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Abstract
It has recently been shown that expression of the rate-limiting GABA-synthesizing enzyme
glutamic acid decarboxylase (GAD) is decreased in Brodmann area 9 (BA9) of the dorsolateral
prefrontal cortex (DLPFC) in Parkinson’s disease (PD) compared to control brains (Lanoue, A.C.,
Dumitriu, A., Myers, R.H., Soghomonian, JJ., 2010. Exp Neurol. 206(1), 207–217). A
subpopulation of cortical GABAergic interneurons expresses the calcium-binding protein
parvalbumin and plays a critical role in the control of pyramidal neuron excitability and the
generation of cortical gamma frequency oscillations. In view of its key role in the physiology of
the cerebral cortex, we sought to determine whether the expression of parvalbumin and the
number of parvalbumin-expressing neurons are altered in BA9 of PD brains. First, isotopic in situ
hybridization histochemistry was used to examine mRNA expression of parvalbumin on post-
mortem brain sections. Second, immunohistochemistry and design-based stereology were used to
determine the density of parvalbumin-positive interneurons in BA9. Quantification of mRNA
labeling at the single cell level showed a significant decrease in parvalbumin expression in PD
cases. In contrast, neuronal density of parvalbumin-positive neurons was not significantly different
between PD and controls. Results confirm that the GABAergic system is altered in the DLPFC in
PD and identify the contribution of parvalbumin-expressing neurons in these alterations. We
speculate that these effects could contribute to altered cortical excitability and oscillatory activity
previously documented in PD.
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1. Introduction
Parkinson’s disease (PD) is a neurodegenerative disease characterized by a substantial loss
of dopaminergic neurons in the substantia nigra pars compacta (SNc). However, pathology
is also observed in several other brain regions including the frontal and prefrontal cortex (for
review see Braak et al., 2004), and several imaging studies have reported grey matter
atrophy in the frontal lobe in PD patients (e.g. Ibarretxe-Bilbao et al., 2010; Lyoo et al.,
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2010; Melzer et al., 2012; Nishio et al., 2010; Weintraub et al., 2011). Decreases in regional
cerebral blood flow in the dorsolateral prefrontal cortex (DLPFC) in PD patients were
shown to correlate with disease severity (Kikuchi et al., 2001). On the other hand, gene-
profiling studies have reported alterations in the expression of genes involved in
mitochondrial pathways and the ubiquitin-proteosomal system in the prefrontal cortex of PD
brains (Duke et al., 2006; Moran et al., 2006; Zhang et al., 2005). Furthermore, a meta-
analysis of several gene-profiling studies of post-mortem PD brain tissue indicates that
GABA receptor-signaling pathways are also overrepresented in Brodmann area 9 (BA9) of
the DLPFC (Sutherland et al., 2009). This later finding suggests that altered GABAergic
neurotransmission in the DLPFC is a pathophysiological feature of PD. This possibility is
further supported by a recent report that mRNA expression levels of the major isoform of
the GABA-synthesizing enzyme, glutamic acid decarboxylase (GAD67) are decreased in
BA9 in PD (Lanoue et al., 2010).

Several subpopulations of GAD67-expressing GABAergic interneurons exist in the human
DLPFC and can be distinguished by their specific expression of different calcium-binding
proteins (for review see Benes and Berretta, 2001). One class of GABAergic interneurons,
which includes small and large basket cells and chandelier cells, selectively expresses the
calcium-binding protein parvalbumin, is fast-spiking, and modulates the activity of
pyramidal neurons through axo-somatic, axo-axonic or axo-dendritic synapses (for review
see Benes and Berretta, 2001). Fast-spiking parvalbumin-expressing interneurons also
contribute to the generation and maintenance of gamma frequency oscillations in the
cerebral cortex (e.g. for reviews see Bartos et al., 2007; Freund and Katona, 2007). In a
mouse model of PD, gamma oscillations in the cortex were nearly absent in the dopamine-
depleted state and replaced by beta and delta oscillations in the 10–30 Hz and 1.5–4 Hz
range, respectively (Costa et al., 2006), a finding consistent with clinical studies showing
that the predominance of cortical oscillations in the 10–35 Hz frequency range correlates
with symptom severity of PD (Silberstein et al., 2005). In view of the key functions played
by parvalbumin-expressing GABAergic neurons in cortical excitability and the generation of
cortical oscillations, we investigated the possibility that parvalbumin expression is altered in
BA9 of the DLPFC in PD. First, in situ hybridization histochemistry was used to measure
parvalbumin mRNA levels in PD and control samples. Second, immunohistochemistry and
design-based stereology were used to compare the density of parvalbumin-expressing
neurons in PD and control samples from BA9.

