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Parkinson’s disease (PD) patients typically suffer from motor disorders but mild to severe
cognitive deficits can also be present. Neuropathology of PD primarily involves loss of
dopaminergic neurons in the substantia nigra, pars compacta, although more widespread
pathology from the brainstem to the cerebral cortex occurs at different stages of the disease.
Cognitive deficits in PD are thought to involve the cerebral cortex, and imaging studies have
identified the dorsolateral prefrontal cortex (DLPFC) as a possible site for some of the
symptoms. GABAergic neurons in the cerebral cortex play a key role in the modulation of
pyramidal neurons and alterations in muscimol binding to GABAA receptors have been
reported in Brodmann area 9 (BA9) of the prefrontal cortex in PD patients (Nishino et al.,
1988). In order to further assess the likelihood that GABAergic activity is altered in the
prefrontal cortex in PD, gene expression of the 67 kilodalton isoform of the GABA-
synthesizing enzyme, glutamic acid decarboxylase (GAD67 encoded by the GAD1 gene),
was examined in BA9 of post-mortem brains from 19 patients and 20 controls using isotopic
in situ hybridization histochemistry. GAD67 mRNA labeling was examined and quantified
on X-ray films and emulsion radioautographs. We show that GAD67 mRNA labeling is
significantly lower in PD compared to control cases. Analysis of emulsion radioautographs
indicates that GAD67 mRNA labeling is decreased in individual neurons and is not
paralleled by a decrease in the number of GAD67 mRNA-labeled neurons. Analysis of
expression data from a microarray study performed in 29 control and 33 PD samples from
BA9 confirms that GAD67 expression is decreased in PD. Another finding from the
microarray study is a negative relationship between GAD67 mRNA expression and age at
death. Altogether, the results support the possibility that GABAergic neurotransmission is
impaired in the DLPFC in PD, an effect that may be involved in some of the behavioral
deficits associated with the disease.

Parkinson’s disease (PD) is primarily characterized by motor symptoms such as tremor,
rigidity and bradykinesia, but it is well recognized that mild to severe cognitive dysfunction
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is present even in the early stages of the disease, significantly affecting quality of life
(Brown and Marsden, 1990; Dubois and Pillon 1997; Karlsen et al., 1998). Dementia will
most often be seen in later stages of the disease (Mori, 2005). Cognitive deficits in PD
include deficits in executive functions such as working memory, planning, sequence
learning and visuomotor processing, functions that are classically attributed to the
dorsolateral prefrontal cortex (DLPFC) (Goldman-Rakic, 1995; Fuster, 2000). The DLPFC
includes Brodmann area 46 (BA46) and 9 (BA9) (e.g. Petrides, 2000). Imaging studies have
documented abnormalities in the activation of the DLPFC in PD patients. For instance,
regional blood flow is decreased in the DLPFC of PD patients compared to controls
(Kikuchi et al., 2001) and a decreased fMRI signal was detected in the right and left DLPFC
in cognitively impaired patients compared to cognitively unimpaired PD patients (Lewis et
al., 2003). Activation of the DLPFC was also associated with motor sequence learning
(Nakamura et al., 2001) or target retrieval (Carbon et al., 2003) in control and PD patients.
Furthermore, deep-brain stimulation (DBS) of the subthalamic nucleus (STN) in PD patients
alters regional blood flow (Sestini et al., 2002) or the fMRI signal in BA9/10 (Stefurak et al.,
2003). Increased cerebral blood flow in the DLPFC induced by DBS of the STN correlates
with DBS-induced decreased performance on the spatial delayed response task, a test of
working memory (Campbell et al., 2008). It is therefore possible that altered activity of the
DLPFC is involved in cognitive deficits in PD. Although dopamine, serotonin and
acetylcholine in the DLPFC have been involved in cognitive deficits (e.g. Brooks and
Piccini, 2006; Cools, 2006), the nature and mechanisms of neurochemical imbalances that
could be associated with cognitive dysfunction in PD are still poorly documented.

