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Abstract
One of the most consistent findings in schizophrenia is the decreased expression of the GABA
synthesizing enzymes GAD67 and GAD65 in specific interneuron populations. This dysfunction is
observed in distributed brain regions including the prefrontal cortex, hippocampus, and cerebellum.
In an effort to understand the mechanisms for this GABA deficit, we investigated the effect of the
N-methyl-D-aspartate receptor (NMDAR) antagonist phencyclidine (PCP), which elicits
schizophrenia-like symptoms in both humans and animal models, in a chronic, low-dose exposure
paradigm. Adult rats were given PCP at a dose of 2.58 mg/kg/day i.p. for a month, after which levels
of various GABAergic cell mRNAs and other neuromodulators were examined in the cerebellum by
RT-qPCR. Administration of PCP decreased the expression of GAD67, GAD65, and the presynaptic
GABA transporter GAT-1, and increased GABAA receptor subunits similar to those seen in patients
with schizophrenia. Additionally, we found that the mRNA levels of two Golgi cell selective
NMDAR subunits, NR2B and NR2D, were decreased in PCP treated rats. Furthermore, we localized
the deficits in GAD67 expression solely to these interneurons. Slice electrophysiological studies
showed that spontaneous firing of Golgi cells was reduced by acute exposure to low dose PCP,
suggesting that these neurons are particularly vulnerable to NMDA receptor antagonism. In
conclusion, our results demonstrate that chronic exposure to low levels of PCP in rats mimics the
GABAergic alterations reported in the cerebellum of patients with schizophrenia (Bullock et al., Am
J Psychiatry 165: 1594-1603, 2008), further supporting the validity of this animal model.
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Schizophrenia is a chronic and severely debilitating neuropsychiatric disease affecting
approximately 1% of the world’s population. Since schizophrenia is a purely human disease,
no animal model can fully reproduce the complex pathophysiological mechanisms underlying
the spectrum of symptoms in patients. Animal models have, however, proven useful to
understand specific aspects of the illness. For example, non-competitive N-methyl-D-aspartate
(NMDA) receptor antagonism by compounds such as MK-801 or phencyclidine (PCP) are
known to elicit in humans and animal models many of the positive, negative, and cognitive
symptoms seen in schizophrenic patients (Javitt and Zukin, 1991, Krystal et al., 1994, Morris
et al., 2005). Furthermore, administration of PCP in rodents reproduces many of the molecular
changes seen in human post-mortem tissue analysis (Cochran et al., 2003, Lindahl and Keifer,
2004), including alterations in NMDA receptor levels (Akbarian et al., 1996) and deficits in
subtypes of markers of γ-aminobutyric acid (GABA) expressing interneurons (Akbarian et al.,
1995b, Lewis et al., 2001, Lewis et al., 2005).

It has been proposed that NMDA receptor antagonists produce schizophrenia-like symptoms
by selectively blocking NMDA channels located on GABAergic interneurons (Grunze et al.,
1996, Rujescu et al., 2006, Homayoun and Moghaddam, 2007). Deficits in specific
subpopulations of these cells are some of the most consistent findings reported in post-mortem
tissue of patients with schizophrenia (Akbarian and Huang, 2006). Specifically, decreases in
the levels of the major isoform of the GABA synthesizing enzyme glutamic acid decarboxylase
67kDa (GAD67) and the presynaptic GABA reuptake transporter GAT-1 have been reported
in the prefrontal cortex (PFC) and other brain regions, including the hippocampus and
cerebellum (Akbarian et al., 1995a, Guidotti et al., 2000, Heckers et al., 2002, Fatemi et al.,
2005, Lewis et al., 2005, Bullock et al., 2008). Considering that GABAergic interneurons
modulate excitatory output, deficient activity of specific interneuron populations may account
for some of the positive, negative, and cognitive symptoms seen in schizophrenia.