2. Results
2.1. Parvalbumin immunohistochemistry

Light microscopic examination of sections immunolabeled with the parvalbumin antiserum
revealed the presence of numerous positively-labeled soma as well as processes and puncta
(example of labeled cells in layer III-IV are illustrated on Figures 1A and B). Some of the
puncta were observed in the vicinity of unlabeled neuronal soma (Figures 1A and B), an
observation consistent with earlier observations that parvalbumin-labeled axon terminals can
establish synapses on the proximal portions of pyramidal neurons in the primate frontal
cortex (for reviews see Lewis et al., 2005; Lewis et al., 2012). In order to determine the
localization of parvalbumin-immunolabeled soma in different cortical layers and illustrate
the cortical region were neurons were quantified (Figures 2A and B), their distribution was
mapped and compared to the position of cortical layers identified on adjacent sections
stained with thionin (Figure 2C). First, thionin-stained sections were viewed at low
magnification and the layering pattern was compared to that reported in previous
cytoarchitectural studies of human prefrontal cortex (Petrides and Pandya, 1999; Rajkowska
and Goldman-Rakic, 1995). Our thionin-stained sections demonstrated the key features of
BA9 reported in previous studies (Petrides and Pandya, 1999; Rajkowska and Goldman-
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Rakic, 1995), including a narrow and sparsely populated layer IV, a lower part of layer III
characterized by the presence of large pyramidal neurons and large stained pyramidal
neurons in layer V (Figure 2C). Based on comparisons with thionin-stained sections, we
determined that parvalbumin-immunolabeled neurons were distributed throughout layers II
to VI, were noticeably absent from layer I and were mostly concentrated in layer IV (Figure
2B). This distribution is consistent with previous studies (e.g. Beasley et al., 2002; Reynolds
and Beasley, 2001) and did not appear to differ between control and PD cases. Design-based
stereology indicated that the average density of parvalbumin-immunoreactive neurons in
BA9 was not significantly different between control and PD brains (mean±SEM: control
group=7841±388.5 neurons/mm3; PD group=8324±353.7 neurons/mm3; p=0.3791, two-
tailed unpaired t-test). Further regression analyses showed no significant correlation between
age at death or PMI and numbers of parvalbumin-labeled neurons (Pearson correlation
coefficient: age at death: r=−0.130, p=0.6869; PMI: r=0.4172, p=0.1773).

2.2. In situ hybridization analyses of parvalbumin gene expression
The observation of X-ray film radioautographs from sections processed for in situ
hybridization with the parvalbumin antisense cRNA revealed labeled neurons throughout
most of the cortical width. In contrast, sections hybridized with the sense probe showed no
labeling. Parvalbumin mRNA-labeled neurons were concentrated in the middle layers of the
cerebral cortex (Figure 3A). At the light microscope level, parvalbumin mRNA labeling in
control and PD sections was detected as clusters of silver grains over hematoxylin-eosin-
stained soma (Figures 3B and C). The average density of parvalbumin-mRNA labeled
neurons was not different between control and PD cases (mean±SEM: control
cases=19.80±2.331 neuronal profiles/mm2; PD cases=18.00±1.781 neuronal profiles/mm2;
two-tailed unpaired t-test: p=0.5572). Quantitative analysis of silver grains on emulsion
radioautographs at the single cell level indicated that the average level of parvalbumin
mRNA labeling per neuron was significantly lower in PD compared to control cases (Figure
4) (26.0% less in PD cases; p=0.0102; two-tailed unpaired t-test). Because the mRNA values
were more spread out in control than in PD cases, we determined if there were outliers in
either group using the ROUT method (GraphPad™ software) with a Q value of 5%, which
allows for a maximum desired false discovery rate. This analysis indicated that there were
no outliers in either group. When the intensity of labeling in individual neurons (expressed
as a number of pixels) was plotted against the relative proportion of labeled neurons, the
distribution histogram from PD cases was uniformly shifted to the left compared to control
cases (Figures 5A and B). A two-sample Kolmogorov-Smirnov test comparing the
frequency distributions showed that this difference was significant (D=0.1739; p<0.0001).
This latter observation suggests that the decrease in parvalbumin mRNA levels in PD cases
was not restricted to a subset of parvalbumin-expressing neurons. Furthermore, we did not
observe laminar differences in mRNA labeling between controls and PD cases, indicating
that the decrease in parvalbumin mRNA levels in PD cases included different layers. We
carried out an ANCOVA using the three covariates, age at death, PMI and tissue pH, to
determine if these covariates could have impacted parvalbumin mRNA levels. The
ANCOVA showed that neither pH (F(1,21)=1.317; p=0.264) nor age at death
(F(1,21)=0.801; p=0.381) nor PMI (F(1,21)=1.947; p=0.177) had a significant effect on
parvalbumin mRNA labeling and the main effect of group was significant (F(1,21)=5.519;
p=0.034) after controlling for the effects of the three covariates. Linear regression analyses
illustrate the lack of correlation between mRNA levels and age at death (Pearson correlation
coefficient r=−0.1576, p=0.4420) (Figure 6A), pH (Pearson correlation coefficient r=0.2940,
p=0.1449) (Figure 6B), PMI (Pearson correlation coefficient r=−0.1746, p=0.3937) (Figure
6C) and disease duration (Pearson correlation coefficient r=−0.1325, p=0.6516) (Figure 6D).
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3. Discussion
3.1. Methodological considerations