GABAergic interneurons play a key role in the circuitry of the cerebral cortex and the
DLPFC, where they exert a major control on the activity of pyramidal neurons. Earlier
biochemical studies assessed the impact of PD on the activity of the GABA-synthesizing
enzyme, glutamic acid decarboxylase (GAD) (Montfort et al., 1985; Nishino et al., 1988) or
GABA levels (Gerlach et al., 1996) in the prefrontal cortex, but no significant effect was
reported. However, decreased binding of muscimol to GABAA receptors was shown in BA9
(Nishino et al., 1988) indicating that altered GABAergic activity in this area might be a
neuropathological feature of PD. Two different isoforms of GAD known as GAD67 and
GAD65, encoded by two genes GAD1 and GAD2, are involved in the biosynthesis of GABA
in GABAergic neurons in the adult brain (Erlander et al., 1991; reviewed in Soghomonian
and Martin, 1998). The GAD67 isoform is known to provide most levels of neuronal GABA
in vivo (Asada et al., 1997) and is highly expressed in the cerebral cortex (Feldblum et al.,
1993; Esclapez et al., 1994; Hendrickson et al., 1994). In order to further assess the
possibility that the activity of GABAergic neurons in the prefrontal cortex is altered in PD,
we used in situ hybridization histochemistry to detect and measure GAD67 mRNA labeling
in BA9 from control and PD brains. Additionally, we analyzed microarray expression data
to contrast GAD67 mRNA levels in control and PD samples of BA9.

Subjects and Methods
Human subjects and tissue sectioning

For the in situ hybridization studies, samples of BA9 were obtained from the Harvard Brain
Tissue Resource Center (HBTRC; McLean Hospital, Belmont, Massachusetts) and the Sun
Health Research Institute (SHRI; Sun City, Arizona) (Table 1). For the microarray study,
samples from HBTRC, SHRI, and the Human Brain and Spinal Fluid Resource Center
(HBSFRC) VA West Los Angeles Healthcare Center, California, were used (Table 2). All
subjects were male. All subjects included in the PD group had a clinical diagnostic of PD
and a pathological diagnostic of PD determined by the presence of Lewy bodies in the
substantia nigra, pars compacta, but cognitive measures were not available. The pH of all
samples used in the microarray, and 33 of 39 samples used in the in situ hybridization, was
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available and measured as described by Harrison et al., (1995). For each sample, at least two
pH readings were taken, and the mean of these values was used. Age at death and post-
mortem interval (PMI) were available for all samples used in the in situ hybridization and
microarray analyses. For the microarray analyses, the RNA integrity number (RIN) was
determined with an Agilent 2100 Bioanalyzer (see Table 3). Disease duration, defined as the
time elapsed between the onset of motor symptoms and death, was available for all but four
PD cases.

The human tissue blocks were stored at −80°C. For in situ hybridization histochemistry,
10μm-thick sections were cut at −20 ° C using a cryostat. The exact angle of cutting relative
to the pial surface could not be controlled for because the samples were provided by the
brain banks and the exact orientation of the tissue was unknown. Each section was thaw-
mounted onto a chromalum gelatin-coated glass slide and stored at −80 ° C until further
processing.

In situ hybridization histochemistry
A 35S radiolabeled complementary RNA (cRNA) probe was transcribed in vitro from a
human GAD67 complementary DNA (cDNA) (Soghomonian et al., 1994). The cDNA
inserted into the transcription vector Bluescript M13/+/SK was linearized with the restriction
enzyme, BamH1, according to standard protocols (Maniatis et al., 1982). Transcription of
the radioactive GAD67 cRNA probe was performed for 2 hours at 37° C in the presence of
2.5 μM 35S-uracil triphosphate (UTP; specific activity 1250 Ci/mmol; PerkinElmer Life
Sciences) and 10 μM unlabeled UTP with adenosine triphosphate (ATP), cytosine
triphosphate (CTP), and guanine triphosphate (GTP) in excess. The cDNA template was
then digested with DNAse I. The labeled cRNA was purified by phenol/chloroform
extraction and ethanol precipitation. The cRNA probe length was reduced by partial alkaline
hydrolysis to improve accessibility of the probe (Cox et al., 1984).

Two adjacent sections per subject were used in order to minimize the possibility that the
labeling intensity on a particular section was due to the processing conditions and not
representative of labeling in this tissue block. All sections used in the same quantitative
analyses were strictly processed in parallel under identical conditions. The hybridization
protocol was as previously published (Soghomonian et al., 1994). Briefly, sections were
fixed in 3% paraformaldehyde, washed in 2×SSC, phosphate buffer saline, 0.25% acetic
anhydride and triethanolamine, Tris-glycine, and dehydrated in ethanol. Sections were
hybridized for 4 hours at 52° C with 8 ng of radiolabeled GAD67 cRNA probe in
hybridization solution (containing 40% formamide, 10% dextran sulfate, 4×SSC, 10 mM
dithiothreitol, 1.0% sheared salmon sperm DNA, 1.0% yeast tRNA, 1×Denhardt’s solution).
Post-hybridization washes were in 50% formamide and RNAseA. After dehydration and
defatting, sections were apposed to Kodak BioMax MR films in light-tight cassettes for 14
days. After the films were developed, slides were then processed for emulsion
radioautography by dipping in Kodak NTB3 nuclear emulsion, air-dried for 3 hours, and
stored in light-tight boxes for 14 days. Sections were developed in Kodak D-19, lightly
counterstained with eosin and hematoxylin, and mounted with Eukitt (Sigma-Aldrich
Chemicals, St. Louis, MO)

