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Summary 

Specific neuronal populations are known to express calcium 

binding proteins (CBP) such as calbindin (CB), parvalbumin (PV) 

and calretinin (CR). These CBP can act as calcium buffers that 

modify spatiotemporal characteristics of intracellular calcium 

transients and affect calcium homeostasis in neurons. It was 

recently shown that changes in neuronal CBP expression can 

have significant modulatory effect on synaptic transmission. 

Spinothalamic tract (STT) neurons form a major nociceptive 

pathway and they become sensitized after peripheral 

inflammation. In our experiments, expression of CBP in STT 

neurons was studied in a model of unilateral acute knee joint 

arthritis in rats. Altogether 377, 374 and 358 STT neurons in the 

segments L3-4 were evaluated for the presence of CB, PV and 

CR. On the contralateral (control) side 11 %, 9 % and 47 % of 

the retrogradely labeled STT neurons expressed CB, PV and CR, 

respectively. On the ipsilateral (arthritic) side there was 

significantly more CB (23 %) and PV (25 %) expressing STT 

neurons, while the number of CR positive neurons (50 %) did not 

differ. Our results show increased expression of fast (CB) and 

slow (PV) calcium binding proteins in STT neurons after induction 

of experimental arthritis. This suggests that change in CBP 

expression could have a significant effect on calcium homeostasis 

and possibly modulation of synaptic activity in STT neurons.  
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Introduction 
 
Specific antibodies to calcium binding proteins 

(CBP) such as calbindin (CB), parvalbumin (PV) and 
calretinin (CR) have been used for a long time by 
neuroanatomists to stain different populations of neurons 
in the brain. However, recently we started to question the 
functional significance of the presence of CBP in 
different neuronal types (Schurmans et al. 1997, 
Klapstein et al. 1998, D'Orlando et al. 2001, 2002, 
Schwaller et al. 2002, 2009, Schmidt et al. 2003). CBP 
can be divided into two major groups, one that translates 
calcium concentration into activation of different 
signaling pathways and a second one that serves mainly 
as a calcium buffer that modifies spatiotemporal 
characteristics of intracellular calcium transients (see 
review by Schwaller 2009). CB, PV and CR are 
considered to act primarily as calcium buffers that due to 
different biophysical properties affect calcium transients 
in different ways. In this respect PV is considered to be a 
slow onset buffer while CR and CB are fast buffers. 
CBPs thus play a major role in calcium homeostasis in 
neurons and other cells (Schwaller et al. 2002, 2009).  

Increased intracellular calcium concentration 
due to calcium influx and/or its release from internal 
stores is considered to be one of the key mechanisms for 
modulation of synaptic plasticity and sensitization of 
dorsal horn neurons. The physiological effect of the 
calcium is dependent on activation of Ca-dependent 
second messengers and is thus affected by the 
spatiotemporal characteristics of the calcium 
concentration change (Neher 1998). The presence or 
absence of calcium binding proteins with different 
biophysical properties affects the Ca-buffering capacity 
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of the cell (Neher and Augustine 1992, Chard et al. 1993, 
Paleček et al. 1999, Burnashev and Rozov 2005) and 
could affect synaptic properties and especially different 
forms of synaptic plasticity that are known to be Ca-
dependent. This was recently confirmed at GABAergic 
synapses in the cerebellum, where paired pulse stimuli 
evoked synaptic depression in wild type PV+/+ mice, but 
facilitation in PV–/– mice that did not express PV 
(Caillard et al. 2000, Rozov et al. 2001, Muller et al. 
2007). Spinothalamic tract (STT) neurons form the major 
nociceptive pathway and are known to become sensitized 
under different pathological conditions (Willis 2001). It is 
thought that increased calcium influx due to peripheral 
injury induced activity in nociceptive primary afferents, 
is important for sensitization of STT neurons. Changes of 
CBP expression, changing calcium buffering properties in 
these neurons, could thus significantly affect modulation 
of nociceptive signaling at the spinal cord level.  

In our previous experiments, we have reported a 
decrease of PV expression in spinal cord dorsal horn, 
presumably also including GABAergic interneurons, after 
induction of experimental arthritis (Zachařová et al. 
2009). In this current study we have studied expression of 
CB, CR and PV in retrogradely labeled STT neurons 
under the control conditions and in a model of 
experimental arthritis known to induce sensitization of 
STT neurons (Dougherty et al. 1992) and significantly 
increase afferent activity coming from the knee joint 
afferent fibers (Neugebauer and Schaible 1990, Schaible 
et al. 2002). 
 
