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Temporal expression of calcium/calmodulin-dependent
adenylyl cyclase isoforms in rat articular chondrocytes:
RT-PCR and immunohistochemical localization
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Abstract

A multitude of signalling cascades are implicated in the homeostasis of articular chondrocytes. However, the
identity of these signalling pathways is not fully established. The 3, 5’-cyclic AMP-mediated signalling system is
considered to be a prototype. Adenylyl cyclase (AC) is an effector enzyme responsible for the synthesis of cAMP.
There are 10 mammalian AC isoforms and some of these are differentially regulated by calcium/calmodulin
(Ca**/CaM). Ca** is known to play an important role in the development and maintenance of skeletal tissues.
Ca?*/CaM-dependent AC isoforms and their temporal expression in articular chondrocytes in rats were identified
using RT-PCR and immunohistochemistry techniques. All Ca?*/CaM-dependent AC isoforms were expressed in
chondrocytes from all age groups examined. Each isoform was differentially expressed in developing and adult
articular chondrocytes. Generally, expression of AC isoforms was observed to increase with age, but the increase
was not uniform for all Ca®*/CaM-dependent AC isoforms. Expression of Ca?*/CaM-dependent AC isoforms
along with other signalling molecules known to be present in articular chondrocytes indicate complicated and
multifactorial signalling cascades involved in the development and homeostasis of articular cartilage. The signif-

icance of these findings in terms of articular chondrocyte physiology is discussed.
Key words adenylyl cyclase; articular chondrocytes; cAMP-mediated signalling.

Introduction

Adenylyl cyclase (AC) is an integral membrane protein that
catalyzes the synthesis of 3, 5-cyclic AMP from ATP (Hollins
et al. 2002). To date, 10 isoforms of AC have been cloned in
mammals, each with a distinct set of regulatory elements
and varying degrees of amino acid homology. Nine of these
isoforms are membrane-bound and one is cytosolic (Defer
et al. 2000). These isoforms are involved in critical signal
transduction pathways, where they regulate gene transcrip-
tion, metabolism and ion channel activity (Tang et al. 1991;
Krupinski et al. 1992; Guillou et al. 1999). Calcium/calmodu-
lin (Ca**/CaM) has regulatory effects on AC isoforms 1, 3, 5,
6 and 8 (Cooper et al. 1995). AC1, 3 and 8 are stimulated,
while AC5 and 6 are inhibited by Ca®*/CaM (Choi et al.
1992; Wu et al. 1993; Willoughby & Cooper, 2007).
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Isoforms 1 and 8 are mainly expressed in brain
(Willoughby & Cooper, 2007). These isoforms are activated
either directly by capacitative calcium entry (CCE) (Gomez &
Spitzer, 2000) or through voltage-gated channels (Fagan
et al. 2000). Both these AC isoforms are concentrated in the
lipid rafts (Cooper & Crossthwaite, 2006; Masada et al.
2009). AC1 is more sensitive to Ca?*/CaM and can be stimu-
lated by lower concentrations of Ca®* (Villacres et al. 1995;
Fagan et al. 1996). Isoform 3, originally isolated from olfac-
tory epithelium (Bakalyar & Reed, 1990; Choi et al. 1992), is
also expressed in several other tissues (Defer et al. 2000).
AC3 is distinctly activated by micromolar concentration of
Ca”* (Choi et al. 1992). AC isoforms 5 and 6 are expressed
abundantly in heart muscle and also detected in other
organs. These isoforms are inhibited by Ca®*/CaM (Defer
et al. 2000).

Articular cartilage is a type of connective tissue that cov-
ers the articular surface of all synovial joints. Like other con-
nective tissues, it consists of cells, chondrocytes and
macromolecules that form the framework for its matrix.
Unlike other connective tissues, articular cartilage is avascu-
lar and it is devoid of nerve supply (Hunziker, 2002).
Microscopically, articular cartilage is distinguishable into
four zones (Hunziker et al. 1997; Poole etal. 2001).
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Chondrocytes in the adult articular cartilage are fully differ-
entiated cells. In such avascular tissues, second messenger
system may play an essential role in maintaining the healthy
state of individual cells. cAMP is an important second
messenger of G-protein-mediated signal transduction
cascades. It is known to regulate intermediary metabolism,
development, cellular proliferation and neuronal signal-
ling cascades (Taussig & Gilman, 1995; Montminy, 1997;
Sunahara & Taussig, 2002). It is important to know the
expression of AC isoforms in articular chondrocytes as
AC is the effector enzyme in this cascade. To our knowl-
edge, expression of AC isoforms in developing and adult
articular chondrocytes is not established. As Ca®* plays
important roles in the development and maintenance of
skeletal tissues, we have attempted to identify Ca?*/CaM-
dependent AC isoforms in the hip, knee and shoulder
joints of rats at the transcriptional and translational levels
in this study.