Quantification of GAD67 mRNA labeling on X-ray film radioautographs
Images on X-ray film radioautographs were visualized using a Macintosh computer
connected to a Sony CCD video camera. The analog signals of mRNA labeling on X-ray
films were converted to a digital image of 640 × 480 pixels using NIH Image 1.61 Software.
The levels of mRNA labeling were then analyzed using NIH ImageJ64 software
(http://rsb.info.nih.gov/ij/). This was accomplished by outlining the region to be quantified
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with the freehand drawing tool of NIH image. The area inside the outline was measured in
pixels. Then, using the threshold function of NIH image, the area covered by silver grains
within the outline was highlighted. For each section, the highlighted area was then measured
in pixels. The threshold used to highlight silver grains was identical for all sections
analyzed. The density of mRNA labeling for each brain section was calculated by dividing
the area covered by silver grains by the sampled area. Two adjacent sections per subject
were analyzed, and the mean of those two measurements was reported. The investigator who
performed this quantification was blind to the experimental groups.

Quantification of GAD67 mRNA labeling on emulsion radioautographs
Levels of GAD67 mRNA labeling were quantified at the single cell level on sections
processed for in situ hybridization histochemistry. Individual neurons were visualized under
bright-field illumination with a 60X objective on a Nikon E600 microscope connected to a
Sony CCD camera, which was connected to a Macintosh computer. Microscope images
were observed live with NIH Image 1.61. The area covered by silver grains over each
neuron was measured by computerized image analysis using the density slice function. For
each section, 50 neuronal profiles were randomly sampled and analyzed and the labeling
was reported as a number of pixels per profile. For each subject, two adjacent sections were
analyzed so that the mean number of pixels per neuronal profile was calculated as the mean
of 100 profiles. We cannot rule out that some cells may have been quantified twice on each
of the two adjacent sections. However, this possibility was rather unlikely since the sampled
cells were randomly selected out of a large number of cells on each tissue section. The
investigator who performed this quantification was blind to the experimental groups.

Density of GAD67 mRNA-labeled neuronal profiles
An unbiased sampling scheme using StereoInvestigator software (Micro Bright Field
Biosciences, version 7.5) was applied to compare on emulsion radioautographs the relative
density of GAD67 mRNA-labeled neuronal profiles per unit area in PD versus controls. The
workstation consisted of a Dell desktop computer loaded with the StereoInvestigator
software and connected to a Hitachi CCD camera and Zeiss light microscope with an
automated stage. The counting objects for this study were any soma labeled with at least five
silver grains. The contour function was used to outline the region of interest, which was the
largest available continuous area of grey matter on each tissue section. The grid size for the
study was 0.5 mm × 0.5 mm for an area of 0.25 mm2. The x-y dimensions of the counting
frame were 70 μm × 50 μm yielding an area of 3500 μm2. For each site visited,
StereoInvestigator recorded the number of labeled neurons per counting frame. Any soma
meeting criteria that made contact with an exclusionary line was not counted and any within
the counting frame or in contact with an inclusionary line was counted. These rules ensure
that all objects regardless of size, shape and/or orientation have an equal chance of being
counted once (Gundersen et al., 1988; Mouton, 2002). The average density of labeled
neuronal profiles was calculated by dividing the total number of neuronal profiles sampled
in the two adjacent sections by the total area sampled. The total area sampled was the area of
each counting frame multiplied by the number of sites visited. The average number of
neuronal profiles counted was 132 per subject and the average number of counting frames
visited was 339 per subject.