Materials and Methods 
 

All experiments were approved by the local 
Institutional Animal Care and Use Committee and were 
consistent with the guidelines of the International 
Association for the Study of Pain, the National Institutes 
of Health Guide for the Care and Use of Laboratory 
Animals and the European Communities Council 
Directive of 24 November 1986 (86/609/EEC). 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 h light, 12 h dark cycle.  

 
Retrograde labeling of STT and PSDC neurons 

Animals were anesthetized with ketamine 
(100 mg/kg i.p., Narkamon, Zentiva) and xylazine 
(10 mg/kg i.m., Rometar, Zentiva) for retrograde labeling 
of spinothalamic neurons. Stereotaxic access to the 

thalamus was acquired through small surgical 
penetrations of the skull, similar to previously published 
methods (Paleček et al. 2003). Retrograde fluorescent 
tracer (dextran labeled with Cy2, Molecular Probes) was 
injected into the lateral thalamic nuclei on both sides 
(0.5 μl, at coordinates caudal 2-4 mm and lateral 3 from 
the bregma point and 6 mm deep from the surface). The 
tracer was injected using a glass micropipette mounted on 
a micromanipulator and connected to an air pressure 
delivery system. The wounds were surgically closed and 
the animals were left to recover for 7-10 days before they 
were used for further experimental procedures. The 
locations of the retrograde tracer injections in the 
thalamus were verified on histological sections at the 
completion of the experiment.  

 
Induction of experimental arthritis 

In the experimental group of animals (n=9), 
arthritis was induced unilaterally by intra-articular 
injection of 3 % mixture of kaolin and carrageenan in 
physiological saline solution 24 h before the perfusion. 
The animals were anesthetized with sodium pentobarbital 
(50 mg/kg i.p.) and one knee joint was injected. The 
animals were left to recover in their home cages. Arthritis 
was not induced in a control group of animals (n=3). 

 
Immunohistochemical analysis 

8-11 days after the retrograde tracer injection the 
rats were deeply anesthetized with sodium pentobarbital 
(70 mg/kg i.p.) and transcardially perfused with 
heparinized physiological saline solution followed by an 
ice cold solution of 4 % paraformaldehyde. The fixed 
spinal cords and brains were removed and placed 
overnight in the 4 % paraformaldehyde solution. Spinal 
cord segments were marked in the ventral part with a fine 
pin on one side. The spinal segments L3-4 were cryo-
protected in 30 % sucrose solution and then serially 
sectioned at 30 μm thickness by cryocut (Leica). The 
serial sections were placed in three vials so that slices in 
each one were separated by at least 60 μm tissue 
thickness (2 slices). This enabled staining for all three 
proteins and prevented double-counting of STT neurons. 
Each of the vials was then used for immunostaining with 
a different specific antibody to calbindin (monoclonal, 
Sigma), parvalbumin (monoclonal, Sigma) or calretinin 
(polyclonal, Sigma). Slices were washed in phosphate 
buffered saline (PBS) incubated in 3 % donkey serum 
(Jackson Immuno, USA) and incubated overnight at room 
temperature with primary antibody under constant slow 



2010 Calcium Binding Protein Expression in STT Neurons   1013  
   
motion. On the next day, slices were washed, incubated 
with the corresponding secondary antibody (Texas Red, 
Jackson Immuno), washed, dried and mounted with DPX 
(Fluka). In control experiments no positive stain was 
observed when primary antibody was omitted in the 
process. The histological slides were analyzed under a 
fluorescent microscope (Olympus AX) with appropriate 
filters for Cy2 and Texas Red fluorescent dyes. The slides 
were evaluated for the presence of retrogradely labeled 
STT neurons and expression of CBP. Location of the 
cells was marked on a schematic spinal cord section 
drawing. The number of labeled STT neurons in the  
L3-4 spinal segments was determined and the percentage 
of those expressing CBP calculated. Percentage of STT 
neurons expressing CBP was averaged in the 
experimental group. A paired t-test was used for 
evaluation of statistical differences between the ipsilateral 
and contralateral sides. 

