was 80—100 dB as determined with a sound level meter
(RadioShack, Fort Worth, TX). Tones were delivered through
hollow earbars. Tested intertone intervals (ITIs) in paired audi-
tory stimuli were 0.5, 1, and 1.5 sec. The time interval between
tone-pairs was 10 sec.
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Drugs used in this study included p-amphetamine sulfate, dis-
solved in distilled water, and haloperidol dissolved in distilled
water with equal molar amounts of citric acid (both Sigma, St.
Louis, MO). Drugs were routinely administered intravenously.
Injected volumes varied between 0.1 and 0.2 mL.

Results

Auditory Gating in the Hippocampus and Thalamic
Reticular Nucleus

HIPPOCAM PUS. Hippocampal field potential recordings
revealed evoked potentials to auditory stimulation in
anesthetized rats. The amplitude of the evoked auditory
potential was determined by measuring the peak-to-peak
amplitude between the P20 and the N40 waves of the
evoked potentials (Figure 1A). Auditory gating, expressed
as the ratio between evoked potentials to testing and
conditioning stimuli (T/C), was evaluated at different ITls.

In contrast to amplitudes of evoked potentials to condi-
tioning stimuli, the amplitudes of evoked potential to test
stimuli were dependent on the ITI (Figure 1A). With an
ITI of 500 msec the response to the test stimulus was
greatly suppressed, indicated by alow T/C ratio of 0.16 +
0.03 (n = 34 animals). AsITIswereincreased, an increase
in the T/C ratio was established: for an ITI of 1000 msec
the T/C ratio was 0.52 £ 0.06 (n = 22 animals) and with
an ITI of 1500 msec it was 0.8 = 0.06 (n = 11 animals).
Although it was found that the extent of auditory gating
depended on the duration of ITI, paired-tone stimulations
applied either at 0.5 or 1-sec intervals resulted in a
significant auditory gating in the hippocampus (p = .001,
Figure 1B).

RETICULAR THALAMIC NUCLEUS. Reticular thalamic
neurons responded vigorously to auditory stimuli, with a
typical discharge of bursts of action potentials lasting for
up to 1 sec (n = 18 neurons from 18 rats; Figure 2). Burst
activity upon auditory stimulation was characterized by
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Figure 1. Auditory evoked potentials in the
.,, hippocampal electroencephalogram displayed
gating. (A) Averaged auditory potentias
evoked by conditioning and test stimulus. Am-
plitude between the P20 and the N40 response
was determined (indicated by vertical lines),
and the ratio of the test stimulus amplitude over
conditioning stimulus amplitude was called T/C
ratio. The amount of reduction in amplitude
upon test stimuli depended on the intertone
interval (ITI) and was maximal with an ITI of .5
sec. (B) Summary graph of averaged T/C values
for .5, 1.0, and 1.5 sec ITI (*p = .01).

interspike interval histograms (Figure 2B). Auditory
evoked activity of reticular thalamic neurons showed
oscillations at 7-12 Hz, with each burst comprising ~6
action potentials. During repeated stimulation (20 or more
stimulus pairs at 0.1 Hz), no habituation of the response
was noticed. Because of the long-lasting activation of nRT
neurons to auditory stimulation, gating of these neurons
was tested by paired tones with 1-sec ITI. Activation of
NRT neurons was more pronounced after the conditioning
stimulus than after the test stimulus, as revealed by
PSTHSs, indicating auditory gating (Figure 2A). To quan-
tify auditory gating, the number of spikes was determined
in the 800 msec poststimulus period following both
conditioning and test stimuli. The average T/C ratio, i.e.,
the number of spikes after test stimuli divided by the
number of spikes after the conditioning stimuli, was 0.34
+ 0.04 (n = 18), demonstrating auditory gating in al
tested neurons.