Microarray analysis
Thirty-three PD and 29 control male samples from BA9 were selected based on 1) lack of
reported Alzheimer’s disease pathology, 2) pH value >6.25, and 3) similar age at death for
PD cases and controls (Table 3). Total RNA for these samples was extracted with TRIzol
(Invitrogen, Carlsbad, CA). RNA was purified using the RNeasy MinElute Cleanup columns
(Qiagen Sciences Inc, Germantown, MD) and its quality was assessed with an Agilent 2100
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Bioanalyzer Nano Chip (Agilent, Foster City, CA). Two μg of each RNA sample were
labeled and hybridized to the One-Color Agilent 60-mer Whole Human Genome Microarray
at the Microarray Facility of the Whitehead Institute for Biomedical Research (Cambridge,
MA). The dye-normalized and post surrogate processed signal for the green channel,
gProcessedSignal, obtained from Agilent’s Feature Extraction Software was used for
downstream analyses. The quality control reports for each of the 62 samples were
individually inspected, and no systematic errors were determined for any sample. All the
microarray processing analyses were performed in R (http://www.R-project.org). The
expression data for the 38,995 probes retained after standard filtering criteria were quantile
normalized, and natural logarithm transformed. One probe for the coding region of the
GAD67 transcript of the GAD1 gene (A_24_P319711, targeting the junction between exons
9 and 10, sequence:
CTTGGCTTTGGAACTGACAATGTGATTTTGATAAAGTGCAATGAAAGGGGGAAA
AT AATT) was available.

Statistical Analyses
Unless otherwise noted, a p-value<0.05 was considered significant. For the in situ
hybridization studies, comparisons of GAD67 mRNA labeling, density of GAD67 mRNA-
labeled neurons, pH, age at death, and PMI between control and PD groups were analyzed
with two-tailed unpaired t-tests. Correlations between mRNA labeling and age at death,
PMI, disease duration, and pH, and between mRNA labeling measured on X-ray films
versus mRNA labeling measured on emulsion radioautographs, were analyzed by linear
regression. An analysis of covariance (ANCOVA) was used to determine the possible
effects of the covariate pH with p<0.05 considered significant.

For the microarray study, the normalized and log transformed mRNA levels were modeled
as the dependent variable and the association of PD/control status was adjusted for RIN,
PMI, and age at death. We included RIN in the linear model (in addition to age at death and
PMI), but not pH, because of the high correlation observed in our data between RIN and pH
(Spearman correlation coefficient=0.403, p=0.001). The RIN variable was chosen over pH
since it had a larger range of values (Table 3).

Results
GAD67 mRNA levels in PD

GAD67 mRNA labeling was first detected and measured on X-ray films. As shown on
Figure 1, labeling appeared distributed across the cortical thickness but no consistent pattern
of laminar distribution could be observed in our samples. GAD67 mRNA labeling was less
intense in sections from PD cases compared to control cases (Figure 1A–D) and this
difference was seen in both the HBTRC and SHRI groups. Quantitative analysis of X-ray
films from all subjects confirmed that GAD67 mRNA labeling is significantly lower in the
PD group compared to the control group in the brains from the HBTRC and the SHRI
(Figure 2). Earlier studies have shown that dementia is paralleled by a decrease in GAD
activity in several brain regions including the frontal cortex (e.g. Perry et al., 1977). Because
some PD patients were diagnosed with dementia, we tested the possibility that the presence
of dementia had an impact on GAD67 mRNA labeling. GAD67 mRNA labeling in PD
brains that had a diagnostic of dementia (n=9) and those that did not (n=6) was not
significantly different (mean±SEM respectively 0.0434 ± 0.0181 and 0.0696±0.0231;
p=0.38).

It is well documented that tissue pH can affect levels of some mRNAs in post-mortem brain
and that this effect is related to the agonal state (e.g. Harrison et al., 1995; Kingsbury et al.,
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1995; Mexal et al., 2006). In order to determine if pH had a significant effect on GAD67
mRNA labeling, we performed an ANCOVA with pH as a covariate. Results indicated a
main effect of pH and group (p<0.0256 for group and p<0.0146 for pH). In addition, when
all control and PD subjects are pooled, GAD67 mRNA labeling was positively and
significantly correlated with tissue pH (Figure 3A), raising the possibility that tissue pH may
explain the differences in GAD67 mRNA labeling between control and PD groups. In order
to control for the extraneous variable pH, we used the equation from the regression line
between pH and mRNA to calculate expected values for mRNA and derive residuals from
the expected and actual values. We then compared the pH-corrected mRNA values (mRNA
residuals) between control and PD groups and found a significant decrease in the PD group
compared to the control group (Figure 3B), indicating that pH alone cannot account for the
differences between groups. This conclusion was further tested by carrying out an
ANCOVA of pH-corrected mRNA labeling values with pH as a covariate. In that case, the
pH effect is not significant (p=0.3703) but the group effect is still significant (p=0.0256).

