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SUMMARY

Parvalbumin (PV) is a calcium binding protein that is expressed by numerous neuronal
subpopulations in the central nervous system. Staining for PV was often used in
neuroanatomical studies in the past. Recently, several studies have suggested that PV acts in
neurons as a mobile endogenous calcium buffer that affects temporo-spatial characteristics of
calcium transients and is involved in modulation of synaptic transmission. In our experiments,
expression of PV in the lumbar dorsal horn spinal cord was evaluated using densitometric
analysis of immunohistological sections and Western-blot techniques in control and arthritic
rats. There was a significant reduction of PV immunoreactivity in the superficial dorsal horn
region ipsilateral to the arthritis after induction of the peripheral inflammation. The ipsilateral
area and intensity of PV staining in this area were reduced to 38% and 37% respectively, out of
the total PV staining on both sides. It is suggested that this reduction may reflect decreased
expression of PV in GABAergic inhibitory neurons. Reduction of PV concentration in the
presynaptic GABAergic terminals could lead to potentiation of inhibitory transmission in the
spinal cord. Our results suggest that changes in expression of calcium binding proteins in spinal

cord dorsal horn neurons may modulate nociceptive transmission.
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INTRODUCTION

Numerous proteins and receptors were shown to play an important role in modulation of
nociceptive signaling at spinal cord level. Parvalbumin (PV) is a calcium binding protein (CBP)
that has often been used as a marker of specific neuronal populations in neuroanatomical and
immunohistological studies in the past. Recently several studies have considered the biophysical
consequences of the presence of PV in the cells as a calcium buffer (Neher and Augustine 1992;
Zhou and Neher 1993). Synaptic activity as well as number of other cellular processes are
regulated by local and/or global changes of intracellular calcium level. During propagation of
action potentials, intracellular calcium level is increased mainly due to calcium influx through
voltage dependent calcium channels. Other important sources of extracellular calcium in the
dendrites during synaptic activity are calcium permeable NMDA and AMPA channels. The
intracellular calcium concentration is further regulated by several processes, such as calcium
uptake into intracellular stores, extrusion mechanisms and endogenous calcium buffering
(Berridge et al. 2003).

CBPs such as PV, calbindin and others represent mobile endogenous buffers that can
substantially affect the temporo-spatial characteristics of any intracellular calcium concentration
change, depending on their respective biophysical calcium binding characteristics. It was shown
in other neuronal systems that a low level of CBP leads to high amplitude short lasting calcium
concentration changes, while the presence of a high level of calcium buffers in the cell leads to
low amplitude, longer duration calcium transients under the same circumstances (Chard et al.
1993; Palecek et al. 1999). While both fast (calbindin) and slow (PV) calcium buffers can
reduce the calcium transient peak, PV selectively increases the fast component of the calcium
transient decay (Chard et al. 1993; Caillard et al. 2000; Lee et al. 2000; Schmidt et al. 2003;
Muller et al. 2007).

It is acknowledged that in some chronic pain states associated with the presence of

pathologically increased sensitivity such as allodynia and hyperalgesia, central sensitization due



to synaptic modulation at the spinal cord level may play an important role (Woolf and
Thompson 1991; Willis 2001). It was previously suggested that this process is calcium
dependent (Willis 2001; see also Malenka and Nicoll 1999). The presence or absence of CBPs
acting as calcium buffers in the pre- or postsynaptic part of the synapse could thus effectively
modulate synaptic transmission at the spinal cord level. Studies of PV distribution in the lumbar
spinal cord have shown that it is mostly located in a strongly immunopositive band of small
neuronal cell bodies and neuropil in the inner part of lamina Il (Antal et al. 1990; Ren and Ruda
1994) and at the border of laminae I1I/1l1 (Yamamoto et al.1989). There is also strong PV
immunostaining present in the neck of the spinal cord grey matter in the ventro-medial region
(lamina VII). Numerous PV positive neurons are present throughout the deeper laminae and also
in the ventral horn (Ren and Ruda 1994).