Materials and methods

Sprague-Dawley rats were housed and nourished according to
standard requirements at the Aga Khan University animal
house. Ethical approval was obtained from the Ethics Commit-
tee for Research on Animals (ECRA) of Aga Khan University.

Reverse transcription-polymerase chain reaction

Rats of either sex were used for this study. Articular cartilage
were dissected from 1-day to 1-6-week-old rats. To detect the
expression of AC genes, total RNA was extracted from the chon-
drocytes and RT-PCR was carried out. PCR was performed using
cDNA with primers specific to Ca?*/CaM-dependent AC isoforms
(Table 1). Each experiment was repeated three to five times for
each age group. The positive and negative controls were run
simultaneously. In the negative controls, RT enzyme was omit-
ted during reverse transcription. PCR product bands of all AC
isoforms were normalized with the f-actin housekeeping gene
and quantified for densitometry using nin software (http:/rsb-
web.nih.gov/ij/). Arbitrary densitometry values up to 3 were con-
sidered to represent low expression, values 3-6 moderate
expression, and values above 6 high expression.

Table 1 Sequences and conditions of the primers used in this study.

Tissue isolation

One-day- and 1-3-week-old rats were decapitated and 4-6-
week, older rats were anaesthetized with diethyl ether. Joints
to be studied were opened and thin slices of articular cartilage
from the plateau of tibia, condyles of femur, head of femur,
head of humerus, and glenoid cavity of scapula were collected.
Isolated tissues were immediately frozen in liquid nitrogen and
homogenized in Tri Reagent. Cerebrum and cerebellum were
collected separately and were used as control tissues.

RNA extraction
Total RNA was extracted through a modified single-step RNA
extraction method (Chomczynski & Sacchi, 1987). The extracted
RNA was treated with DNase | to eliminate the genomic DNA
contamination.

cDNA synthesis was carried out in the presence of oligo-pri-
mer (Bornfeldt & Krebs, 1999) and RT enzyme. Master mix was
prepared containing: dithiothreitol (DTT), oligo-primer (Born-
feldt & Krebs, 1999) 2 uL, 10 mm dNTPs 1 uL, 5 x buffer 4 ulL,
RNase inhibitor 1 uL, 10 mm RT enzyme 1 uL. RNA was added
and the final volume was adjusted to 20 uL. The conditions for
RT-PCR were: 42 °C for 60 min, 99 °C for 5 min and 4 °C for
hold. To serve as negative control, cDNA synthesis was per-
formed without adding RT enzyme.

Polymerase chain reaction

Specific primers for AC1, 3, 5, 6 and 8 isoforms (Bek et al. 2001)
(Table 1) were purchased from MWG Oligo Synthesis, Germany.
Mastermix contained: 10 x PCR buffer 5 ul, 25 mm MgCl, 2 pL,
specific primer for AC isoform (10 pm 1 uL™") 1 uL, dNTPs
(10 mm) 0.5 pL, Taq polymerase 0.2 uL, and cDNA 2 ulL. Final vol-
ume was adjusted to 25 uL. PCR amplification was performed
with a reaction cycles of 95 °C for 1 min, 51-65 °C for 1 min,
72 °C for 1.5 min, and an extension of 2 s per cycle for 35 cycles.
PCR products were analyzed by electrophoresis on 1.5% agarose
gel containing ethidium bromide and photographed under
ultraviolet illumination.

Immunohistochemistry

Dissection and tissue processing

For this investigation, 1-day- and 1-3-week-old Sprague-Dawley
rats of either sex were decapitated and 4-6-week-old rats were
anaesthetized with ether and perfused transcardially with the

ACs Primer sequence

GenBank position

PCR Product size ~ Annealing Temp. (°C) No. of cycles

AC1 F 5’-ATA CCA GCA GCA GCA GGA CAG-3’ 1437-1457
R 5’-ACC AGC CAA GAG GAT GAA GTT-3’ 1862-1882
AC3 F 5’-CAT CGA GTG TCT ACG CTT C-3’ 894-913
R 5-GGA TGA CCT GTG TCT CTT CT-3’ 1318-1336
AC5 F 5’-TCG TCG CCC AGG CTG TAG TTG AA-3’ 1734-1756
R 5-ACC ATT GTG CCC CAC TCC CTG TT-3’ 2049-2071
AC6 F 5’-TGG GGA CAG ATC ACG GGA CTA G-3’ 1744-1768
R 5’-CAA AGG AAG GGA CGC CGA GAG-3’ 2141-2163
AC8 F 5-GGA TGT AGA TGC GGT GGA AC-3’ 2614-2633
R 5’-TTC ACT TGA GCC TAG CCT CG-3’ 3221-3240