Microarray analysis confirmed that GAD67 mRNA expression is lower in PD cases
compared to controls. One probe (319711) was available for the coding region of the
GAD67 transcript (see Methods). After adjustment for RIN, age at death and PMI
covariates, this probe was significantly decreased in PD brains compared to controls (Table
4). As explained in the methods, pH was not included in the model because it was highly
correlated with RIN. Nevertheless, although over-adjusted, the results obtained with pH in
the model, in addition to age at death, PMI, and RIN, are still significant (beta estimate=
−2.473, p=0.0164). Furthermore, in the samples used for the microarray analysis, average
tissue pH was not significantly different between controls and PD cases (Table 3).

Analysis of GAD67 mRNA labeling on emulsion radioautographs
GAD67 mRNA labeling was further visualized and quantified at the single cell level on
emulsion radioautographs from sections from the HBTRC samples (Figure 4A–D).
Observation of radioautographs confirmed that GAD67 mRNA labeling was lower in
neurons from PD cases compared to controls (Figure 4A–D). Quantitative analysis of silver
grains shows that this difference is highly significant (Mean±SEM: control
group=71.20±6.384 pixels; PD group=35.83±5.447 pixels; p=0.0009, two-tailed unpaired t-
test, n=8). This observation indicates that the decrease in GAD67 mRNA labeling measured
on X-ray films at the regional level involves a decrease in mRNA labeling per neuron. In
addition, when the values gathered from the single cell analysis were plotted against the
values obtained from film analysis, a highly significant positive correlation was found
(Figure 5), which demonstrates the consistency of the two methods of analysis of
radioautographic labeling. In order to assess the possibility that the decrease in GAD67
mRNA labeling was not also paralleled by a decrease in the number of GAD67 mRNA-
labeled neurons, the average density of labeled neuronal profiles per unit area of tissue was
estimated. There was no significant difference between the average density of GAD67
mRNA-labeled neuronal profiles in the control and the PD group (respectively 121 neuronal
profiles/mm2 and 110 neuronal profiles/mm2; p=0.4813).

Correlations with other variables
Although control and PD brains used for the in situ hybridization studies were matched for
age at death and PMI (Table 3), it is possible that these two variables had an impact on
GAD67 mRNA labeling across all subjects. In order to test for this possibility, linear
regression analyses were conducted between mRNA labeling and age at death or PMI. In the
samples used for in situ hybridization studies, a negative relationship was found between
GAD67 mRNA labeling values and age at death or PMI but these effects did not reach
statistical significance (age at death data: see Figure 6B; PMI data: Pearson correlation
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coefficient: r=−0.2041, p=0.2126). Still, when the same two variables were investigated
with the microarray data, age at death (r=−0.50, p<0.0001; Figure 6A) but not PMI (r=0.18,
p=0.147), was significantly and negatively correlated with GAD67 mRNA expression
levels. In the microarray data, the negative relationship was seen when control and PD cases
were individually plotted against age at death. However, the correlation was stronger and
reached significance for the controls only (Figure 6C and D).

Finally, in order to assess a possible role of disease duration on GAD67 mRNA levels, linear
regression analyses were conducted between mRNA expression measured by in situ
hybridization or by microarray analysis and disease duration in the PD group. As shown on
Figure 7A and 7B, GAD67 mRNA expression was not correlated with disease duration. This
later finding suggests that the decrease in GAD67 mRNA levels in BA9 is not an index of
disease progression.

Discussion
Our in situ hybridization histochemistry results provide original evidence that GAD67
mRNA levels are decreased in post-mortem prefrontal cortex of PD patients when compared
to age-, sex- and PMI-matched controls. The results are confirmed by GAD67 microarray
expression data from post-mortem samples from the same brain region after adjustment for
RIN, age at death, PMI and pH. The microarray study also reveals a trend for decreased
GAD67 mRNA expression with age but expression levels are not correlated with disease
duration in PD cases. In addition, analyses at the single cell level indicate that the decrease
in GAD67 mRNA expression in PD is associated with a decreased expression in individual
neurons without significant loss of GAD67 mRNA-labeled neurons. The findings suggest
that GABAergic activity is deficient in the prefrontal cortex of PD patients compared to
controls.