The laminar distribution of parvalbumin-labeled neurons in our experiments is consistent
with that of previous studies in human post-mortem prefrontal cortex, with parvalbumin-
positive neurons reported in layers II-VI and a denser distribution in middle layers III and IV
(e.g. Beasley et al., 2002; Reynolds and Beasley, 2001). The quantification of labeled
neurons using design-based stereology did not reveal differences in the density of
parvalbumin-positive neurons between PD and controls. This result was consistent with the
quantification of mRNA-labeled neuronal profiles, which showed no differences in their
density between control and PD using different cases. We were not able to determine the
cortical volume in our experiments because we did not have access to the whole brains.
Therefore, it cannot be ruled out that a parallel loss of neurons and brain volume occurred in
PD relative to controls, which would have resulted in similar neuronal density. This
possibility is unlikely, however, since earlier studies have shown that neocortical volume is
not decreased in PD brains (Pedersen et al., 2005). The conclusion that there is no loss of
parvalbumin-expressing neurons in BA9 in PD is consistent with earlier studies showing no
global loss of neurons in the cerebral cortex (Pedersen et al., 2005) or in Brodmann area 6
(dorsolateral premotor region) in PD (MacDonald and Halliday, 2002). It should be
mentioned, however, that imaging studies have reported some reduced grey matter volume
or cerebral atrophy in certain cortical regions in PD (e.g. Ibarretxe-Bilbao et al., 2010; Lyoo
et al., 2010; Nishio et al., 2010; Ramirez-Ruiz et al., 2005). It is also unlikely that the
difference in age at death between our PD and control cases that were used in the
quantification of parvalbumin immunostained neurons in fixed tissue was a confounding
factor since we found no correlation between age at death and parvalbumin neuronal density
in these samples.