445 55 35
443 64 35
338 64 35
419 51 35
627 55 35
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fixative containing 2% paraformaldehyde and 0.1% glutaralde-
hyde in 100 mm phosphate buffer, pH 7.4 at 4 °C. Fixative was
also injected into the hip, knee and shoulder joint cavities of all
rats to obtain adequate preservation of articular cartilage. Sur-
rounding muscles and other structures were removed and joint
capsules were opened. The articulating bones were cut with a
bone cutter and immediately transferred to cold fixative for
additional 3-4 h. Specimens were washed overnight in 100 mm
phosphate buffer (Hollins et al.), and transferred to 3% EDTA at
4 °C for decalcification of the attached bone. EDTA solution was
changed daily for 3-4 weeks. Washing in buffer and decalcifica-
tion was done on a shaker run at low speed. Following decalci-
fication, tissues were washed in buffer, dehydrated in graded
ethanol series, and embedded in paraffin wax. Tissue sections
were cut at 5 um thickness on a rotary microtome and used for
immunohistochemical localization of AC isoforms in articular
chondrocytes.

Immunohistochemistry incubations

Purified rabbit or goat polyclonal antibodies against AC iso-
forms and their corresponding blocking peptides (Table 2) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Diaminobenzidine (DAB) substrate kit and Vectastain Elite
ABC kit were purchased from Vector Laboratories (Burlingame,
CA, USA). All other reagents were purchased from Sigma Chemi-
cal Company (St. Louis, MO, USA).

Sections were dewaxed and rehydrated in graded ethanol
series and washed with 100 mm phosphate-buffered saline
(PBS), pH 7.4 at room temperature. The tissue slides were
warmed for 10-15-min at 60 °C to expose the epitopes
(Yamashita, 2007; Bu, 2009). The sections were incubated in
0.1% sodium borohydride and 50 mm glycine in PBS and 3%
hydrogen peroxide in water to quench free aldehyde groups
and block endogenous peroxidase activity, respectively. The
sections were then incubated in 1.5% normal serum diluted in
0.01 m PBS for 1 h to block nonspecific binding sites. The sec-
tions were incubated with the primary antibody solutions
diluted with 1.5% normal serum for 12-16 h at 4 °C. All subse-
quent incubations were done at room temperature. Sections
were washed with PBS and then incubated with biotinylated
secondary antibody for 30 min (50 uL of stock biotinylated
antibody in 10 mL of 1% normal serum prepared in 0.01 m PBS
(Vectastain ABC kit, Vector Laboratories). After washing with
PBS, sections were incubated with the avidin-biotin-peroxidase
complex for 30 min. Sections were washed with PBS and perox-
idase activity was demonstrated with a solution of 3 mm tetra-
chloric diaminobenzidine and 0.01% H,0, in Tris-buffered
saline. Sections were washed in tap water and one section on
each slide was counter-stained with haematoxylin. The sections

Table 2 Characteristics of antibodies used in this study.
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were mounted with glycerol. Sections incubated with primary
antibody preabsorbed with the control peptide served as nega-
tive controls (one representative example for each isoform is
shown in Results).

Tissues known to express AC isoforms (cerebrum, cerebellum,
hippocampus, olfactory epithelium and kidney tubules) (Bakal-
yar & Reed, 1990; Mons et al. 1998; Bek et al. 2001; Visel et al.
2006; Conti et al. 2007) were used as positive controls (results
not shown). Antibodies were diluted at 1: 50, 1: 100, 1: 200,
1:500 and 1:1000. Dilutions that provided optimum staining
with control tissues were used for incubating the articular carti-
lage sections. Individual dilutions are mentioned in the figure
legends and summarized in Table 2. The sections were viewed
on a Nikon Eclipse E-800 microscope and photographed with a
Nikon Digital Camera DMX 1200.

Results

Histological zones of articular cartilage

Articular cartilage typically shows four zones. The superfi-
cial zone (S2) is the surface facing the joint cavity. In this
zone, the chondrocytes are small and compressed. The deep
zone (DZ) lies superficial to the calcified zone (CZ) of the
cartilage. In the DZ, the chondrocytes are large and vacuo-
lated. The middle zone (MZ) is present between the superfi-
cial and deep zones. Healthy chondrocytes of normal
morphology are present in the MZ. In the CZ, vacuolated
chondrocytes are surrounded by calcified matrix (Fig. 1)
(Schumacher et al. 1994; Lorenzo et al. 1998; Vanderploeg
et al. 2008; Karlsson & Lindahl, 2009).