GABAergic activity in the frontal cortex in PD
GAD67 is one of the major isoforms of GAD in the adult brain and studies in knockout mice
indicate that this isoform is responsible for the synthesis of a large neuronal pool of GABA
in the cerebral cortex (Asada et al., 1997). Our finding that GAD67 mRNA levels are
decreased in post-mortem BA9 suggests that patients had deficient GABAergic
neurotransmission in BA9. Earlier post-mortem studies in the prefrontal cortex reported that
GAD activity was decreased in PD patients (Monfort et al., 1985). However, when the post-
mortem severity index (PMSI) was controlled for, this difference was still present but no
longer reached statistical significance (Monfort et al., 1985). Other studies failed to detect
differences in GAD activity (Nishino et al., 1988) or GABA levels (Gerlach et al., 1996) in
the frontal cortex of PD cases compared to control cases. The apparent lack of
correspondence between our result on GAD67 mRNA expression and previous studies of
GAD activity or GABA levels could be explained by methodological differences. Indeed, it
is well documented that GAD activity and GABA levels are highly susceptible to PMI (e.g.
Perry et al., 1977; Andén et al., 1987; Martin et al., 2003) and, in one of the studies
mentioned above, GAD activity was measured in brains from PD cases and controls that had
a different PMI (Monfort et al., 1985). In contrast to GAD activity or GABA levels, mRNAs
are relatively stable in the post-mortem brain (Walker and McNicol, 1992; Harrison et al.,
1995; Schramm et al., 1999). In our studies, GAD67 mRNA levels were correlated with
tissue pH, a finding consistent with the possibility that the agonal state has an impact on
mRNA levels in the post-mortem brain. However, GAD67 mRNA levels were still
significantly lower in PD brains than in controls when the pH effect was taken into account
in both our in situ hybridization and microarray analyses. In addition, our conclusion that
GABAergic activity is altered in BA9 of the prefrontal cortex is supported by an earlier
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anatomical study showing that muscimol binding to GABAA receptors in this region is
decreased in PD compared to control brains (Nishino et al., 1988).

Analysis of emulsion radioautographs in our study indicated that the decrease in GAD67
mRNA levels in the prefrontal cortex occurred in individual neurons. Our cell profile
counting analysis showed that the average density of GAD67 mRNA-labeled neurons was
slightly lower in PD cases compared to controls but this difference was not statistically
significant. It is therefore assumed that the decrease in GAD67 mRNA levels can be
explained mainly by a decrease in mRNA expression per neuron without significant loss of
cortical GABAergic neurons. This conclusion appears consistent with evidence that no
global loss of neocortical neurons occurs in brains of PD patients with relatively short
disease duration (Pedersen et al., 2005).

Several classes of GABAergic interneurons are distributed throughout the prefrontal cortex.
In particular, GABAergic basket and chandelier cells co-express the calcium-binding protein
parvalbumin and their axon terminals target the soma or axon initial segment of pyramidal
neurons whereas double bouquet cells, Martinotti cells, and neurogliaform cells express
other calcium-binding proteins including calretinin or calbindin and target the distal
dendrites of pyramidal cells or other GABAergic interneurons (Reviewed in Benes and
Berretta, 2001; Lewis et al., 2005). In the cerebral cortex, basket cells are most abundant in
layers III–V while chandelier cells are predominant in layers II–III (Benes and Berretta,
2001). On the other hand, calbindin-positive neurons are mostly found in layer II and the
upper third of layer III (e.g. Rajkowska et al., 2007). Quantification of GAD67 mRNA
labeling in different layers was not attempted in our study because the lamination of cortical
neurons in these post-mortem samples was not clear, presumably because the angle of
sectioning varied between different samples and because of the less than optimal
morphological preservation. However, based on the observation of X-ray films and emulsion
radioautographs, the decrease in GAD67 mRNA levels in our study seemed to involve the
whole cortical thickness, suggesting that the decrease may have involved several classes of
GABAergic interneurons. However, this possibility remains to be established.