3.2. Pathology of the dorsolateral prefrontal cortex in PD
Imaging studies have consistently found hypoactivity of the supplementary motor area and
the DLPFC in PD (Buhmann et al., 2003; Haslinger et al., 2001; Jenkins et al., 1992;
Playford et al., 1992; Rascol et al., 1994). The significance and mechanisms involved in
these changes remain hypothetical. In particular, it is unclear if these changes are related to
alterations in the balance between excitation and inhibition or to other cellular mechanisms.
Several reports have documented mitochondrial dysfunction in the prefrontal cortex in PD.
In particular, deficits in mitochondrial complex I (NADH-ubiquinone reductase) activity and
protein levels have been reported (Arthur et al., 2009; Bueler, 2009; Navarro et al., 2009;
Parker et al., 2008) while deficits in mRNA expression of multiple electron transport chain
complexes are found in BA9 and other cortical regions in PD (Moran et al., 2006; Zhang et
al., 2005). This suggests that depressed activation of the DLPFC in PD could reflect a
general cellular metabolic deficit. In this regard, it is interesting that parvalbumin-expressing
interneurons are fast-spiking and presumably have high metabolic demands. It is thus
possible that deficient mitochondrial activity may especially affect these interneurons. Other
pathological changes documented in the DLPFC are altered afferent inputs that could affect
the overall activity of intrinsic cortical neuronal networks. For instance, loss of dopamine
innervation has been documented and earlier studies found decreased density of fibers
immunolabeled with tyrosine hydroxylase in the primary motor, premotor, and prefrontal
cortical regions in PD (Fukuda et al., 1999; Gaspar et al., 1991). An alteration of the
mesocortical dopaminergic system in the prefrontal cortex in PD is also supported by
imaging studies showing a decrease in DOPA uptake and binding to dopamine D2 receptors
(for review see Nikolaus et al., 2009). In rodents, loss of dopamine neurons has been shown
to reduce GAD67 mRNA levels in the medial frontal cortex and fronto-parietal cortex
(Lindefors et al., 1989; Reteaux et al., 1994). This suggests that the decreases in the
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expression of GAD67 and parvalbumin mRNA levels in PD patients may be triggered by a
dopamine deficiency rather than dopamine-replacement therapy and medication history. On
the other hand, decreased activity of thalamocortical excitatory projections has been
documented in experimental models of PD (Galvan and Wichmann, 2008), which would
also lead to depressed activity of cortical circuits in PD. In support of this possibility, levels
of the vesicular glutamate transporter VGLUT1 were dramatically decreased in the
prefrontal cortex of post-mortem brains from PD patients (Kashani et al., 2007), suggesting
a depression of intrinsic prefrontal cortical excitatory circuits in PD. In the same study,
levels of VGLUT1 and another vesicular glutamate transporter, VGLUT2, were increased in
the putamen in PD. Because VGLUT1 is associated with corticostriatal projections, these
studies of vesicular glutamate transporters suggest that corticostriatal glutamatergic
projections and intrinsic glutamatergic cortico-cortical projections are differentially altered
in the prefrontal cortex in PD.

Our findings suggest that inhibitory mechanisms are also depressed in the DLPFC in PD.
The possibility of altered cortical inhibitory mechanisms in PD is otherwise supported by
transcranial magnetic stimulation studies (TMS) in patients (Bares et al., 2003; Cantello et
al., 2002; Hanajima and Ugawa, 2000; Lefaucheur, 2005). In particular, both the silent
period and the short-stimulus interval cortical inhibition are reduced in PD and are restored
by dopaminergic agents (Lefaucheur, 2005; Nakashima et al., 1995; Priori et al., 1994;
Ridding et al., 1995). The silent period corresponds to the brief suppression of voluntary
contraction following a single stimulus to the motor cortex while the short-stimulus interval
intracortical inhibition (SICI) measures the decrease of motor evoked potentials elicited by a
stimulation pulse that is preceded by a conditioning pulse. GABA has been implicated in the
modulation of the cortical silent period and SICI (Lefaucheur, 2005; Ziemann et al., 1996).
A contribution of the DLPFC to the silent period and SICI measured in TMS studies is not
documented but our findings suggest that deficient inhibition may be widespread in the
frontal lobe in PD and may occur in both primary motor and prefrontal cortices. This raises
the intriguing possibility that abnormal activation of primary motor, premotor and
dorsolateral prefrontal cortex seen in patients with PD (Buhmann et al., 2003; Haslinger et
al., 2001; Jenkins et al., 1992; Rascol et al., 1994; Tessa et al., 2012) may be linked to
deficient intracortical inhibition.

We previously reported decreased GAD67 mRNA expression in BA9 of PD brains (Lanoue
et al., 2010). The finding that parvalbumin expression is also decreased suggests that the
same population of GABAergic neurons may have decreased expression of the two markers.
GAD67 is highly expressed in neurons with a high firing rate such as cortical parvalbumin-
expressing neurons (Feldblum et al., 1993). In the prefrontal cortex, axons from chandelier
cells co-express GAD67 and parvalbumin but not GAD65 while both GAD isoforms are co-
expressed in axons of basket cells, which correspond to the other population of
parvalbumin-expressing neurons (Fish et al., 2011). This raises the possibility that the
decrease in GAD67 mRNA expression in BA9 in PD preferentially affects chandelier cells.
Because chandelier cells exert a key control on pyramidal neuron excitability, depressed
GABAergic activity in these neurons would have major consequences on corticofugal
ouputs. There are several lines of evidence that suggest that parvalbumin may be affecting
cortical inhibition through its relationship with GAD67. Parvalbumin is a calcium-binding
protein that plays a key role in GABAergic neurotransmission (Collin et al., 2005; Muller et
al., 2007). GABA release is increased in mice with reduced parvalbumin expression
(Vreugdenhil et al., 2003; Collin et al., 2005) and in cultured parvalbumin interneurons, a
decrease in GAD67 induced by the nonselective NMDA receptor antagonist, ketamine, was
followed by a decrease in parvalbumin immunoreactivity (Kinney et al., 2006). Based on
these studies, it has been proposed that reduced parvalbumin expression may represent a
compensatory response to reduced GABA levels and enhance GABA release. This
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hypothesis is interesting and warrants more detailed physiological and anatomical studies in
experimental models of PD.