Temporal expression of AC1 isoforms

Figure 2 demonstrates gel electrophoretic separation of
PCR products of AC1 from cerebellum (positive control) and
articular chondrocytes of 1-day- and 1-6-week-old rats.
Bands in lanes 3, 5, 7, 9, 11, 13, 15 and 17 depicted the
expression of AC1 isoform in control and experimental tis-
sues. PCR bands were not observed (negative controls)
when RT-PCR was carried out in the absence of RT enzyme.
Densitometric analysis of PCR bands for AC1 revealed high
expression during weeks 2 and 5 and then a sharp drop in
6-week-old rats (Fig. 3). The housekeeping gene band is not
shown.

Antibody Antigen Host Dilution

AC1 Epitope mapping at the C-terminus of adenylyl cyclase of human origin Rabbit 1:200

AC3 Epitope corresponding to amino acids 1-270 mapping at the N-terminus Rabbit 1:500
of adenylyl cyclase lll of human origin

AC5/6 Epitope corresponding to amino acids 1-130 of adenylyl cyclase VI of human origin Rabbit 1:200

AC8 Epitope mapping at the C-terminus of adenylyl cyclase of rat origin Goat 1:200
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Fig. 1 Haematoxylin and eosin-stained section of articular cartilage
showing zones of articular cartilage. The superficial zone (SZ) is near
the surface, with small compressed chondrocytes. The middle zone
(MZ) shows morphologically healthy chondrocytes arranged in
isogenous groups (arrows). The deep zone shows large vacuolated
chondrocytes. The calcified zone (CZ) is adjacent to subchondral bone,
having large chondrocytes with sparse cytoplasm and calcification in
matrix.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Fig. 2 PCR bands of AC1 isoform in cerebellum (control) and articular
chondrocytes. Lane 1: DNA ladder of 50 bps. Lanes 2, 4, 6, 8, 10, 12,
14 and 16: negative controls not showing any bands. Lane 3:
cerebellum. Lane 5: 1-day; Lane 7, 1-week-; Lane 9, 2-week; Lane 11,
3-week; Lane 13, 4-week; Lane 15, 5-week; and Lane 17, 6-week
articular chondrocytes showing bands of appropriate size.

Positive immunoreactivity was detected in articular chon-
drocytes of 1-day- and 1-6-week-old rats in all the joints
examined. Chondrocytes were uniformly distributed in the
articular cartilage of 1-day- and 1-3-week-old rats. The
chondrocytes in these sections were not uniformly stained
(Fig. 4A-D). Four zones of articular cartilage were clearly
distinguishable in the sections from 4-6-week-old rats. In
the superficial zone, the chondrocytes were smaller with
weak staining. In the middle zone, the chondrocytes were
healthy with strong immunoreactivity. The chondrocytes
present in the deep zone were large and vacuolated with
moderate immunoreactivity (Fig. 5A-C). No immunoreactiv-
ity was observed in negative controls; one representative
example is shown in Fig. 5D.

© 2010 The Authors

Temporal expression of AC8 isoform

Figure 6 demonstrates gel electrophoretic separation of PCR
products of AC8 from cerebrum (positive control) and artic-
ular chondrocytes of 1-day- and 1-6-week-old rats. A band
of appropriate size in lane 5 showed the presence of AC8
gene in cerebrum. Despite trying different temperatures
and cyclic conditions, AC8 genes were not detectable at the
transcriptional level in articular chondrocytes of any of the
age groups (Fig. 6, lanes 7-19). Absence of AC8 messages
could be attributed to fast turnover and having more than
one splice variant of AC8. Very specific primers need to be
designed for AC8 to confirm its expression in chondrocytes.
The presence of AC8 enzyme was detected in all age groups
by immunohistochemistry. One-day- and 1-week-old chon-
drocytes were uniformly distributed with weak immunore-
activity to AC8 in a few cells (Fig. 7A,B). Two- and 3-week-
old chondrocytes showed a zonal arrangement with moder-
ate immunoreactivity in the majority of these cells. The
chondrocytes in the superficial zone were small and com-
pressed (Fig. 7C,D). The chondrocytes of 4-6-week-old rats
showed obvious zonal arrangement and strong immunore-
activity in many cells (Fig. 8A—-C). No immunoreactivity was
observed in negative controls; one representative example
is shown in Fig. 8D. Our inability to detect expression of
AC8 at the transcriptional level is in agreement with the
results of Bek et al. (2001) and Mattick et al. (2007). Mattick,
(2007) explained the discrepancy in expression of mRNA and
proteins by stating that there may be some trade-off
between protein and mRNA-based forms of gene regulation
in simple eukaryotes.