Effects of b-amphetamine and Haloperidol on
Auditory Gating and Theta Activity in the
Hippocampus

Systemic administration of p-amphetamine (0.3—1 mg/kg)
disrupted auditory gating in the hippocampus CA3 region
in anesthetized rats, as indicated by a significant increase
of the T/C ratio to 0.57 = 0.11 from the control 0.29 *+
0.02 level (n = 6 animals, p = .005; Figure 3A and B).
The increase in T/C ratio was due to an increase and a
decrease of the amplitude of evoked potentialsin response
to test and conditioning stimuli, respectively. Subsequent
administration of haloperidol (0.3 mg/kg) significantly
reversed the amphetamine-induced gating deficit (T/C
ratio: 0.29 = 0.12; p = .01) by antagonizing the action of
amphetamine on the evoked potentials both to the test and
conditioning stimuli (Figure 3C).

In addition to disrupting auditory gating, p-amphet-
amine induced a slow rhythmic activity, as revealed by
simultaneous EEG recordings from the ipsilateral CA3
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Figure 2. Single units in the reticular nucleus of the thalamus showed auditory gating. (A) Distribution of spikes over a period of 24
stimulations (upper panel) and poststimulus time histogram (lower panel, binsize: 2 msec) after conditioning (CS) and test stimulus
(TS) of asingle unit recorded in the reticular nucleus of the thalamus (nRT). Note that the single unit showed little spontaneous activity,
and the majority of spikes occurred after the conditioning stimulus. (B) Interspike interval histogram of a single unit in nRT recorded
for 250 msec (binsize: 1 msec). The interspike interval is reminiscent of a bursting cell. Most spikes showed an interspike interval of
2.5 msec. (C) Bar diagram summarizing numbers of spikesin an 800-msec-window before the conditioning stimulus (Pre-Stim.), after
the conditioning stimulus and after the test stimulus. Data are from single units recorded in nRT of 18 animals. The number of events
after the conditioning stimulus is significantly higher than the number of events during the prestimulus period or after the test stimulus
(*p = .0005). (D) Horizontal section through the forebrain of arat stained with cresyl violet. The arrowhead points to alesion and a
dye depository, indicating the position of the recording electrode in the ventral portion of the reticular nucleus of the thalamus. vb,

ventrobasal complex of the thalamus; ic, internal capsule; fi, fimbria. Scale bar = 1 mm.

region. Quantitative EEG analysis showed a significant
increasein EEG power resulting in apeak frequency of 5.0
*+ 0.2 Hz, thereby indicating an increased synchrony in the
theta frequency range (Figure 4Ab, Bb, and Ca, n = 6
animals, p = .05). In addition to an increase of power in
theta activity, p-amphetamine shifted the peak theta to a
higher frequency (Figure 4b; p = .001). Interestingly,
haloperidol (0.3 mg/kg) failed to antagonize the synchro-
nizing action of b-amphetamine on hippocampal EEG, in
contrast to its reversing action of amphetamine-induced
gating deficit. Thus, the b-amphetamine-induced increase
in theta power of hippocampal EEG was not reversed by
haloperidol, although the increase in theta frequency was
dlightly, but significantly, attenuated (Figure 4b; p = .05).

Effects of b-amphetamine and Haloperidol on
Auditory Gating and Neuronal Activity in the
Thalamic Reticular Nucleus

Auditory gating of nRT neurons was significantly dis-
rupted by p-amphetamine (0.3-1 mg/kg, n = 5). D-
amphetamine reduced the number of spike discharges after

conditioning stimuli and increased the number of spike
discharges after the test stimuli (Figure 5A; Figure 6Ab
and Bb). The average T/C ratio was 0.27 = 0.06 under
control conditions and increased significantly after admin-
istration of p-amphetamine to 0.85 = 0.11 (p = .01,
Figure 6Aa). At the sametime, nRT neurons changed their
firing mode from burst firing to single-spike firing (Figure
5Ba and Bb). Accordingly, the coefficient of variation
(CV) of interspike timing changed significantly from 1.14
*+ 0.17 under control conditionsto 1.50 = 0.10 (p < .01,
Figure 6Ba) after administration of p-amphetamine, re-
flecting a less regular firing pattern. p-amphetamine—
induced changes in both gating characteristics and firing
mode were reversed by administration of haloperidol (0.3
mg/kg; n = 5, p = .05; Figure 5Ca and Cb and Figure 6),
indicated by areduction in T/C ratio (p = .05) and CV (p
= .05), respectively (Figure 6A and B).