Functional considerations
Motor symptoms such as tremor, rigidity and bradykinesia are classical PD symptoms. It is
now well recognized that cognitive dysfunction is also present in the early stages of the
disease (e.g. Brown and Marsden, 1990; Dubois and Pillon 1997; Karlsen et al., 1998).
Imaging studies have documented abnormalities in the activation of the DLPFC in PD
patients (Kikuchi et al., 2001; Lewis et al., 2003). On the other hand, various stimulation
experiments have shown that inhibitory cortical pathways are less excitable in the cortex of
PD patients (e.g. Ridding et al., 1995; Pierantozzi et al., 2001; Buhmann et al., 2004;
Lefaucheur, 2005). The finding that GAD67 mRNA expression is decreased in the
prefrontal cortex suggests that deficient GABAergic signaling in PD patients is involved in
the cognitive abnormalities and/or abnormal cortical inhibition. Interestingly, earlier studies
in humans have shown that GAD67 mRNA expression is also decreased in the caudate,
putamen and ventral striatum and external, but not internal, globus pallidus of PD compared
to controls (Levy et al., 1995; Nisbet et al., 1996; Herrero et al., 1996). In another study,
GAD67 mRNA labeling was slightly lower in the putamen of aged versus young human
control brains and even lower in PD brains but these effects did not reach statistical
significance (Backman et al., 2007). Therefore, decreased GAD67 mRNA expression in PD
may occur in subcortical as well as cortical brain regions.

Our results suggest that GAD67 mRNA expression decreases in BA9 with age. Although the
effect reached significance only in the microarray study when all samples or only controls
were included, the decrease suggests that GABAergic neurotransmission is impaired in
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normal aging. This possibility is consistent with recent electron microscope studies in
macaque monkeys showing that aging is paralleled by a loss of inhibitory synapses in the
prefrontal cortex (Peters et al., 2008). Another study in rats found a decrease in GAD levels
with aging in the auditory cortex (Burianova et al., 2009), suggesting that such a decrease
may affect several cortical regions. In any case, the finding that the negative relationship
between GAD67 mRNA expression and age at death is not stronger for PD cases suggests
that disease condition does not accelerate the rate of decrease of GAD67 mRNA expression
with age. An earlier study found that decreased GAD67 mRNA expression in the caudate
and putamen in PD cases was not correlated with age at death (Levy et al., 1995). Thus, it is
unclear if decreased GAD67 expression in normal aging in humans also affects subcortical
regions. On the other hand, the lack of correlation between GAD67 mRNA expression and
disease duration in PD brains suggests that the decrease in mRNA expression may occur
early in the disease process.