Temporal expression of AC3 isoform

Figure 9 demonstrates the gel electrophoretic separation of
PCR products of AC3 from nasal mucosa (positive control)
and articular chondrocytes of 1-day- and 1-6-week-old rats.
Bands in lanes 3, 5, 7, 9, 11, 13, 15 and 17 represent the
expression of AC3 isoform in control and experimental tis-
sues. PCR bands were not observed in negative controls.
Densitometric analysis of PCR bands for AC3 revealed an
increase in the expression of AC3 isoform with age. A fast
rise in expression was seen in 3-week-old chondrocytes and
the expression remained stable in adult chondrocytes
(Fig. 10). One-day-old chondrocytes were uniformly distrib-
uted in the section and most of those were immunoreac-
tive. One-week-old chondrocytes were also uniformly
arranged, showing immunoreactivity in some of the cell.
Two- and 3-week-old chondrocytes had started their rear-
rangement in zones and showed staining in the majority of
the cells (Fig. 11A-D). Four- to 6-week-old chondrocytes
were arranged in four zones. In all four zones, the morphol-
ogy of the chondrocytes was typically the same as described
in the histological zones of the articular cartilage (Fig. 1).
Chondrocytes in the middle and deep zones of 4-6-week-
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Fig. 3 Densitometric analyses of PCR product bands of AC1 from cerebellum and articular chondrocytes normalized with housekeeping gene.

Expression of AC1 is high during weeks 2 and 5.

old rats showed the normal morphology of healthy chon-
drocytes. Strong immunoreactivity was detected in articular
chondrocytes of 4-6-week-old rats in all the joints examined
(Fig. 12A-C). No immunoreactivity was observed in negative
controls; one representative example is shown in Fig. 12D.

Temporal expression of AC5/6 isoforms

Figure 13 demonstrates the gel electrophoretic separation
of PCR products of AC5 from cerebellum (positive control)

Fig. 4 Immunoreactivity to AC1 in articular
chondrocytes: (A) Condyle of femur from
1-day-old rat. Chondrocytes are evenly
distributed with weak immunoreactivity. Scale
bar: 13 um. (B) Glenoid cavity of scapula
from 1-week-old rat. Chondrocytes are evenly
distributed with moderate immunoreactivity.
Scale bar: 6.5 um. (C) Head of humerus from
2-week-old rat. Chondrocytes have started
rearranging in zones and are showing strong
immunoreactivity. Scale bar: 13 um. (D) Head
of femur from 3-week-old rat. Chondrocytes
are arranged in zones with strong
immunoreactivity. Scale bar: 13 um.

and articular chondrocytes of 1-day- and 1-6-week-old rats.
Bands in lanes 3, 5, 7, 9, 11, 13, 15 and 17 depicted the
expression of AC5 isoform in control and experimental tis-
sues. PCR bands were not observed in negative controls.
Densitometric analysis of PCR bands for AC5 revealed a
steady rise in the expression of AC5 isoform in the chondro-
cytes of increasing age (Fig. 14). Figure 15 demonstrates the
gel electrophoretic separation of PCR products of AC6 from
cerebellum (positive control) and articular chondrocytes of
1-day- and 1-6-week-old rats. Bands in lanes 2, 4, 6, 8, 10,
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Fig. 6 PCR bands of AC8 isoform in cerebrum and articular
chondrocytes of rat. Lane 1: DNA ladder of 50 bps. Lanes 4, 6, 8, 10,
12, 14, 16 and 18: negative controls did not show any bands. Lane 5:
cerebrum (control) with band of appropriate size. Lane 7, 1-day; Lane
9, 1-week; Lane 11, 2-week; Lane 13, 3-week; Lane 15, 4-week; Lane
17, 5-week; Lane 19, 6-week-old articular chondrocytes where bands
of expected size are not detected.

12, 14 and 16 depicted the expression of AC6 isoform in
control and experimental tissues. Densitometric analysis of
PCR bands for AC6 revealed age-related rise in the expres-
sion, and the expression remained stable in developing and
adult chondrocytes (Fig. 16).

AC5 and 6 are closely related isoforms. Commercially
available antibodies cross-react with isoforms 5 and 6. The
antibody used for AC 5/6 in this study is shown in Table 2.
One-day- and 1-week-old chondrocytes were evenly
arranged and many of those were immunoreactive. The
chondrocytes from 2-3-week-old rats showed a zonal
arrangement and were immunoreactive to AC5/6. Typical
zonation of chondrocytes was seen in sections from 4-6-
week-old rats; the chondrocytes in these sections were

© 2010 The Authors
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strongly immunoreactive (Figs 177A-D and 18A-C). No
immunoreactivity was observed in negative controls; one

representative figure is shown in Fig. 18D.