Discussion

The present results provide the first electrophysiological
evidence for the presence of auditory gating in nRT. The
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psychoactive drug p-amphetamine disrupted auditory gat-
ing of NRT neurons and abolished their burst activity
concomitantly with impairing hippocampal auditory gat-
ing. In nRT, both the b-amphetamine-induced disruption
of auditory gating and the burst activity were reversed by
haloperidol. Haloperidol also restored auditory gating in
the hippocampus but failed to antagonize the p-amphet-
amine-induced increase in theta activity. These electro-
physiological data support a role of nRT neurons in
sensory processing in an anima model, corroborating the
p-amphetamine-induced auditory gating deficit model.

Smilar Auditory Gating in the Hippocampus and
Thalamic Reticular Nucleus

The design of the present study enabled us to investigate
and confirm auditory gating in the hippocampal CA3
region by utilizing a well-defined animal model for
schizophrenia (Adler et al 1986; Miller et al 1992; Stevens
et a 1996). The same model was used to study auditory
gating in the nRT, a brain region where auditory gating is
still unexplored. As shown in humans and animals, audi-
tory stimulation elicited hippocampal evoked potentials
and displayed gating when paired tones were delivered
with an intertone interval (IT1) shorter than 1.5 sec. The
degree of gating depended on the duration of the ITI, and
consistent with previous findings the response to the
second (test) tone was significantly suppressed with an I Tl
of 0.5 0or 1 sec.

In a similar experiment, single units in the auditory
sector of the nRT responded to pairs of auditory stimuli
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Figure 3. Effects of b-amphetamine and halo-
peridol on auditory gating and amplitudes of
auditory evoked potentials in the hippocampal
electroencephalogram. (A) Averaged auditory
evoked potentials after conditioning and test
stimulus (intertone interval .5 sec) in control
conditions, after administration of D-amphet-
amine (AMP, 1.0 mg/kg) and after additional
administration of haloperidol (HAL, .3 mg/kg).
(B) Summary graph showing a significant in-
crease in T/C ratio after AMP, which was
restored by HAL (n = 6 animals). (C) b-
amphetamine (.3 or 1.0 mg/kg) caused a de-
crease in the amplitude of the conditioning
response (empty bars) and an increase in the
amplitude of the test response (black bars).
Haloperidol (.3 mg/kg) reversed these effects (n
= 6 animals, *p = .05 vs. control).

AMP  HAL

with severa bursts of action potentials. The evoked burst
activity of nRT neurons showed a characteristic oscillatory
response and lasted up to 1 sec, as reported previously
(Cotillon et a 2000; Shossku and Sumitomo 1983).
Because of this long-lasting response, gating of these
neurons was tested by paired tones with an ITI of 1 sec,
which induced a gated auditory response in the hippocam-
pus as well (see above). Firing activity of NRT neurons
was much more pronounced after the conditioning stimu-
lus than after the test stimulus when stimuli were pre-
sented 1 sec apart from each other. This finding is
interpreted as gating and may indicate an important role of
the nRT in filtering and processing of auditory signals.