In this study the changes of PV expression in the lumbar spinal cord dorsal horn after
experimentally induced peripheral inflammation were observed in rats. The level of PV
expression was assessed by densitometry in the superficial dorsal horn and in the ventro-medial
part of the spinal cord on immunohistochemically stained sections from lumbar segment L5.
Further confirmation of the changes in PV expression after peripheral inflammation was

provided by western blot analysis of the spinal cord tissue.

METHODS
All procedures used in these experiments were reviewed and approved by the Institutional
Animal Care and Use Committee and were consistent with the guidelines of the International
Association for the Study of Pain for the care and use of laboratory animals. Adult male Wistar
rats (250 — 350 g) were kept in plastic cages with soft bedding, free access to food and water and
were maintained on a 12 hr light, 12 hr dark cycle. In total, 16 animals were used in this study.
Experimental arthritis was induced by unilateral intra-articular knee injection of a 3%

mixture of kaolin and carrageenan in saline solution under ether anesthesia. The animals were



left to recover in their home cages. Animals were deeply anesthetized with sodium pentobarbital
(80 mg/kg intraperitoneally) 28h later and perfused transcardially with heparinized saline (0.9%
NaCl) followed by 500 ml of ice cold 4% paraformaldehyde in 0.1 M phosphate buffer. Spinal
cord tissue was removed after the perfusion, the control side marked with a pin, and post-fixed
overnight in the same fixative and cryoprotected 24h in 30% sucrose solution in phosphate
buffer (PB). Transverse cryostat sections (30 pum) from the L5 spinal cord segment were
obtained from 5 experimental and 3 intact control rats. Every 3" slice was collected and
immunostained for PV by the streptavidin-biotin-peroxidase complex method. First, the sections
were washed with a solution of 0.1 M phosphate-buffered-saline (PBS) 3 times for 10 min and
then incubated in blocking solution of 3% normal donkey serum (NDS) for 30 min at room
temperature, followed by overnight incubation at 4°C in primary antibody solution (mouse
monoclonal anti-parvalbumin; Sigma). After incubation, tissue sections were washed in 1%
NDS 3 times for 10 min and incubated for 2 hrs at room temperature in biotinylated secondary
antibody solution (1:400 for 2 hrs biotin-SP-conjugated donkey anti-mouse IgG; Jackson
Immuno Research Laboratories, Inc., USA). Then the sections were washed in PB twice for 10
min and incubated in peroxidase-conjugated streptavidin (dilution 1:600, peroxidase-conjugated
streptavidin; Jackson Immuno Research) for 2 hrs at room temperature. The reaction product
was visualized with 0.01% hydrogen peroxide and 0.05% diaminobenzidine as the chromogen.
After rinsing in 0.1M PB for 10 min, the sections were mounted onto gelatinized slides and
coverslipped. The whole spinal cord section was photographed with an Olympus BX-80 and
5Mpix Digital camera in one image. Off line densitometric analysis of the spinal cord images
was performed using the AIDA software package (see Fig.1). Two symmetrical areas on each
side in the superficial dorsal horn and in the ventromedial part were selected for analysis (Fig.
1). A small area in the part of the tissue without positive signal was selected to determine the
threshold value for the immunopositive signal intensity. The software calculated the area of

positivity within the pre-selected region, the sum of intensity in these areas, and the quotient of



these values in absolute values and in percent. The percent values on a given side of the
analyzed section were calculated as the percentage of immunopositive area or intensity,
compared to the sum of positive areas or intensities on both sides. Percent values were used for
statistical analysis to account for the differences between animals. The differences in the
intensity of immunostaining in a side to side comparison were evaluated using paired t-tests.