4. Experimental Procedure
4.1. Human tissue and tissue sectioning

For the in situ hybridization study 11 control and 15 PD samples of BA9 from male subjects
were obtained from the Harvard Brain Tissue Resource Center (HBTRC; McLean Hospital,
Belmont, MA) and the Sun Health Research Institute (SHRI; Sun City, AZ) (Table 1). All
subjects in the PD group had a clinical diagnostic of PD and pathological evidence of PD
determined by the presence of Lewy bodies in the SNc, but cognitive measures were not
available. The pH of all samples used in mRNA expression studies was measured as
previously described (Harrison et al., 1995). For each sample, at least two pH readings were
taken, and the mean of these values was used. Because lower tissue pH is associated with
greater RNA degradation (Harrison et al., 1995; Kingsbury et al., 1995; Catts et al., 2005),
we selected cases so that the average pH between groups was not significantly different
(Table 1). Age at death and post-mortem interval (PMI) were also available for all samples
(Table 1). Disease duration, defined as the time elapsed between the onset of motor
symptoms and death, was available for all but four PD cases (Table 1). For the in situ
hybridization studies, tissue blocks were stored at −80°C. From these blocks, 10 μm-thick
sections were cut at −20°C using a cryostat. Each section was thaw-mounted onto a
chromalum gelatin-coated glass slide and stored at −80°C until further processing.

For the immunohistochemical and Nissl-staining studies, formalin-fixed tissue blocks of
BA9 from 6 control and 6 PD cases were obtained from the SHRI. These cases were
different from those used in the mRNA expression studies because fixed and unfixed
matching samples from the same cases were not available. Tissue blocks were cryoprotected
by immersing them sequentially in a solution of 2% dimethylsulfoxide (DMSO) and 10%
glycerol at 4°C for three days and in a solution of 2% DMSO and 20% glycerol at 4°C for
three days (Rosene et al., 1986). Blocks were rapidly frozen by immersion in 2-methyl-
butane at −75°C for one hour, then stored in a freezer at −80°C for at least 2 days. Blocks
were sectioned in series of 9 sections on a freezing microtome at a thickness of 30 μm or 60
μm and then placed in wells filled with a solution of 15% glycerol in 0.1 M phosphate buffer
(PB) pH 7.4 and stored at −80°C. Subjects were matched for PMI (control: 3.250±0.258
hours; PD: 3.080±0.337 hours) but the mean age at death of control cases (87.17±2.65
years) was significantly higher than the mean age at death of PD cases (77.33±2.69 years)
(two-tailed unpaired t-test between controls and PD: p=0.0264).

4.2. Immunohistochemistry
Thirty μm-thick sections were removed from the −80°C freezer, thawed and mounted onto
chromalum gelatin-coated glass slides and air-dried for 3 days at room temperature. For
antigen retrieval, slides were loaded into stainless steel racks and lowered into a pressure
cooker filled with a boiling diluted citrate-based antigen unmasking solution (Vector
Laboratories, Burlingame, CA). The pressure cooker was locked. One minute after reaching
high pressure, the cooker was quickly depressurized and the racks were placed in cold water
for five minutes. For all subsequent steps, the slides were processed in vertical staining wells
under gentle agitation on an orbital shaker. The staining wells were filled with 0.1 M Tris-
buffered saline (TBS) pH 7.4. After two ten-minute washes in TBS, endogenous peroxidase
activity was quenched by treatment with a solution of 3% hydrogen peroxide in 50% ethanol
for 45 minutes. To block non-specific binding of the secondary antibody, sections were then
placed in a blocking solution of 10% horse serum in 0.1 M TBS plus 0.4% Triton-X for 2
hours. Sections were then incubated for 48 hours at 4°C with a primary monoclonal
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antibody for parvalbumin (Swant, Switzerland). Sections were washed three times in a
solution of 1% horse serum and 0.2% Triton-X in 0.1 M TBS pH 7.4 for 10 minutes,
followed by incubation with a biotinylated anti-mouse secondary antibody raised in horse
(Vector Laboratories, Burlingame, CA) for 2 hours at room temperature. Sections were then
incubated at room temperature for 1 hour and 45 minutes in an avidin–biotinylated
peroxidase complex solution. The antigenic sites were visualized by incubation of the
sections in a solution containing 3,3′-Diaminobenzidine (DAB) (ImmPact DAB Peroxidase
Substrate kit, Vector Laboratories, Burlingame, CA). The reaction was stopped by rinsing in
distilled water. Sections were air-dried overnight at room temperature, dehydrated in graded
alcohols and coverslipped with Permount (Fisher Scientific, Pittsburgh, PA).