Mechanisms Underlying Auditory Gating:
Lemniscal versus Nonlemniscal Auditory Pathways

It has been proposed that signal processing in the auditory
system upstream of the cochlear nucleus can be broadly
divided into the lemniscal pathway and the nonlemniscal
pathway. The lemniscal pathway includes areas or nuclei
such as the brain stem reticular formation and the media
septal nucleus. The nonlemniscal pathway, which corre-
sponds to the central auditory pathway, includesinter alia
the media geniculate body of the thalamus and the
auditory cortex (Simpson and Knight 1993). Interestingly,
functional studies revealed that auditory gating is primar-
ily observed in regions of the lemniscal pathway, such as
the brain stem reticular formation (Moxon et al 1999) and
the medial septum (Miller and Freedman 1993). In the
hippocampus, both lemniscal and nonlemniscal auditory
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pathways converge, resulting in a gated response to
auditory stimuli in the CA3 region (Adler et al 1998). A
modulatory action on hippocampal activity by the brain
stem has been demonstrated (Vertes and Kocsis 1997) and
is thought to contribute to auditory gating in this brain
region (Bickford et al 1993; Vertes and Kocsis 1997). But
how do these auditory pathways relate to the nRT and how
do they contribute to auditory gating in this thalamic
region? Auditory gating has not been observed in the
medial geniculate nucleus (Bickford-Wimer et a 1990;
Shosaku et a 1989; Yingling and Skinner 1976) or in the
auditory cortex (Moxon et al 1999). Thus, an involvement
of these two main excitatory inputs to the nRT can be
ruled out in the generation of a gated auditory response.
Responses of single units to paired auditory stimuli in the
NRT share some characteristics with single units in the
brain stem reticular formation. In both areas the response
to the second tone is largely suppressed, demonstrating a
powerful sensory gating, although firing latencies to au-
ditory stimuli differ tremendously (Bickford-Wimer et al
1990; Caotillon et al 2000; Moxon et al 1999). Hence, it is
conceivable that a diminished response to the second tone
innNRT (i.e., auditory gating) may be related to an afferent
input from the brain stem reticular formation. Some
anatomical and electrophysiological findings support this
hypothesis. Cholinergic afferents from the ponsto the nRT
have been confirmed using immunocytochemical methods
(Pare et a 1988; Sofroniew et a 1985), and indeed the
action of acetylcholine on neurons in the nRT leads to
burst firing (Dingledine and Kelly 1977; McCormick and
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Figure 4. Effects of b-amphetamine and halo-
peridol on slow rhythmic activity in the hip-
pocampal €electroencephalogram (EEG). Hip-
pocampal EEG (A) and power spectra (B) under
control conditions (a), after administration of
D-amphetamine (b, .3 or 1.0 mg/kg), and after
subsequent administration of haloperidol (c, .3
mg/kg). b-amphetamine induced a slow rhyth-
mic activity in the hippocampal EEG in the
theta frequency range, indicated by an increase
in power between 3 and 6 Hz. The power of the
rhythmic activity remained unchanged after ad-
ministration of haloperidol. (C) Summary graph
showing the results of changesin power (a) and
frequency (b) from the EEG recordings of 6
animals.
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Prince 1986). This hypothesis is tempting, because it
postulates a common mechanism for auditory gating in
NRT and hippocampus.

Effects of b-amphetamine on Auditory Gating and
EEG in Hippocampus

Recent neuroimaging findings in schizophrenic patients
provide evidence for a dopamine hyperfunction in this
disease (Abi-Dargham et a 2000; Breier et a 1997,
Laruelle and Abi-Dargham 1999; Laruelle et a 1996) and
validate the choice for the p-amphetamine model of
schizophrenia (Snyder 1973). Enhanced dopaminergic
neurotransmission by pharmacological manipulation |eads
to impaired auditory gating in animals (Adler et a 1986;
Bickford-Wimer et a 1990; Stevens et a 1996) and
humans (Light et al 1999). In line with these observations,
the present findings demonstrate that systemic administra-
tion of p-amphetamine disrupted auditory gating both in
the hippocampus and NRT in anesthetized rats. Our results
therefore not only support but also extend the p-amphet-
amine model of schizophrenia.