For further confirmation of PV expression levels, SDS-PAGE and western blotting were
used in another group of animals. Rats were anesthetized with sodium pentobarbital (80 mg/kg
ip) and laminectomy was performed. Dissected lumbar spinal cord was rapidly immersed in ice-
cold physiological solution and hemisected. Left and right side spinal cord parts (L3-5) were
weighed and homogenized with a hand-held pellet pestle in 30 mM Tris-HCI buffer (w/v 1:10)
containing 0,1 pl of an inhibitor of proteases (Sigma P8340) per 1 mg of tissue. Prepared
samples were left on the ice for 10 min and centrifuged at 5000 rpm for 10 min at 4°C.
Supernatant was removed and centrifuged again at 13000 rpm for 20 min. An aliquot was taken
for spectrophotometric total protein quantification using an Eppendorf BioPhotometer
(Eppendorf, Germany). The protein concentration for each sample was determined by the
Bradford assay using a Bio-Rad Protein Assay kit according to the manufacturer’s
recommendations. For immunodetection of parvalbumin, protein samples and molecular mass
standards (Bio-Rad) were resolved on 12% Tris/Tricine gels. Tris/Tricine SDS-PAGE was
performed according to the method of Schégger and Jagow (1991). Proteins were then
transferred to a 0.2 pm nitrocellulose membrane with blotting apparatus (Bio-Rad), at 15V
overnight. Western blots were developed as described by Towbin et al. (1979). Mouse
monoclonal anti-parvalbumin (Sigma) was used as primary antibody at a dilution of 1:2000. The
secondary antibody conjugated to horseradish peroxidase and/or biotinylated antibody followed
by streptavidin peroxidase (Jackson Immuno Research Laboratories, Inc., USA) were used at a
dilution of 1:6000, 1:32000 and 1:20000 respectively. The proteins were visualized with an ECL

kit (Bio-Rad) and data were captured using Fuji LAS-1000 Imaging System CCD Camera.



Quantitative analysis of immunoblots was performed using the image analysis program ImageJ

(version 1.35h).

RESULTS

In this study the intensity of immunostaining for parvalbumin in ipsilateral and contralateral
sides of the spinal cord in rats with unilateral experimental knee joint arthritis was analyzed.
Two regions with high intensity immunostaining for PV within the dorsal horn were examined
with densitometric analysis. One was in the superficial dorsal horn (substantia gelatinosa) and
the second was in the ventro-medial part of the dorsal horn. Five experimental and 3 control,
intact animals were used in the study. From each rat, 10 sections from lumbar segment L5 were
analyzed.

Lower intensity and/or smaller area of positive parvalbumin staining in the substantia
gelatinosa on the arthritic side was clearly evident in about 2/3 of the sections examined (Fig.2).
The staining was present mostly in the neuropil with occasional immunopositive cell bodies, as
can be seen on the higher magnification picture of the dorsal horn area (Fig.3). The differences
in the density and in the area of PV staining between the control side and the side ipsilateral to
the induced arthritis were assessed by densitometric analysis. In the superficial dorsal horn, both
area and the intensity of the PV immunostaining were confirmed to be significantly decreased
on the side of the experimental arthritis when compared to the contralateral side (Fig. 4). The
difference in the staining was even more significant when it was evaluated as an intensity/area
quotient. In the ventro-medial part of the dorsal horn no apparent difference was obvious. The
densitometric analysis also did not reveal any significant difference in the area and intensity of
the PV staining in the ventro-medial part of the spinal cord. However, the quotient of the
intensity/area was significantly reduced (P < 0.05) on the side of the experimental arthritis (Fig.
4). In control rats, no significant difference was revealed by the densitometric measurement in

any of the measured parameters when left and right sides of the spinal cord were compared in



the same way as in the experimental animals. The percent values were 49.91% to 50.09% for the
area and 49.82% to 50.18% for the intensity of the total in a left to right side comparison for the
substantia gelatinosa region and 49.87% to 50.13% (area) and 49.81% to 50.19 (intensity) for
the ventromedial region.

Western blot analysis of PV content in the spinal cord samples was used to confirm the
densitometric immunohistochemical analysis (Fig. 5). Tissue from ipsilateral and contralateral
sides of the spinal cord lumbar enlargement (L3-L5) in 5 animals was analysed. The PV content
in the spinal cord tissue ipsilateral to the arthritis was significantly reduced to 68 + 12% (SEM,
p<0.05, paired t-test) when compared to the control side. There was no significant difference in

the PV content of the left and right sides in the control animals (n=3).