Chronic low dose administration of PCP in rodents has been shown to decrease metabolic
activity in the prefrontal cortex, auditory cortex, hippocampus, and reticular nucleus of the
thalamus (Cochran et al., 2003), all regions affected in schizophrenia. Along with this decrease
in metabolic function, decreases in parvalbumin expression were also seen (Cochran et al.,
2003), mirroring the deficits seen in the prefrontal cortex of patients with schizophrenia (Lewis
et al., 2001). Additionally, levels of n-acetylaspartate (NAA) and its metabolite n-
acetylaspartyl glutamate (NAAG) were also altered by chronic PCP treatment similarly to that
seen in humans (Reynolds et al., 2005). Moreover, these animals show disrupted paired-pulse
inhibition (PPI) (Egerton et al., 2008), behavioral impairments in working memory (Jentsch
et al., 1997a, Jentsch et al., 1997b, Egerton et al., 2008), and social interaction (Sams-Dodd,
1997, Tanaka et al., 2003). Thus, animal models utilizing NMDA receptor blockade through
PCP, ketamine, or MK801 may be an effective tool to study some the pathophysiological
mechanisms underlying schizophrenia (Krystal et al., 1994, Olney and Farber, 1995, Morris
et al., 2005, Kondziella et al., 2007, Mouri et al., 2007).

PCP studies in rodents have focused mainly on regions of the brain traditionally associated
with schizophrenia, such as the PFC and limbic regions. However, increasing numbers of
reports suggest that the cerebellum is involved in this disease (Andreasen and Pierson, 2008).
Besides its role in motor coordination in humans, the cerebellum, through connections to the
PFC, is known to contribute to “higher” cognitive function (Schmahmann and Sherman,
1998, Ramnani, 2006). Such function suggests that deficits in cerebellar interneuron activity
may contribute to the disease process. Supporting this idea, we have recently found that
expression of key GABA neurotransmission components, including synthetic enzymes
GAD67 and GAD65 are decreased in lateral cerebellar hemisphere from patients (Bullock et
al., 2008). Given that NMDA antagonist administration in rodents replicates some of the
molecular and behavioral findings in schizophrenia presumably by inhibiting GABA

Bullock et al. Page 2

Neurochem Int. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transmission, here we investigated whether the levels of specific GABAergic markers, NMDA
receptor subunits, and neuromodulators were affected in rats chronically exposed to low-dose
PCP. Additionally, we sought to identify the specific type(s) of GABAergic interneurons in
which GAD67 expression was deficient and electrophysiologically characterized the effect of
PCP on spontaneous Golgi cell firing. Our findings indicate that Golgi cells, the interneurons
that modulate tonic and phasic activity of granule cells, are particularly vulnerable to the effects
of low doses of PCP and suggest that this cell type may contribute to dysfunctional cerebellar
output to the prefrontal cortex, contributing to alterations in animal behavior.

EXPERIMENTAL PROCEDURES
PCP Treated Rats

All animal procedures were performed in accordance to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and approved by the University of
New Mexico Institutional Animal Care and Use Committee (IACUC). Pair-housed adult male
Long-Evans rats (n=20) were injected intraperitoneally with 2.58 mg/kg/day of either PCP
dissolved in saline or with saline alone as described by Cochran et al., 2003. Briefly, after an
acclimation period of 7 days the rats were injected once a day for the first five days, then
injected on days 8, 10, 12, 15, 17, 19, 22, 24, and 26. On day 29, rats were anesthetized using
isoflurane and sacrificed. For reverse-transcription quantitative real time PCR (RT-qPCR)
experiments, the lateral hemisphere of the cerebellum was removed, frozen on dry ice and
stored at −80°C.