Temporal expression of Ca?*/CaM-dependent AC
isoforms

Figure 19 demonstrates the temporal expression of Ca®*/
CaM-dependent AC isoforms at the transcriptional level.
Messages of all Ca**/CaM-dependent AC isoforms were
detected in articular chondrocytes of 1-day- and 1-6-week-
old rats. AC1 and 5 showed a higher expression than AC3
and 6 in all age groups examined. Expression of all five AC
isoforms increased with age. Expression AC1 decreased in
chondrocytes of 6-week-old rats.

Discussion

In this study we report temporal expression of Ca®*/CaM-
dependent AC isoforms in articular chondrocytes of hip,
knee and shoulder joints in the rat (Fig. 19). Our RT-PCR
results show an increase in expression of the Ca®*/CaM-
dependent AC isoforms in maturing articular chondrocytes.
We have also noted differences in the intensity of immuno-
reactivity for these five AC isoforms. Furthermore, our
results indicate that Ca®*/CaM-dependent AC isoforms are

Journal of Anatomy © 2010 Anatomical Society of Great Britain and Ireland
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Fig. 7 Immunoreactivity to AC8 in articular
chondrocytes of: (A) Plateau of tibia from
1-day-old rat. Small chondrocytes are
uniformly distributed with weak staining.
Scale bar: 13 um. (B) Glenoid cavity of
scapula from 1-week-old rat. Chondrocytes
are uniformly distributed with weak staining
in few cells. Scale bar: 21 um. (C) Humerus
from 2-week-old rat. Chondrocytes are
arranged in zones with moderate
immunostaining. Scale bar: 8.5 um. (D)
Glenoid cavity of scapula form 3-week-old
rat. Chondrocytes are arranged in zones
showing immunoreactivity. Scale bar:

10.5 um.

Fig. 8 Immunoreactivity to AC8 in articular
chondrocytes of: (A) Head of humerus from
4-week-old rat. Chondrocytes are arranged in
zones showing strong immunoreactivity. Scale
bar: 10.5 um. (b) Head of femur from
5-week-old rat. Chondrocytes are arranged in
zones with strong immunoreactivity in middle
and deep zones. Scale bar: 10.5 um. (C) Head
of humerus from 6-week-old rat.
Chondrocytes are arranged in zones with
strong immunoreactivity in the deep zone.
Scale bar: 10.5 um. (D) Plateau of tibia
(negative controls) with no immunoreactivity.
Scale bar: 10.5 um.
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Fig. 9 PCR product bands for AC3 isoform in cerebellum and articular
chondrocytes of rat. Lane 1: DNA marker of 50 bp. Lanes 2, 4, 6, 8,
10, 12, 14, and 16: negative controls did not show any bands. Lane
3: cerebellum. Lane 5: 1-day; Lane 7, 1-week; Lane 9, 2-week; Lane
11, 3-week; Lane 13, 4-week; Lane 15, 5-week; Lane 17, 6-week-old
articular chondrocytes showing bands of appropriate size.

not expressed evenly in chondrocytes in the superficial, mid-
dle and deep zones of the articular cartilage of the joints
examined. Although we did not perform double- or triple-

labeling studies, our results suggest that more than one iso-
form is expressed in articular chondrocytes. Several studies
have reported tissue- and organ-specific expression of AC
isoforms and that the expression of more than one isoform
in a particular cell is the norm rather than an exception
(Defer et al. 2000; Drescher et al. 2000; Sunahara & Taussig,
2002; Sadana & Dessauer, 2009).

Modulation of the enzymatic activity of individual iso-
forms with specific pharmacology at discrete cellular sites is
key to the transduction by the cAMP-second messenger cas-
cade of signal derived from external stimuli upstream to
effect, i.e. to cause, a biological response downstream
(Willoughby & Cooper, 2007). cAMP activates protein kinase
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distributed and are immunoreactive. Scale Pl ¥ - 2
bar: 13 um. (B) Condyle of femur from by ”“ i -
1-week-old rats. Chondrocytes are uniformly T R
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A (PKA) to modulate physiological functions including tran-
scription (Scott, 1991; Taussig et al. 1994; lwami et al. 1995).
As with most proteins involved in signal transduction, Ca**/

1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17

EE

Fig. 13 PCR product bands of AC5 isoform in cerebellum and
articular chondrocytes. Lane 1: DNA ladder of 50 bp. Lane 2:
cerebellum. Lanes 3, 4, 6, 8, 10, 12, 14 and 16: negative controls not
showing any bands. Lane 5, 1-day; Lane 7, 1-week; Lane 9, 2-week;
Lane 11, 3-week; lane 13, 4-week; Lane 15, 5-week; Lane 17,
6-week-old articular chondrocytes with bands of appropriate size.