DISCUSSION

Our study demonstrated that peripheral inflammation can induce decreased expression of
PV in the spinal cord dorsal horn. The possible functional consequences of this change would be
preferentially dependent on its precise morphological location and on the biophysical properties
of PV.

It was shown previously that unilateral peripheral inflammation can induce bilateral
changes in expression of some molecules at the spinal cord level after peripheral inflammation.
However, in most of the studies the effect was much more pronounced on the side ipsilateral to
the unilateral inflammation (Traub et al. 1994; Castro—Lopez et al. 1994; Zhang et al. 2002).
These changes may be also dependent on the exact model of inflammation used (complete
Freund’s adjuvant vs. carageenan) and the time when the changes were evaluated after the
induction of inflammation. In our experiments we did not observe any obvious changes on the
contralateral side when compared to the control animals. In densitometric studies it is usually

difficult to compare density of staining in different tissue slices, unless a very significant change



in staining is present. Therefore we did not attempt to do densitometric comparisons between the
control and experimental animals.

The presence of different calcium binding proteins such as parvalbumin or calbindin in the
spinal dorsal horn was described in detailed morphological studies at light (Yamamoto et al.
1989; Antal et al. 1990; Zhang et al. 1990; Ren and Ruda 1994) as well as electron-microscopic
levels (Antal et al. 1990). In general, these calcium binding proteins, which can act as calcium
buffers and have impact on intracellular calcium kinetics, were found to be present in all layers
of the spinal cord. However, the distribution within the spinal cord was different for each of the
CBP. Parvalbumin appears to be predominantly expressed in a strongly PV immunopositive
band in the inner part of lamina Il (Antal et al. 1990; Ren and Ruda 1994), or along the lamina
/111 border (Yamamoto et al. 1989), which is in good agreement with the present study.
Morphological analysis of the dorsal horn lumbar spinal cord in rats suggested, that PV is
located mainly in the neuropil near spinal cord PV immunoreactive neurons (Yamamoto et al.
1989). This was further supported by the finding that the intensity of the PV immunoreactive
band in the superficial dorsal horn appeared to be unaffected by dorsal rhizotomy or by neonatal
capsaicin treatment (Yamamoto et al. 1989). It was only slightly reduced after ganglionectomy
(Ren and Ruda 1994). Parvalbumin immunoreactivity was found in the postsynaptic as well as
in the presynaptic terminals in the inner part of lamina Il (Antal et al. 1990), which indicates a
possible important role for parvalbumin in modulation of sensory inputs both at presynaptic and
postsynaptic levels.

The morphological and functional characterization of neurons in the substantia gelatinosa
is quite complex. However, it is clear from numerous studies that neurons in this region are
heavily involved in pain transmission and modulation (Willis and Coggeshall 2004). It was
shown previously, that about 43% of the neurons in this region are GABA immunoreactive and
are thus presumably GABAergic inhibitory interneurons (Todd and Sullivan 1990). It was

suggested that in other areas of the central nervous system PV containing neurons represent a
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subpopulation of GABAergic neurons (see Baimbridge et al. 1992 for a review). At the spinal
cord level, it was shown that 5-21% of the GABA immunopositive neurons in the substantia
gelatinosa region coexpress PV (Antal et al. 1991). Similar results were shown also for a
subpopulation of substantia gelatinosa GABAergic neurons expressing green fluorescent protein
in transgenic mice (Hantman et al. 2004). However, the population of PV immunopositive
neurons in this spinal cord dorsal horn region (laminae Il + Il1) that show staining also for
GABA is much higher (75%, Laing et al. 1994; 60-70%, Antal et al. 1991). These data suggest
that a majority of the PV immunopositive neurons in this region of the spinal cord dorsal horn
may be GABAergic inhibitory interneurons. Based on this evidence it seems plausible to
suggest that some of the changes in PV expression in the substantia gelatinosa region seen in our
study were due to reduced expression of PV in GABAergic interneurons.