For in situ hybridization and immunohistochemistry studies, a separate group of rats (n=10)
were injected as described above. The cerebellum was removed and flash frozen in isopentane
that was cooled at −40°C using methanol/dry ice. Samples were stored at −80°C. Frozen rat
cerebellar tissue was cut to 10 μm thick sections on a cryostat and placed on a glass slide. Each
slide had two coronal sections, one from a PCP-treated rat and one from its pair-housed saline
control rat. Slides were stored at −80°C until the time of use.

qRT-PCR
qRT-PCR was performed as previously described (Bullock et al., 2008). Briefly, rat cerebellar
tissue was homogenized using a Polytron homogenizer (Brinkmann Instruments, Inc.;
Westbury, NY) and total RNA was isolated using TriReagent (Sigma; St. Louis, MO). The
integrity of samples was validated using a Bioanalyzer 2100 (Agilent Technologies; Santa
Clara, CA) and used only if the RNA integrity number (RIN) was >8.0. cDNA was synthesized
using M-MLV reverse transcriptase (Promega; Madison, WI). qRT-PCR reactions were run
on an Applied Biosystems 7300 or 7500 Fast qRT-PCR machine. Gene expression levels in
all samples were examined using SYBR® Green (Applied Biosystems; Foster City, CA) with
the exception of GABAA receptor subunits α6 and δ, which were analyzed using TaqMan®
Assays-on-Demand probes (Applied Biosystems), all according to the manufacturer’s
protocols. Exon spanning primer pairs (Operon; Huntsville, AL) specific to GABAergic
markers GABAA-β3, GAD67, GAD65, and GAT-1; NMDA receptor subunits NR1, NR2A,
NR2B, NR2C, and NR2D; kainate receptor subunits GluR6 and KA2; the metabotropic
glutamate receptors mGluR2, mGluR3; and neuronal nitric oxide synthase (nNOS) were
designed with Primer Express 3.0 (Applied Biosystems) (Supplemental Table 1). Dissociation
curves of all SYBR Green primer pairs revealed no evidence of dimerization. All primer pairs
for genes of interests were validated against β-actin and found to be within optimal
amplification values (validation curve slopes <|0.1|). mRNA levels were normalized to β-actin
because previous studies (Bullock et al., 2008) demonstrated that the expression of this
housekeeping gene did not change under several experimental conditions. Samples were run
in triplicate in three separate plates and compared to β-actin on the same plate. After correcting
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the levels of expression of each mRNA by β-actin, the relative levels of transcripts in PCP vs.
saline treated rats were calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001).

Quantitative In Situ Hybridization (qISH) and Immunohistochemistry (IHC)
GAD67 cRNA sense and antisense transcripts with incorporated 35S-UTP were synthesized
from cloned plasmids generously provided by Dr. Niranjala Tillakaratne (Department of
Physiological Science, UCLA). Riboprobes were transcribed using T3 RNA polymerase
(Promega; Madison, WI), purified using RNeasy (Qiagen; Valencia, CA) and kept at −80°C
until slides were treated.

ISH was performed according to methods developed by Simmons, et al. (1989) as described
by Bolognani, et al. (2006). Briefly, slides were fixed for 20 min in 4% paraformaldehyde prior
to hybridization. Slides were incubated with 1.5 × 106 cpm of 35S-UTP labeled antisense probes
in a volume of 75 μL hybridization buffer at 55°C for 16 hours. After hybridization, slides
were treated with RNase A and then washed in decreasing SSC (20X stock solution: 0.3M
sodium citrate, pH 7.0, 3M NaCl) concentrations. Slides were then exposed to film for 24 hours
to monitor adequate hybridization and to determine proper exposure time to emulsion.

Following ISH, slides were preincubated for 1 hour in 10% normal horse serum (NHS) in TBS
(50 mM Tris Base, pH 7.4, 0.9% NaCl), then incubated with mGluR2 monoclonal antibodies
(AbCam; Cambridge, MA) at a 1:750 dilution in 1% NHS in TBS for 16 hours at 4°C. Slides
were washed and then incubated for 2 hours with biotinylated horse-anti-mouse antibodies
(Vector Labs; Burlingame, CA) at a 1:400 dilution in 1% NHS in TBS at room temperature.
After another wash, the slides were treated with Vector ABC Elite kit (Vector Labs;
Burlingame, CA) according to manufacturer’s directions and developed using DAB as the
chromogen.

Following ISH and IHC, slides were dipped in Kodak NTB2 emulsion (Kodak; Rochester,
NY) and exposed for 6 days at 4°C. Slides were then developed using Kodak D-19 developer
and fixer.