AC5

1 zones. Scale bar: 27 um. (B) Head of femur
b from 5-week-old rat. Chondrocytes are
arranged in zones with strong
immunoreactivity in all zones. Scale bar:

~ 13 um. (C) Head of femur from 6-week-old

) rat. Chondrocytes are arranged in zones with
' strong immunoreactivity in all zones. Scale
bar: 13 um. (D) Head of femur (negative
controls) with no immunoreactivity, Scale

f4e bars = 13 um.

CaM-dependent AC isoforms with different regulatory
properties suggest complex signal integration.

The compartmentalization of ACs in microdomains may
ensure the protection of the rest of the cell from the hyper-
activity of cCAMP signalling. Lipid rafts are specialized areas
of plasma membrane that have high concentrations of cho-
lesterol and sphingolipids (Simons & Toomre, 2000).
Recently, Crossthwaite et al. (2006) have reported localiza-
tion of AC8 isoform in lipid rafts along with the catalytic
subunit of protein phosphatase 2A, a downstream compo-
nent of cAMP signalling cascade. In many cell types, raft
domains also contain the scaffold protein caveolin (Razani
et al. 2002; Parton & Simons, 2007). Caveolin is reported to

WAC5

Arbitrary unit
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Fig. 14 Densitometric analyses of PCR bands

o B N W b U O N 0 O

HII

of AC5 from cerebellum and articular
chondrocytes normalized with housekeeping
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gene. Band densities increase with age.
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12 13 14 15 16 17 the presence of AC isoforms 1, 3, 5/6 and 8 in articular chon-

o
2
SIS

drocytes. It is highly probable that the expressed AC iso-
forms in articular chondrocytes are sequestered in caveolae

£l
g

Fig. 15 PCR bands of AC6 isoform in cerebellum and articular to regulate cCAMP signalling.

chondrocytes of rat. Lanes 1, 3, 5, 7, 9, 11, 13, 15: negative controls, The chondrocytes in articular cartilage have to maintain a
not showing any bands. Lane 2: cerebellum. Lane 4, 1-day; Lane 6, 1- differentiated state to synthesize and secrete cartilage-spe-
week; Lane 8, 2-week; Lane 10, 3-week; Lane 12, 4-week; Lane 14, cific matrix components (Buckwalter, 1997). The differenti-

5-week; Lane 16, 6-week-old articular chondrocytes showing bands of
appropriate size; Lane 17: DNA ladder of 50 bp.

ated state of chondrocytes is regulated by complex protein
kinase signalling pathways, among which protein kinase C
(PKQC) plays an integral role (Lee et al. 2004; Yoon et al.

be expressed in newborn and adult rat articular chondro- 2002). PKC is known to stimulate (AC1, 2, 3, 5 and 8) and
cytes (Schwab et al. 1999) and in avian limbs during endo- inhibit (AC6) the activity of Ca®*/CaM-dependent AC iso-
chondral ossification (Hollins et al. 2002). Our results show forms (Jacobowitz et al. 1993; Lustig et al. 1993; Sadana &

Fig. 16 Densitometric analyses of PCR
product bands of AC6 in cerebellum and
articular chondrocytes normalized with
housekeeping gene. Band densities are nearly
uniform in developing adult chondrocytes
except in newborn rat.

Fig. 17 Immunoreactivity to AC5/6 in
articular chondrocytes of: (A) Plateau of tibia
from 1-day-old rat. Chondrocytes are
uniformly distributed and show
immunoreactivity. Scale bar: 4.5 um. (B)
Condyle of femur from 1-week-old rat.
Chondrocytes are uniformly distributed and
show immunoreactivity. Scale bar: 6.5 um.
(C) Head of femur from 2-week-old rat.
Chondrocytes show zonation with moderate
immunoreactivity. Scale bar = 6.5 um. (D)
Head of femur from 3-week-old rat.
Chondrocytes show zonation with strong
immunoreactivity in superficial and middle
zones. Scale bar: 6.5 um.
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Dessauer, 2009). We have noted variable immunoreactivity
to the PKC-modulated AC isoforms (see Results). The pres-
ence of PKC and AC isoforms in articular chondrocytes sug-
gests an intricate balance between these enzymes, and
their importance in maintaining homeostasis in articular
cartilage.