Calcium ions regulate a number of intracellular processes and play a major role in
transmembrane signalling in neuronal cells (Baimbridge et al. 1992; Berridge et al. 2003). The
role of internal calcium buffers and the temporo-spatial characteristics of intracellular calcium
signalling was originally demonstrated in bovine chromaffin cells (Neher and Augustine 1992).
PV acts as a mobile calcium buffer with relatively slow binding characteristics and its presence
does not reduce the peak of the calcium transient as much as the fast buffers do, but rather
accelerates the initial decay of the calcium transient (Chard et al. 1993; Caillard et al. 2000; Lee
et al. 2000; Schmidt et al. 2003; Muller et al. 2007). PV presence leads to a fast reduction of
calcium concentration and decreased residual calcium concentration after the calcium transient
(Atluri and Regehr 1996). The importance of PV for synaptic modulation was shown at the
interneuron/Purkinje cell synapse, where elimination of PV from the presynaptic ending
changed a depressing synapse into a facilitating one (Caillard et al. 2000; Collin et al. 2005).
Similar results were obtained at the Calyx of Held synapse, where presynaptic PV accelerated

the decay of the calcium transient and short term facilitation (Muller et al. 2007). The increased
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rate of decay of the calcium transient produced by PV was also shown in rat dorsal root ganglion
neurons (Chard et al. 1993).

A transient decrease of parvalbumin immunoreactivity was described in cultured cortical
neurons, where a time and dose-dependent reversible decrease in parvalbumin and GAD67
immunoreactivity was present after application of an NMDA receptor antagonist specifically in
PV interneurons (Kinney et al. 2006). Marked reduction of PV expression in interneurons was
described also in the hippocampus of spontaneously hypertensive rats with stroke, where it was
correlated with increased immunoreactivity for PKCgamma in pyramidal cells (De Jong et al.
1993). PKCgamma Was shown to be considerably up-regulated under peripheral inflammatory
conditions also in lamina 11 of the lumbar dorsal horn in rats, where it has a close relationship to
but no co-expression with PV immunoreactivity (Martin et al. 1999).

In our study we have shown that peripheral inflammation leads to decreased expression of
PV in the neuropil of the spinal cord dorsal horn, presumably originating from the processes of
GABAergic interneurons. Decreased content of PV in the presynaptic endings of these
interneurons could lead to increased residual calcium level during high frequency bursts of
activity and potentiate facilitation and increased transmitter release. This would lead to
increased potency of inhibitory circuits at the spinal cord level under peripheral inflammatory
conditions. While the exact role of PV in the dorsal horn spinal cord neurons needs to be
examined further, it seems plausible to suggest that changes in expression of calcium binding

proteins may play an important role in the modulation of nociceptive transmission.
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Fig. 1. Off line densitometric analysis of L5 spinal cord segments performed using an AIDA
software package. Two symmetrical areas in the dorsal horn and ventromedial region were used

for the densitometric analysis.

Fig. 2. Examples of immuno-staining for PV in the lumbar spinal cord. (A) There was no side to
side change of the PV staining in the control animals. (B) There was a marked reduction of the
staining in the dorsal horn ipsilateral to the inflammation (arrow) in a spinal cord slice from the
experimental animal. (C) No staining was present when primary antibody was omitted as a

control.
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Fig. 3. Example of dorsal horn immuno-staining for PV on the contralateral (A) and ipsilateral
(B) side to the experimental arthritis. Most of the staining was present in the neuropil, while

some stained cell bodies were also present.
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Fig. 4. (A) Densitometric analysis showed that the area of immuno-positivity in the
symmetrical parts of superficial dorsal horn was smaller on the arthritic side when compared to
the side contralateral to side of the arthritis. The sum of the positive areas on both sides
represents 100%. The sum of signal intensity in this area was also lower as well as the quotient
of the intensity/area. (B) There was no significant difference in the area and intensity of staining
in the ventro-medial part of the dorsal horn. However, the quotient of the intensity/area was

significantly reduced on the arthritic side. (* p<0.05, *** p<0.001)
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ARTH CON

Fig. 5. Example of PV Western blot from ipsilateral (ARTH) and contralateral (CON) spinal

cord tissue from animals with unilateral arthritis.