ISH Data Analysis
After development of emulsion slides half of the slides were counterstained using hematoxylin
and eosin. Slides were photographed using an Olympus DP71 camera (Olympus America Inc.;
Center Valley, PA) attached to an Olympus BX60 microscope. To count the number of cells
per area, images were acquired using either a 10X objective (for Golgi cell and Purkinje cell
measurements) or at 20X (for basket/stellate cell measurements). Images were acquired using
a 60X objective to measure the number of grains per cell.

All images were analyzed using ImagePro® Plus 4.0 (Media Cybernetics; Bethesda, MD). Cell
number per area was determined by manually defining the region of interest and counting the
cells within that region. Area covered by grains per cell was determined by creating a circle
with a predetermined diameter, placing the circle over the cell of interest, and quantitating the
area covered by grains within the area of the circle. Diameters were set at 13 μm for basket/
stellate cells, 25 μm for Golgi cells, and 30 μm for Purkinje cells. All images were analyzed
blind by at least two different observers and measurements were averaged per slide and per
condition.

Statistical Analysis of Expression Data
Results from qRT-PCR and qISH experiments were averaged independently and entered into
Prism 4.0 (GraphPad Software; San Diego, CA) and analyzed using t-tests with a p<0.05
considered significant. All values were expressed as a ratio of PCP/Saline (P/S).
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Brain Slice Preparations
Parasagittal vermis cerebellar slices were prepared from 3 different male Sprague-Dawley rats
(23-24 day-old; Harlan, Indianapolis, IN). Briefly, animals were euthanized by rapid
decapitation under deep anesthesia with ketamine (250 mg/kg I.P.) and 200 μm thick slices
were prepared with a vibratome (Technical Products International, St. Louis, MO). Slices were
cut in cold solution containing (in mM) 220 sucrose, 26 NaHCO3, 10 glucose, 6 MgSO4, 2
KCl, 1.25 NaH2PO4, 0.2 CaCl2 and 0.43 ketamine; this solution was pre-equilibrated with
95% O2 plus 5% CO2. Immediately after this procedure, slices were transferred to a chamber
containing artificial cerebrospinal fluid (ACSF) and allowed to recover at 35-36°C for 35 min,
followed by storage at room temperature. ACSF contained (in mM): 126 NaCl, 2 KCl, 1.25
NaH2PO4, 1 MgSO4, 26 NaHCO3, 2 CaCl2, and 10 glucose equilibrated with 95% O2 plus
5% CO2. After storage for 1-8 hrs, slices were transferred to a recording chamber perfused
with ACSF at a rate of 2-3 ml/min and maintained at 32-33°C.

Loose-patch cell-attached electrophysiological recordings of Golgi cell firing
Neurons were visualized using infrared-differential interference contrast microscopy and
recordings performed with a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA).
Golgi cells were primarily identified on the basis of their location in the granule cell layer,
larger size when compared to granule cells, and the presence of spontaneous action potential
firing. In all cases, each slice was exposed once to a single PCP concentration and the duration
of PCP exposure was limited to 10 min. The loose-patch cell-attached configuration (seal
resistance = 8–30 MΩ) was action currents. The patch pipettes (tip resistance = 2-5 MΩ) were
h ACSF filled and the holding potential was 0 mV; it should be noted that the holding potential
in loose-cell attached experiments is unlikely to significantly affect the Golgi cell resting
membrane potential because most of the current generated by the amplifier will leak across the
loose seal rather than passing through the patch.

Electrophysiology Data Analyses
Data were filtered at 2 kHz and digitized at 5-50 kHz with 1322A pClamp-9 (Molecular
Devices, Sunnyvale, CA) and analyzed with Clampfit-9 (Molecular Devices) and
MiniAnalysis-6.0.3. (Synaptosoft, Decatur, GA). Data were statistically analyzed with Prism
4 (GraphPad, San Diego, CA) and are presented as mean ± S.E.M.