4.3. Design-based stereology
The density of parvalbumin-immunoreactive neurons in BA9 was estimated using a design-
based stereological approach. Nine serial sections per case were used for this analysis. The
number of sections and counting parameters were determined using data from a previous
pilot study to obtain a coefficient of error (CE) (Gundersen et al., 1999) less than 0.1 for
each case. Because the tissue blocks were not uniform in size, the number of series sectioned
varied between cases. The interval between sections varied from 180 μm to 390 μm.
Nevertheless, all cases included nine sections and a minimum of 300 neurons per case was
counted. A Nikon Eclipse E600 microscope (Nikon Instruments Inc., Melville, NY)
equipped with a motorized staged and joystick and StereoInvestigator software (version
8.21.7, MBF Bioscience, Williston, VT) were used. The StereoInvestigator software system
is based on the optical disector method, which allows the estimation of a number of objects
in a known volume without introducing biases due to size, shape, or section thickness
(Gundersen et al., 1988; Mouton, 2002). In order to avoid edge and lost cap effects, a 1 μm
guard volume was implemented above the disector probe and a floating guard volume (range
1–5 μm) was left at the bottom of the disector. The thickness of sections used for the
analysis was not significantly different between groups (control group: 13.25±0.1057 μm,
PD group: 13.55±0.1544; p=0.1399). The region of interest was the portion of the section
comprised of the largest available continuous area of grey matter. The region of interest was
viewed and outlined with the contour function of Stereoinvestigator using the 4x objective.
The 40x objective was used for cell counts. The grid size for the study was 1142.3 μm ×
1003.1 μm. A three-dimensional counting box was used with the following dimensions: 100
μm × 100 μm × 9 μm. The counting objects for this study were stained parvalbumin-
immunoreactive cell bodies. Any soma meeting criteria within the counting frame or in
contact with the inclusionary line was counted; any soma touching an exclusionary line was
ignored. 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 number
of parvalbumin-immunoreactive cells counted was divided by the total volume of the
disector probes in each case. This provided a sample estimate of the total number of objects
counted in the volume of reference space, also known as the numerical density (Gundersen
et al., 1988; Mouton, 2002). The density was expressed in numbers of neurons per cubic
millimeter. The mean coefficient of error (Gundersen et al., 1999) for each case in every
study was 0.051. The investigator who performed this quantification was blind to the
experimental groups.

4.4. Thionin staining
Sixty μm-thick sections were mounted onto chromalum gelatin-coated glass slides and air-
dried for 3 days at room temperature. Slides were then loaded into stainless steel racks. The
tissue was defatted in a solution of 50% ethanol and 50% chloroform for 5 hours. Tissue was
then hydrated in a series of graded alcohols followed by deionized water. Sections were then
placed in a 0.5% thionin solution (pH 3.6) for 90 seconds. Sections were dehydrated in
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deionized water followed by a series of graded ethanol washes then cleared in xylene and
coverslipped with Permount (Fisher Scientific, Pittsburgh, PA).

4.5. In situ hybridization histochemistry
A 35S radiolabeled complementary RNA (cRNA) probe was transcribed in vitro from human
parvalbumin (PVALB gene) complementary DNA (cDNA) (GenBank: BC069300). The 418
base pair parvalbumin cDNA was inserted into the transcription vector pPCR-Script Amp
SK(+). The vector was linearized with the restriction enzyme, SacI. In vitro transcription of
the radioactive cRNA sense and antisense probes 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, Boston, MA) 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 cRNAs were purified by
phenol/chloroform extraction and ethanol precipitation. The length of the cRNA probes was
reduced by partial alkaline hydrolysis to increase the sensitivity of the hybridization reaction
(Cox et al., 1984).