Chondrocytes in the middle and deep zones of the articu-
lar cartilage are important for maintaining the cartilaginous

Week 6

mAC1
mAC3
mAC5
= AC6

Fig. 18 Immunoreactivity to AC5/6 in articular
chondrocytes of: (A) Head of femur from
4-week-old rat. Chondrocytes are arranged in
zones with strong immunoreactivity in all zones.
Scale bar: 6.5 um. (B) Head of femur from
5-week-old rat. Chondrocytes are arranged in
zones with strong immunoreactivity in all zones.
Scale bar: 6.5 um. (C) Head of femur from
6-week-old rat. Chondrocytes are arranged in
zones with strong immunoreactivity in all zones.
Scale bar: 6.5 um.; (D) Head of humerus
(negative control) from 6-week-old rat with no
immunoreactivity. Scale bar: 13 um.

Fig. 19 Summary of temporal expression of
Ca**/CaM-dependent AC isoforms at
translational level. AC8 isoform was not
detected in our samples. AC isoforms 1 and 5
are expressed comparatively more than 3 and
6 isoforms.

matrix (Buckwalter & Mankin, 1998). To support the matrix,
chondrocytes have to sustain metabolic activities. To carry
out these diverse functions, chondrocytes require cross-talk
between signal transduction pathways. AC1, 3 and 8 immu-
noreactivity in chondrocytes of the middle and deep zones
suggests an intricate balance in the availability of free cyto-
solic calcium in articular chondrocytes. An increase in free
cytosolic calcium in articular chondrocytes in response to
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insulin-growth (IGF) factors 1 and 2 (IGF-1 and IGF-2) has
been shown (Poiraudeau et al. 1997). IGF-1 and IGF-2 could
induce increase in intracellular Ca%*, causing activation of
AC1 and AC3 isoforms and resulting in cAMP production.
cAMP in turn can activate PKA, and PKA can activate phos-
pholipase C, resulting in downstream activation of PKC
through inositol phosphate and diacylglycerol. Once acti-
vated, PKC could maintain the differentiated state of chon-
drocytes (Defer et al. 2000; Lee et al. 2004; Sadana &
Dessauer, 2009). The other possibility is that cAMP-activated
PKA could enter the nucleus and phosphorylate the cAMP-
response element binding protein (CREB) gene. CREB gene
is an important regulator of proliferation of mesenchymal
cells, rate of chondrocyte differentiation, and repair and
restoration of articular cartilage (lonescu et al. 2001). Thus,
it is likely that chondrocyte proliferation as seen during
interstitial growth of cartilage and differentiation of chon-
drocytes for restoration of tissue damage is also modulated
by cAMP-activated PKA and downstream phosphorylation
of CREB gene.

To establish a role for AC-mediated signalling, several
studies have focused on the expression of G-protein cou-
pled receptors in articular chondrocytes. These include the
expression of P; and P, purine receptors (Koolpe et al.
1999; Kudirka et al. 2007), prostaglandin receptors (Aoyama
et al. 2005), adenosine receptors (Varani et al. 2008) and
adrenergic receptors (Lai & Mitchell, 2008). Expression of
these receptors along with the expression of Ca?*/CaM-
dependent AC isoforms in articular chondrocytes suggests
the complexity of signalling pathways. The expression of
G-protein coupled receptors and their downstream signal-
ling pathways demonstrate a chondrocyte-matrix interac-
tion, which is essential to maintain the integrity of articular
cartilage (Aoyama et al. 2005; Kudirka et al. 2007; Lai &
Mitchell, 2008; Varani et al. 2008). Furthermore, the impor-
tance of articular chondrocyte-matrix interaction is demon-
strated in age-related changes in articular cartilage.
Osteoarthritis is a classic example, in which senescence of
articular chondrocytes leads to matrix degradation (Loeser,
2009). An increased level of cCAMP in articular chondrocytes
has been shown to inhibit expression of matrix metallopro-
teinase, resulting in inhibition of matrix degradation (Kars-
dal et al. 2007). As all five Ca**/CaM-dependent AC isoforms
are expressed in articular chondrocytes, it is appropriate to
suggest their role in maintaining the physiological level of
intracellular cAMP. Additionally, it is tempting to suggest a
therapeutic role for cAMP modulators in aging articular
chondrocytes.

Thus, evidence has been obtained for expression of Ca
CaM-dependent AC isoforms in articular chondrocytes at
transcriptional and translational levels. These findings sug-
gest a role for cAMP signalling cascades in these cells. Fur-
ther studies on chondrocytes from a particular joint are
necessary to understand the joint specific complexity of sig-
nalling pathways. In future studies, we intend to character-

2+/
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ize other components of cAMP-regulated pathways in
articular chondrocytes.
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