RESULTS
GABAergic Marker Expression in the Cerebellum of PCP-treated Rats

Given the evidence that PCP elicits many of the behaviors seen in schizophrenia (Javitt and
Zukin, 1991, Jentsch and Roth, 1999, Morris et al., 2005), we characterized gene expression
changes in GABAergic interneurons from the cerebella of rats chronically treated with
relatively low levels of this NMDA receptor antagonist. Expression of six markers of GABA
function in the lateral cerebellar hemisphere of PCP treated rats and paired saline control rats
were initially examined using qRT-PCR. We found that mRNAs levels of presynaptic GABA
transmission markers GAD67, GAD65 and GAT-1 were significantly decreased in PCP rats
versus controls (Figure 1, Table 1). In contrast, the GABAA receptor subunits α6, β3, and δ
were significantly increased in the PCP rats. The overall GABAergic expression profile in the
cerebellum was therefore consistent with deficient release of this neurotransmitter and a
compensatory increase in extrasynaptic GABAA receptor expression.

NMDA Receptor Subunit Expression in the Cerebellum of PCP-treated Rats
PCP acts as an open channel NMDA receptor antagonist and preferentially antagonizes
receptors on GABAergic interneurons (Grunze et al., 1996, Rujescu et al., 2006, Homayoun
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and Moghaddam, 2007). To determine the effects of PCP on NMDA receptor expression in
the cerebellum, we evaluated expression levels of NMDA receptor subunits. We found that
the mRNA levels of two subunits, NR2B and NR2D were decreased by the treatment.
Interestingly, NR2B and NR2D are colocalized to Golgi cells (Brickley et al., 2003), suggesting
that these cells may be preferentially affected by PCP. In contrast, the mRNA levels of the
obligatory NR1 subunit, or the NR2A, and NR2C subunits were not significantly altered
(Figure 2, Table 1).

Neuromodulator Expression in the Cerebellum of PCP-treated Rats
The changes in expression of GABAergic markers and NMDA receptor subunits seen in our
samples are consistent with deficits in Golgi-granule cell communication. To confirm this idea,
subsequent studies examined the expression levels of major modulatory components involved
in GABAergic transmission to granule cells. We observed a significant decrease in the mRNA
for kainate receptor subunit GluR6, which is present in both Golgi and granule cells (Porter et
al., 1997, Bureau et al., 2000), and a contrasting increase in mRNA for the granule cell specific
KA2 subunit (Porter et al., 1997, Pemberton et al., 1998). We also found a trend for an increased
expression (p=0.061) in the metabotropic glutamate receptor mGluR2, which is present
presynaptically in Golgi cells (Berthele et al., 1999, Mitchell and Silver, 2000, Watanabe and
Nakanishi, 2003), and no change in mGluR3, which is mainly glial (Berthele et al., 1999).
Additionally, nNOS levels were also unchanged (Figure 3, Table 1).

GAD67 Expression Decreased in Golgi Cells of the Cerebellum
Since many of the alterations seen in cerebellar transcript levels implicate deficient Golgi cell
to granule cell neurotransmission, we performed quantitative in situ hybridization to localize
the changes in GAD67 expression to a particular cell type. Analysis of Golgi cells dually stained
with GAD67 riboprobe and mGluR2 antibody, a Golgi cell specific marker (Figure 4 A,B),
showed no changes in Golgi cell numbers in PCP-treated rats. Also, we did not find any
alterations in the numbers of basket/stellate cells of the molecular layer or in Purkinje cells
(Figure 4C). In contrast, analysis of the area covered by grains per cell type showed that PCP-
treated rats expressed significantly less GAD67 in Golgi cells (P/S=0.66; p=0.0058), but
remained unchanged in basket/stellate cells (P/S=0.97; p=0.8319) and in Purkinje cells (P/
S=0.93; p=0.5191) (Figure 4D).