Two adjacent sections per subject were used and all sections used for the quantitative
analyses were strictly processed in parallel under identical conditions. The hybridization
protocol has been 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 cRNA probe in hybridization
solution (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 11 days. After the films
were developed, slides were processed for emulsion radioautography by dipping in Kodak
NTB3 nuclear emulsion, air-dried for 3 hours, and stored in light-tight boxes for 19 days.
Emulsion was then developed in Kodak D-19, the sections were lightly counterstained with
eosin and hematoxylin, and mounted with Eukitt (Sigma-Aldrich Chemicals, St. Louis, MO)

4.6. Quantification of parvalbumin mRNA labeling on emulsion radioautographs
Individual labeled 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 of NIH image. The labeled cellular profiles
were selected with the drawing tool of NIH image and the area covered by silver grains in
the selection was calculated and expressed as a number of pixels per cellular profile. Before
this analysis was carried out, we determined that there was a linear relationship between
numbers of silver grains and the area expressed in pixels on a sample of neurons in which
the numbers of grains were counted manually and compared to the area covered by grains as
measured with NIH image. For each section, 50 neuronal profiles were sampled and
analyzed and the labeling was reported as a number of pixels per profile. Sampling of
neurons was carried out throughout the cortical width by systematically scanning the tissue
from layer VI to the pial surface and back from the pial surface to layer VI until a minimum
of 50 neurons per section was analyzed. Every labeled neuron encountered while scanning
the tissue was analyzed. Because artifactual scattered silver grains were occasionally present
in the neuropil, the level of background was determined by measuring the average density of
silver grains in the neuropil. Based on this quantification and in order to ensure that only
labeled neurons were included in the quantification, neurons were considered parvalbumin
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mRNA positive if their soma was covered by 5 or more silver grains. For each subject, two
adjacent sections were analyzed so that the mean number of pixels per neuronal profile per
subject was the mean of 100 profiles. In the control group, labeling was measured in 11
cases for a total of 1100 neurons and in the PD group labeling was measured in 15 cases for
a total of 1500 neurons. The investigator who performed this quantification was blind to the
experimental groups in order to prevent unintentional bias in the selection of silver grains.
Finally, the density of parvalbumin mRNA-labeled neurons per mm2 of tissue was
determined on emulsion radioautographs by systematically scanning sections on the Nikon
Eclipse E600 microscope at 60x throughout the cortical thickness and counting all labeled
profiles. A grid size of 0.02779 mm2 was chosen and an average of 190 grids per section
were counted.

4.7. Statistical analyses
Differences in mRNA labeling values, densities of parvalbumin-immunoreactive neurons,
age at death, PMI, and pH between control and PD groups were analyzed with two-tailed
unpaired t-tests. Correlations between parvalbumin mRNA labeling or density of
parvalbumin-positive neurons and age at death, PMI, pH or disease duration were analyzed
by linear regression. An analysis of covariance (ANCOVA) was used to determine and
control for the possible effects of the covariates pH, age at death and PMI on mRNA
labeling. In all cases, a value of p<0.05 was considered significant.
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Highlights

Parvalbumin mRNA expression is decreased in Brodmann area 9 in Parkinson’s
disease

Parvalbumin neurons are not lost in Brodmann area 9 in Parkinson’s disease

Parvalbumin-positive neurons are concentrated in middle cortical layers
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Figure 1.
Bright-field photomicrographs illustrating immunoreactivity for parvalbumin in a normal
control (A) and a PD case (B). Arrows indicate parvalbumin-positive neurons. Stars indicate
unlabeled soma surrounded by immunolabeled puncta. Scale bar: 20 μm.
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Figure 2.
Bright-field photomicrographs of adjacent sections of BA9 from a control case. Sections
were labeled by immunohistochemistry with an antibody against parvalbumin (A, B) or
Nissl-stained (C). In order to provide better visualization of the distribution of parvalbumin-
labeled neurons in panel A, black dots were drawn over labeled neurons on the same
photomicrograph in panel B. Cortical layers are demarcated in an adjacent Nissl-stained
section (C) with black dotted lines. Note that parvalbumin-positive neurons appear in layers
II-VI and their density is greatest in layer IV. Roman numerals indicate cortical layers and
WM indicates white matter. Scale bar: 200 μm.
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Figure 3.
(A) Photograph from an X-ray film illustrating the distribution of parvalbumin mRNA
positive neurons. The dotted lines delineate the pial and white matter boundaries and silver
grain clusters representing parvalbumin mRNA positive neurons are represented by black
dots between these dotted lines. Note that parvalbumin mRNA positive neurons are
concentrated in the middle layers. (B, C) Bright-field photomicrographs illustrating
parvalbumin mRNA labeling on emulsion radioautographs in BA9. Arrows indicate
parvalbumin mRNA-labeled neurons. Arrowheads illustrate examples of unlabeled neuronal
profiles. B: Control case. C: PD case. Scale bar: A=1 mm; B, C=20 μm. WM=white matter.