 
 

 
 
Fig. 1. Soma and main dendritic branches of STT neurons 
retrogradely labeled with green fluorescent dextran were clearly 
visible on the spinal cord sections. Immunohistochemical staining 
for different calcium binding proteins (CBP, red) was observed in 
some of the STT neurons, as is evident from the combined 
pictures in the last row.  
 
 

 
Fig. 2. The distribution of STT neurons retrogradelly labeled 
from thalamus and immunostained for calbindin (CB), 
parvalbumin (PV) and calretinin (CR) in lumbar spinal cord 
segments 24 h after arthritis induction. The location of STT 
neurons without positive stain is depicted by circles and those 
positively stained with stars on ipsilateral (ipsi) and contralateral 
(contra) side to the arthritis induction. 

 
 
Fig. 3. The percentage of STT neurons positively immuno-
stained for Calbindin (CB), Parvalbumin (PV) and Calretinin (CR) 
24 hours after arthritis induction ipsilaterally and contralaterally 
to the inflamed knee joint. There was a significantly higher 
number of STT neurons positively stained for CB and PV, while 
the number of STT neurons stained for CR did not change.  
(* p<0.05, paired t-test). 

 
 

Results 
 

The retrogradely labeled somata and main 
dendritic branches of the STT neurons were easily 
observed due to the presence of green fluorescent dextran 
(Fig. 1). Most of the retrogradely labeled neurons were 
located in the medial dorsal horn grey matter, while a 
smaller population was found in the superficial laminae 
(Fig. 2). The red immunostain for the CBP was clearly 
visible in a number of neurons (Fig. 1). On average there 
were 42 retrogradely labeled STT neurons evaluated for 
each CBP in the histological slides from the L3-4 
segments in each animal. Altogether 377, 374 and 358 
STT neurons in the segments L3-4 were evaluated for 
presence of CB, PV and CR, respectively, in nine 
experimental animals. On the control side, contralateral to 
the knee inflammation, 11, 9 and 47 % of the labeled STT 
neurons expressed CB, PV or CR (Fig. 3). This 
corresponds well with the expression of CBP in STT 
neurons in the group of control intact animals (n=3), 
where arthritis was not induced (CB 7 %, PV 13 %, CR 
57 %). In the experimental animals there was a 
significant increase in the number of CB and PV 
expressing STT neurons on the ipsilateral side (23 % and 
25 %) when compared to the contralateral side, 24 h after 
the arthritis induction (Fig 3). The number of CR 
expressing STT neurons (50 %) did not change 
significantly. The distribution of CBP expressing STT 
neurons did not differ distinctly in their dorsal horn 
distribution from the population that did not label for 
CBP (Fig. 2). 
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Discussion 
 

The expression of three calcium binding proteins 
(CB, PV and CR) in STT neurons in control rats and in 
rats after unilateral peripheral knee inflammation was 
studied. In control animals and on the contralateral side in 
the rats with unilateral knee inflammation, about half of 
the retrogradely labeled STT neurons stained for CR, 
while CB and PV immunostain was present in a smaller 
population of neurons (11 %, 9 %). In animals with the 
knee arthritis, the number of the CB- and PV-positive 
STT neurons on the ipsilateral side significantly increased 
(23 %, 25 %), while the number of CR-positive STT 
neurons did not change. To our knowledge this is the first 
study reporting the extent of CBP expression in STT 
neurons in the rat. The number of lamina I STT neurons 
in monkeys showing CB immunoreactivity was reported 
to be higher (78 %), most likely due to species and 
labeling differences (Craig et al. 2002). The 
colocalization of CBPs was not assessed in the present 
study, but previous immunohistochemical studies 
revealed partial colocalization of CB with CR in cultured 
dorsal horn neurons (Albuquerque et al. 1999). On the 
contrary, CB and PV in the superficial dorsal horn of the 
rat spinal cord appears to be present in separate neuronal 
populations (Yoshida et al. 1990, Magnusson et al. 
1996).  

In our experiments there was increased number 
of STT neurons expressing CB ipsilaterally to the knee 
inflammation. In other experimental models it was shown 
that CB immunoreactive neurons are relatively resistant 
to the neurotoxic effect of glutamate and NMDA 
(D'Orlando et al. 2001, 2002). The increase of CB might 
thus theoretically protect the STT neurons against 
glutamate excitotoxicity associated with the excessive 
peripheral signaling after peripheral inflammation 
(Schaible and Schmidt 1985, Sorkin et al. 1992, 
Westlund et al. 1992). In hippocampal neurons increased 
expression of CB suppressed posttetanic potentiation 
(Chard et al. 1995). Increased expression of CB in STT 
neurons could counteract their sensitization following the 
development of knee arthritis (Dougherty et al. 1992). 