Low dose PCP decreases the firing frequency of cerebellar Golgi neurons
These results described above point to Golgi cells as the interneuron primarily affected by
chronic intermittent exposure to low dose PCP. In order to assess if PCP had a direct effect on
Golgi cell pacemaker activity, cerebellar slices were prepared from juvenile rats and treated
with 1 μM PCP for 10 min. This dose was used because, based upon previous work (Kalinichev
et al., 2008), it is near the brain concentrations that are achieved after an acute i.p. injection of
2.58 mg/kg. As shown in Figure 5, PCP (1 μM) reversibly decreases spontaneous firing of
Golgi cells. On average, PCP decreased firing frequency by 0.8± 0.1 Hz (p < 0.001 by one-
sample t-test vs. zero, n = 8). Baseline firing frequency was 4.1 ± 0.7 Hz. The percent frequency
change from baseline was −21.85 ± 3.8 % (p < 0.0001 by one-sample t-test vs. zero, n = 8).

DISCUSSION
An increasing number of studies have characterized GABAergic gene expression deficits in
patients with schizophrenia (Lewis et al., 2005, Akbarian and Huang, 2006), and some of these
deficits have been reproduced in an animal model of chronic low dose PCP exposure (Cochran
et al., 2003). In the current study, we demonstrated a decreased expression of markers of GABA
mediated neurotransmission in the cerebellum of this animal model that mimic the alterations
found in the same markers in patients with schizophrenia (Bullock et al., 2008). Additionally,
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we localized the decrease in GAD67 expression to a specific subtype of GABAergic
interneuron, the Golgi cell, and demonstrated a direct effect of PCP on the intrinsic activity of
these interneurons. Since Golgi cells are responsible for modulating excitatory granule cell
firing through negative feedforward and feedback mechanisms, decreased Golgi cell activity
may disinhibit granule cells, ultimately leading to disrupted cerebellar output to other brain
regions, such as the PFC. Indeed, it was recently demonstrated that Golgi cells are extensively
connected via electrical synapses that drive low frequency oscillatory synchronization and
rhythmic inhibition of granule cells and computer modeling suggests that Golgi cells can lock
efficiently onto rhythmic input patterns that may be involved in cortico-cerebellar coherence
(Dugue et al., 2009).

Golgi cells provide GABAergic input to granule cells making them a high signal-to-noise
filtering unit. This GABAergic input provides both tonic and phasic inhibition (De Schutter et
al., 2000, Rossi et al., 2003). Tonic inhibition originates from activation of extrasynaptic high-
affinity GABAA receptors by low levels of GABA derived from spillover of synaptically
released transmitter as well as by ambient GABA levels (Hamann et al., 2002, Geurts et al.,
2003, Fritschy and Panzanelli, 2006). Extrasynaptic cerebellar GABAA receptors contain
α6βxδ subunits, which are potently activated by GABA and display relatively little
desensitization. In vivo and in vitro studies have shown that Golgi cells are pacemaker neurons
that tonically fire action potentials and this generates the spillover component of the tonic
current (Brickley et al., 1996, Carta et al., 2004, Forti et al., 2006). These processes occur in a
unit called the cerebellar glomerulus where Golgi cell and mossy fiber terminals synapse onto
granule cell dendrites (De Schutter et al., 2000). Here, extracellular GABA concentrations are
regulated by the neuronal presynaptic transporter GAT-1, which also effectively ends phasic
GABA transmission (Morara et al., 1996). Our findings of decreased levels of GAD67 and
GAD65 expression (Figure 1, Table 1, Figure 4), along with decreases in spontaneous Golgi
cell firing in the presence of low dose of PCP (Figure 5), point to aberrant GABAergic
neurotransmission between Golgi cells and granule cells. Furthermore, the observed decreases
in GAT-1 expression and increased levels of GABAA receptor subunits α6, β3, and δ (Figure
1, Table 1) indicate an attempt to compensate for decreased GABA neurotransmission.
Insufficient GABA tone at this synapse is known to decrease the threshold of activation for
granule cells, allowing for increased granule cell activity (Chadderton et al., 2004) and
increased expression of activity dependent proteins, such as GABAA-δ (Salonen et al., 2006)
and the granule cell specific kainate receptor subunit KA2 (Feligioni et al., 2006).