The present results confirm that systemic administration
of p-amphetamine disrupts auditory gating by decreasing
the conditioning amplitude and increasing the test ampli-
tude of evoked responses to auditory stimuli (Bickford-
Wimer et a 1990). The dopamine D2 receptor antagonist
haloperidol reversed the p-amphetamine-induced gating
deficit. Additionally, p-amphetamine induced a slow
rhythmic activity in the hippocampal EEG, with a signif-
icant increase in theta power and frequency, asrevealed by
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guantitative EEG analysis. In contrast to its reversing
action on the gating deficit, haloperidol failed to antago-
nize the synchronizing action of p-amphetamine on hip-
pocampa EEG, suggesting that p-amphetamine-induced
theta activity is not primarily related to an enhanced
dopaminergic neurotransmission. b-amphetamine also in-
duces noradrenaline release in the hippocampus (Kuczen-
ski et a 1995; Light et al 1999), and an dteration in
noradrenergic neurotransmission affects  hippocampal
EEG activity. Inhibition of ascending noradrenergic neu-
rons in the locus coeruleus attenuates hippocampal theta
activity (Berridge and Foote 1991; Kuczenski et a 1995;
Light et a 1999). Along these lines, we have recently
shown that reboxetine, a selective noradrenaline reuptake
inhibitor, enhances theta oscillations of septal neurons and
increases hippocampal theta activity by increasing extra-
cellular noradrenaline levels (Hajos et a 2001). Interest-
ingly, theta peak frequency but not theta power is depen-
dent on the activation of dopamine receptors. Thus, theta
peak freguency is increased by the dopamine receptor
agonist apomorphine, wheress it is shifted to lower fre-
guencies by the dopamine receptor antagonist haloperidol
(Yamamoto 1988). In line with these findings, our results
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Figure 5. Effects of pb-amphetamine and halo-
peridol on auditory evoked spike discharge of a
representative single unit recorded in the retic-
ular nucleus of the thalamus. (Aa) In control
conditions the unit responded with a higher
number of spikes after the conditioning stimulus
(CS) than after the test stimulus (TS). The unit
fired preferentially in bursts as indicated by the
interspike interval histogram (Ab). (Ba) Ad-
ministration of p-amphetamine (AMP, .3 mg/
kg) reduced the number of spikes after the
conditioning stimulus and increased the number
of spikes after the test stimulus. At the same
time, burst firing was abolished and single-
spike firing was prevailing (Bb). (C) Haloperi-
dol (HAL, .3 mg/kg) reversed the effects of
AMP. Accordingly, the unit responded with a
higher discharge after the CS and fired in bursts
(Chb).
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show a slight shift of b-amphetamine-induced theta peak
frequency to alower level. Taken together, it is concluded
that b-amphetamine disrupts auditory gating in the hip-
pocampus and induces theta activity predominantly via
enhancing dopaminergic and noradrenergic neurotrans-
mission, respectively. In addition, no correlation was
found between hippocampal theta activity and the degree
of auditory gating under physiologic conditions (Schridde
and van Luijtelaar 2001).

Effects of b-amphetamine on Auditory Gating in
the Reticular Thalamic Nucleus

Systemic administration of p-amphetamine modified neu-
ronal activity of the nRT to agreat extent, which may have
an impact on information processing. Firstly, p-amphet-
amine disrupted the auditory gating, similar to an impaired
auditory gating as described in the hippocampus. The
disrupted auditory gating of nRT neurons could have a
profound effect on thalamic auditory information process-
ing, owing to the reciprocal connection between nRT and
medial geniculate neurons. Secondly, b-amphetamine in-
creased spontaneous activity of NRT neurons and shifted
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Figure 6. Summary graphs for auditory
gating in single units in the reticular tha-
lamic nucleus. (A) Number of spikes after
test stimulus divided by number of spikes
after conditioning stimulus (T/C ratio). Av-
eraged T/C ratios after administration of
D-amphetamine (AMP, .3 or 1.0 mg/kg)