In the spinal cord dorsal horn, PV was shown to 
be present in a population of inhibitory interneurons 
(Yamamoto et al. 1989, Laing et al. 1994). This was also 
supported by detailed morphological studies localizing 
dense parvalbumin immunoreactivity to the inner part of 
lamina II of the rat superficial dorsal horn (Antal et al. 
1990, Ren and Ruda 1994). In our previous study, we 

found a decrease of PV expression in the neuropil of the 
lumbar spinal cord dorsal horn, but not in the lumbar 
dorsal root ganglion neurons ipsilaterally to the 
experimental knee arthritis (Zachařová et al. 2009, 
Zachařová and Paleček 2009). As one possible 
explanation we have suggested a decrease of PV 
expression in presynaptic processes of GABAergic 
interneurons, which could potentiate GABAergic 
inhibitory circuits, counteracting the enhanced 
nociceptive signaling from the inflamed periphery. 
Increase of PV expression in the STT projection neurons 
found in the present study may attenuate STT neurons 
sensitivity to afferent input and thus reduce nociceptive 
transmission to supraspinal centers. Both of these 
mechanisms could contribute to the modulation of spinal 
neuronal activity and counteract the excessive neuronal 
activity coming from the periphery under inflammatory 
conditions.  

The number of CR-positive STT neurons did not 
change in our experimental model. Nevertheless, their 
relatively high proportion in control as well as in the 
arthritic rats supports a possible important role of CR in 
spinal sensory functions. Putative involvement of CR in 
the spinal nociceptive and proprioceptive pathways was 
previously suggested on the basis of the morphological 
distribution pattern of CR in the rat spinal cord, showing 
the densest staining of both cell bodies and fibers in the 
superficial laminae and in the lateral spinal and cervical 
nuclei (Ren et al. 1993). Some recent studies also indicate 
neuromodulatory (Schurmans et al. 1997) and 
neuroprotective (Henzi et al. 2009) CR functions. CR is 
reportedly expressed in almost all dorsal horn lamina II 
neurons possessing the Kv 4.3 alpha subunit of voltage-
gated K+ channels, which are supposed to be involved in 
the central sensitization (Huang et al. 2005). High 
colocalization of CR in spinal cord lamina II was also 
reported with a potent proinflammatory compound, 
leukotriene B4 (Chiba et al. 2006), and possible 
cooperation of these two molecules in neuromodulatory 
function was suggested.  

CBPs as mobile calcium buffers substantially 
influence neuronal synaptic processes. CB and CR are in 
general considered to be fast buffers with rapid Ca2+ 
binding characteristics and reducing especially the peak 
of the calcium transient. However, it was shown for both 
the CB and CR that they could act also as slow buffers 
under different circumstances (Chard et al. 1995, 
Klapstein et al. 1998, for review see Schwaller 2009). PV 
is thought to act as a slow calcium buffer, accelerating 
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mainly the initial decay of the calcium transient, as was 
shown in rat dorsal root ganglion neurons (Chard et al. 
1993), supported by recent studies on bovine chromaffin 
cells (Lee et al. 2000) and especially by studies on 
transgenic mice (Caillard et al. 2000, Schmidt et al. 2003, 
Collin et al. 2005, Muller et al. 2007, for review see 
Schwaller 2009). Great impact of PV on synaptic 
plasticity was demonstrated using PV null mutant mice, 
where PV deficiency increased residual Ca2+ in 
GABAergic presynaptic terminals at the 
interneuron/Purkinje cell synapse (Collin et al. 2005) and 
mediated conversion of paired-pulse induced depression 
into paired-pulse facilitation (Caillard et al. 2000).  

Marked elevation of PV and CB expression in 
STT neurons after peripheral inflammation and high 

expression of CR suggest that mobile cytoplasmic CBPs 
acting as modulators of endogenous free calcium levels 
could have a profound effect on complex regulatory 
mechanisms of nociceptive transmission at the spinal 
cord level. However, the precise role of CBPs in 
modulation of nociceptive signaling in STT neurons 
needs to be established.  
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