Regarding phasic inhibition, Golgi cells receive excitatory input from granule cell parallel
fibers and mossy fibers, which ultimately results in feedback and feedforward inhibition of
granule cells, respectively (Dieudonne, 1998, De Schutter et al., 2000, Kanichay and Silver,
2008). Release of glutamate triggered by high frequency stimulation of mossy fibers excites
granule cells while inhibiting GABA release from Golgi cells through presynaptic binding of
mGluR2/3 receptors (Geurts et al., 2003). Dendritic mGluR2 activation by high-frequency
glutamate release from parallel fibers to Golgi neurons also transiently inhibits downstream
GABA release (Watanabe and Nakanishi, 2003). Further inhibition of GABA
neurotransmission takes place when granule cells release nitric oxide (NO), synthesized by the
activity dependent nNOS (Wall, 2003), decreasing GABA release from Golgi cells in a
retrograde manner. Hence, simultaneous granule cell activation by glutamate and/or inhibition
of Golgi cell GABA release increases granule cell activity (Chadderton et al., 2004).

While patients with schizophrenia showed apparent compensatory decreases in mGluR2 and
nNOS (Bullock et al., 2008), the PCP rat model failed to replicate these deficits. This could
be, in part, a consequence of increased NO production due to PCP administration (Wiley,
1998, Wass et al., 2006). However, decreased levels of GluR6 (Figure 3, Table 1), a Golgi and
granule cell selective kainate receptor forming functional homomeric channels (Bureau et al.,
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2000) and modulating GABA release presynaptically (Mathew et al., 2008), suggest alternative
methods of compensation for decreased GABA release and further implicate Golgi cells as
dysfunctional.

The sensitivity of Golgi cells to parallel fiber input is low (Dieudonne, 1998), suggesting that
parallel fibers are unlikely to provide the main excitatory drive of Golgi cells in vivo and that
Golgi cell’s main function may be to provide tonic rather than phasic inhibition of granule cells
(Rossi et al., 2003). When glutamate is released onto Golgi cells, it acts in part by activating
NMDA receptors. Golgi cells express NR1/NR2B subunit containing receptors at synaptic
sites (Misra et al., 2000). However, at extrasynaptic sites, there is evidence that NMDARs are
composed of NR1/NR2D or heterotetramers containing NR1 and both NR2B and NR2D
(Brickley et al., 2003). We found decreased expression of both NR2B and NR2D subunits
(Figure 2, Table 1), suggesting preferential antagonism of Golgi cell NMDA receptors. In
agreement with our observations, Lindahl and Keifer (2004) also found decreases in NR2B
protein levels in the cerebellar cortices of rats chronically treated with a higher dose (10 mg/
kg/day) of PCP for one month. Furthermore, these results are consistent with previous reports
indicating that GABAergic interneurons in the hippocampus and PFC are selectively affected
by PCP administration (Grunze et al., 1996, Homayoun and Moghaddam, 2007). Molecular
layer basket and stellate interneurons also express NR2D (Berthele et al., 1999), but do not
show deficits in GAD67 expression (Figure 4D) and thus, are not likely affected by low dose
PCP administration.

Recently, it was demonstrated that Mg2+ regulates the sensitivity of NMDA receptors to
channels blockers such as memantine and ketamine (Leveille et al., 2008, Kotermanski and
Johnson, 2009). Inhibition of NMDARs containing NR1/2B subunits and NR1/2D subunits
was decreased ~20-fold and ~3-fold by Mg2+, respectively (Kotermanski and Johnson,
2009). These findings suggest that under physiological concentrations of Mg2+ (i.e. 1 mM,
which is the concentration used in our electrophysiological studies), the main targets of channel
blockers would be the NR2D containing receptors. Therefore, it is likely that PCP decreased
Golgi cell firing by blocking extrasynaptic NMDARs. Future studies should assess whether
these extrasynaptic NMDARs are tonically activated in Golgi cells, as it has been demonstrated
in other neuronal populations (Sah et al., 1989, Le Meur et al., 2007).