were significantly different from control
conditions (Con). Haloperidol (HAL, .3
mg/kg) reversed this effect. (B) Coefficient
of variance (CV) of interspike intervals in
control conditions (Con), after administra-
tion of AMP (.3 or 1.0 mg/kg), and after
administration of HAL (.3 mg/kg). Coeffi-
cient of variance after AMP was signifi-
cantly different (*p = .05) from CV in
control conditions or after administration
of HAL. (a) bar diagram; (b) single value
diagram, n = 5 animals.
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their burst firing to single-spike firing pattern, which could
be linked to an increase in membrane potential asshownin
vitro (Llinas and Jahnsen 1982). Alternatively, p-amphet-
amine may vastly enhance glutamatergic afferent inputs,
thereby activating type | metabotropic glutamate recep-
tors, which in turn leads to a membrane depolarization
(Cox and Sherman 1999). Thirdly, p-amphetamine abol-
ished the reverberating discharge of spike bursts with a
frequency of 7-10 Hz that followed upon auditory stimu-
lation (Cotillon and Edeline 2000; Cotillon et a 2000;
Shosaku and Sumitomo 1983). These stimulus-evoked
oscillations of bursts seem to be generated by an interac-
tion between the auditory thalamus and the nRT without
any involvement of the auditory cortex (Cotillon and
Edeline 2000). Thus, it seems unlikely that changes at the
level of the auditory cortex account for the observed
amphetamine-induced changes in firing pattern seen in
NRT neurons, but these regions may well be affected by
changes in nRT. Findly, al b-amphetamine-induced
changes in NRT neuronal activity were reversed by sub-
sequent administration of haloperidol, suggesting the in-
volvement of D2 receptors. Because expression of D2
receptors in the nRT is sparse (Ariano et a 1993; Gold-
smith and Joyce 1994; Landwehrmeyer et a 1993; Okubo
et al 1999), the action of b-amphetamine on nRT neurons
could be indirect. Several cortical or subcortical afferents
of the nRT, which are innervated by the dopaminergic

AMP HAL

system, such as the ventral pallidum, could account for
this effect. Interestingly, injection of either dopamine or
the D2 agonist quinpirole into the nucleus accumbens
leads to impairment in hippocampal and cortical sensory
motor gating (de Bruin et a 2001; Swerdlow et al 1990),
and a projection from the ventral pallidum to the nRT has
been documented in a number of anatomical studies
(Groenewegen et al 1993; Haber et a 1985; Hazrati and
Parent 1991; Nauta 1979). In fact, repeated stimulation of
the ventral pallidum leads to single-spike firing in NRT
neurons (Lavin and Grace 1994; Pinault and Deschenes
1992), suggesting that this pathway could convey changes
in dopaminergic neurotransmission to the nRT.

In summary, we propose a sensory gating function for
the nRT based on the present results. b-amphetamine not
only impaired hippocampal gating but altered neuronal
activity and gating function in the nRT as well, indicating
that sensory processing in both regions was affected. Thus,
our results provide experimental support for abnormal
thalamic filtering in schizophrenia as hypothesized by a
number of investigators (Andreasen et a 1994, 1999;
Blennow et al 1996; Braff 1999; Buchsbaum et al 1996;
Carlsson 1988, 2001; Pakkenberg 1990). In addition, the
p-amphetamine-induced auditory gating deficit model
provides an opportunity to reveal details of the underlying
neuropathology of impaired sensory gating in schizophre-
nia and therefore could suggest and vaidate a new
pharmacotherapy for this disease.
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Parts of the results have been published previously in abstract form
(Krause M, Hoffmann WE, Hajos M. Soc Neurosci Abstr 27, Program
No. 663.13, 2001).
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