The mechanisms involved in the decrease in GAD67 mRNA levels in prefrontal cortex from
post-mortem PD compared to control brains are unclear but could be linked to distinct
contributing factors. First, it is possible that decreased gene expression is linked to
widespread cellular dysfunction in the prefrontal cortex. For instance, Lewy body pathology
(Reviewed in Mori, 2005; Jellinger, 2008), altered alpha-synuclein expression (Kingsbury et
al., 2004) and mitochondrial dysfunction (Parker et al., 2008) have been reported in the
frontal cortex in PD. It should be mentioned, however, that Lewy body pathology is usually
associated with the limbic system and that the contribution of Lewy bodies and neurites to
cognitive impairments in PD remains controversial (Ferrer, 2009). Alzheimer’s disease
pathology has also been found in PD brains (e.g. Braak et al., 1996). However, the brains
used in our study had low Braak stages suggesting that Alzheimer’s pathology in the
prefrontal cortex may not be a major contributing factor. Alteration of GABAergic activity
in the DLPFC could also be secondary to a deficit in dopamine neurotransmission. It is well
known that the DLPFC receives relatively dense dopaminergic innervation (Levitt et al.,
1984; Lewis et al., 1987, 1988; Berger et al., 1988) and earlier studies have documented a
decrease in dopaminergic innervation in the prefrontal cortex (Gaspar et al., 1991) and
decreased dopamine transporter binding site density in the orbitofrontal cortex in PD (Ouchi
et al., 1999). Through the activation of dopamine D1 receptors, dopamine can increase the
excitability of GABAergic interneurons in the frontal/prefrontal cortex (Zhou and Hablitz
1999; Gorelova et al., 2002; Gao and Goldman-Rakic 2003; Kröner et al., 2007) and the loss
of dopamine could depress the activity of these neurons, which may result in a decrease in
GAD67 expression. However, the possibility that prefrontal dopamine is deficient in PD is
uncertain since imaging studies show that, even in advanced PD, methamphetamine can
induce dopamine release in the prefrontal cortex to a similar extent in control and PD
patients (Piccini et al., 2003). In addition, in vivo imaging studies indicate that raclopride
binding is reduced during a working memory task to a similar extent in the anterior cingulate
cortex in both control and PD patients, suggesting that dopamine release is preserved in the
prefrontal cortex in PD brains (Sawamoto et al., 2008). A third mechanism that could
account for an alteration of GABAergic activity in PD is as a result of dysfunction of the
basal ganglia-thalamocortical circuitry. Retrograde axonal tracing studies in primates have
shown that the DLPFC, including BA9, is an integral part of the cortico-basal ganglia-
thalamocortical circuit (Reviewed in Middleton and Strick 2002). The globus pallidus
internus and the substantia nigra, pars reticulata, send projections to BA9 via a thalamic
relay (Middleton and Stick, 2002). The GABAergic ouput from the basal ganglia is
abnormally enhanced in PD (e.g. Wichman and DeLong, 1996), which could induce a
depression of thalamocortical projections that synapse on cortical GABAergic interneurons.
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Conclusions
We provide original evidence for a decrease in GAD67 mRNA expression in BA9 of the
prefrontal cortex in PD. This suggests that GABAergic neurotransmission is depressed in the
prefrontal cortex in PD. Interestingly, altered activity in subsets of GABAergic neurons in
the DLPFC has been linked to deficits in working memory in schizophrenia (Reviewed in
Lewis et al., 2005; Lisman et al., 2008). It would be of interest to determine if similar
mechanisms are linked to deficits in working memory or other cognitive abnormalities in PD
patients. Such a determination would be helpful in designing new therapeutic approaches to
cognitive dysfunction in PD.
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Figure 1.
Photographs from X-ray films illustrating GAD67 mRNA labeling in prefrontal cortex BA9.
A=Control from the HBTRC. B=PD case from the HBTRC. C=Control from the SHRI.
D=PD case from the SHRI. Scale bar: 1 mm.
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Figure 2.
Relative levels of GAD67 mRNA labeling in prefrontal cortex BA9. Values represent the
mean (±SEM) mRNA labeling measured on X-ray film radioautographs, and are expressed
as percent of controls. For the HBTRC, data are from 8 controls and 8 PD cases. For the
SHRI, data are from 12 controls and 11 PD cases (HBTRC: *p<0.005 vs. controls; SHRI:
*p<0.05 vs. controls; two-tailed unpaired t-test).
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Figure 3.
A: Linear regression between tissue pH and GAD67 mRNA labeling measured on X-ray
films. The regression analysis includes all brains from the HBTRC and the SHRI with
known pH values. The positive correlation is significant (r=Pearson Correlation Coefficient;
p=0.0013). B: Mean (±SEM) of pH-corrected levels of GAD67 mRNA labeling in prefrontal
cortex BA9 of control and PD cases (*p<0.05 vs. control; two-tailed unpaired t-test).
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Figure 4.
Bright-field photomicrographs illustrating GAD67 mRNA labeling on emulsion
radioautographs in prefrontal cortex BA9. Cases are from the HBTRC. Arrows indicate
clusters of silver grains over GAD67 mRNA labeled neurons. A=Control. B=PD case.
C=Control. D=PD case. Scale bar: 20μm.

Lanoue et al. Page 18

Exp Neurol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Linear regression between GAD67 mRNA labeling measured by computerized image
analysis of X-ray films versus single-cell computerized image analysis of emulsion
radioautographs. Mean values are from 8 control and 8 PD cases from the HBTRC.
(r=Pearson Correlation Coefficient; p<0.0001).

Lanoue et al. Page 19

Exp Neurol. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Linear regression analyses between age at death and GAD67 mRNA expression include
control and PD samples from the microarray (A, C and D) or in situ hybridization (B)
experiments. Analyses using data from control and all samples from the microarray
experiment show a highly significant correlation. r=Pearson Correlation Coefficient. Panel
B: p=0.4379. Panel D: p=0.1346.
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Figure 7.
A: Linear regression between disease duration in PD cases and mRNA labeling as measured
on X-ray films. Regression includes all brains from the HBTRC and the SHRI except one, in
which disease duration was not provided. No significant correlation is seen (r=Pearson
Correlation Coefficient; p=0.9231). B: Linear regression between disease duration in PD
cases and mRNA expression as determined by microarray analysis. No significant
correlation is seen (r=Pearson Correlation Coefficient; p=0.5831).
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Table 4

GAD67 microarray data expression results1.

Probe (location) # Samples (controls/cases) p Beta

319711 (exons 9–10) 62 (29/33) 0.0142 −0.267

1
adjusted for RIN, PMI, and age at death

2
achieves statistical significance
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