Granule cells ultimately synapse on Purkinje cells, the sole source of output from the cerebellar
cortex. Purkinje cells are GABAergic projection neurons that integrate multiple inputs from
parallel fibers, basket/stellate interneurons, and climbing fibers, and send their output signal
to deep cerebellar nuclei (Sastry et al., 1997). Our results suggest Purkinje cells are not directly
affected by PCP administration, as seen by the unchanged levels of Purkinje cell selective
NR2A (Figure 2, Table 1) and GAD67 (Figure 4D), and the decreased expression of GAT-1
(Figure 1, Table 1), which is not expressed in Purkinje cells (Takayama and Inoue, 2005).
However, Purkinje cell output may be indirectly affected by PCP due to increased granule cell
activity resulting from deficient Golgi cell firing. These deficits may desynchronize Purkinje
cell activity, ultimately leading to aberrant cerebellar output.

In conclusion, our results demonstrate that chronic low-dose administration of PCP in rats
models the GABA neurotransmission deficits seen in patients with schizophrenia (Bullock et
al., 2008) and that these changes are localized to Golgi cells, a subset of cerebellar inhibitory
interneurons critical for controlling granule cell output to Purkinje cells. Furthermore,
comparison of the profile of gene expression changes in PCP-treated rats and patients with
schizophrenia suggest that GABAergic neurotransmission mediated by Golgi cells may be
altered in this illness. These findings, along with our previous study, suggest that aberrant
cerebellar physiology, through its connections to the PFC, may contribute to the cognitive
deficits seen in the patients.
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Figure 1.
Expression of GABAergic markers in the cerebellum of PCP treated rats versus saline controls.
Postsynaptic GABA receptors are significantly increased in PCP rats while GABA
synthesizing enzymes and the GAT-1 reuptake transporter are significantly decreased.
Expression levels normalized to β-actin. *p<0.05, **p<0.01, ***p<0.001.
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Figure 2.
Levels of NMDA receptor subunit mRNAs in the cerebellum of PCP treated rats versus saline
controls. NR2B and NR2D are significantly decreased in PCP treated rats versus saline
controls. Expression levels normalized to β-actin. **p<0.01.
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Figure 3.
Expression levels of cerebellar neuromodulators in PCP treated rats versus saline controls.
Granule and Golgi cell kainate receptor subunit GluR6 is significantly decreased in PCP treated
rats while granule cell specific KA2 is significantly increased. Expression levels normalized
to β-actin. **p<0.01, ***p<0.005.
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Figure 4.
Determination of GAD67 levels in cerebellar interneurons by quantitative in situ hybridization
(ISH). A: 10X magnification of a cerebellar folium showing GAD67 ISH (black grains) and
mGluR2 IHC (brown) to stain Golgi cells. Golgi cells are visualized in the granule cell layer,
Purkinje cells in the Purkinje cell layer, and basket and stellate cells in the molecular layer.
Bar represents 50 μm. B: Higher magnification representing inset in panel A. Distinction can
be made between Golgi cells (arrowheads) and Purkinje cells (arrows). Basket and stellate cells
are also shown (asterisks). Bar also represents 50 μm. C: Percentage of GAD67 expressing
cells in the granule cell layer (GCL), molecular layer (ML), and Purkinje cell layer (PCL) of
the cerebellum. All values normalized to those of saline-treated animals. D: Density of
GAD67 silver grains in cerebellar Golgi (GoC) cells, basket and stellate (BC/SC) cells, and
Purkinje (PC) cells. Results were analyzed by a one way ANOVA followed by post-hoc
unpaired t-tests between PCP and saline values for each of the 3 regions examined. **p<0.01.

Bullock et al. Page 16

Neurochem Int. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
PCP decreases the spontaneous action potential firing frequency (f) of cerebellar Golgi cells.
A: Representative traces of loose-patched cell-attached recordings obtained in absence and
presence of PCP (1 μM). B: Time course of the effect of PCP. Firing f was normalized with
respect to frequency obtained at time point 0 (bin size, 1 min; n = 8).
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