Lanoue et al. Page 17

Brain Res. Author manuscript; available in PMC 2014 September 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Relative levels of parvalbumin mRNA labeling per single neuron in BA9. Labeling was
measured by computerized image analysis of emulsion radioautographs. Values are the
mean of the mean number of pixels per profile and are expressed as percent of controls. Data
are from 11 control and 15 PD cases (*p<0.05 vs. controls; two-tailed unpaired t-test).
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Figure 5.
Histograms of relative frequency distribution of parvalbumin mRNA labeling in BA9 of all
control (A) and PD cases (B). Parvalbumin mRNA labeling was expressed as a number of
pixels. In control cases (A), the median number of pixels per neuron is 40.5 and the mean is
59.7 pixels, while in PD cases (B), the median number of pixels per neuron is 32.0 and the
mean is 45.5 pixels per neuron. This illustrates that the level of labeling per neuron is shifted
to the left in the PD cases. The level of labeling was significantly decreased in the PD cases
(data not shown; p<0.0001; two-tailed unpaired t-test). Med.: median.
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Figure 6.
Linear regression analyses between (A) age at death, (B) pH, (C) PMI or (D) disease
duration and mean parvalbumin mRNA labeling per neuron measured on emulsion
radioautographs. Analyses include all 11 control and 15 PD samples from the in situ
hybridization study for parvalbumin. There was no significant correlation between
parvalbumin mRNA labeling and (A) age at death (Pearson correlation coefficient r=
−0.1576, p=0.4420), (B) pH (Pearson correlation coefficient r=0.2940, p=0.1449), (C) PMI
(Pearson correlation coefficient r=−0.1746, p=0.3937) or disease duration (Pearson
correlation coefficient r=−0.1325, p=0.6516).
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Table 1

Human subjects data for the in situ hybridization experiments.

Age at Death (years) PMI (hours) pH Disease Duration (years) Cause of Death

Harvard Brain Tissue Resource Center (HBTRC) Control Cases

66 18.7 6.75 N/A Myocardial infarction

69 15.3 7.323 N/A Respiratory Failure; Chronic obstructive pulmonary disease

40 16.6 6.593 N/A Cardiac

106 21 6.708 N/A Congestive heart failure; Acute renal failure; Myocardial
infarction

44 28.17 6.965 N/A Cardiac arrest

43 14.68 6.985 N/A Myocardial infarction

52 22.95 6.373 N/A Heart Attack

60.00 19.63 6.814

Harvard Brain Tissue Resource Center (HBTRC) PD Cases

68 22.87 6.848 5 Cardiac Arrest

79 11.77 6.415 13 Aspiration Pneumonia

74 15.15 6.67 N/A End Stage PD; Bladder Infection

89 30.75 6.675 17 End Stage PD

66 11.21 6.735 11 PD

75.20* 18.35* 6.669* 11.50

Sun Health Research Institute (SHRI) Control Cases

91 1.5 6.29 N/A Metastatic Bladder Cancer

97 1.5 7.137 N/A Metastatic Colon Cancer

79 2 6.915 N/A Cardiac and/or respiratory failure

63 1.5 6.603 N/A Acute intracerebral hemorrhage

82.50 1.625 6.736

Sun Health Research Institute (SHRI) PD Cases

85 2.16 6.728 6 Lung cancer

77 1.66 6.438 13 PD

72 2 6.5 10 Brain cancer - glioblastoma

83 2 6.58 7 Pneumonia; hypertension; vascular dementia

72 3.5 6.72 17 Possible Cerebrovascular accident; End stage PD

77 1.16 6.593 22 End stage PD; Complications from fall

83 2.16 6.838 4 End stage PD

80 2.25 6.65 25 End stage PD; Inanition

84 2.5 6.47 4 N/A

88 2 6.71 3 End stage chronic obstructive pulmonary disease

80.10* 2.139* 6.623* 11.10

PMI: post-mortem interval

*
indicates no significant difference from controls, two-tailed unpaired t-test
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Bold values indicate means for each group in each cohort
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