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ABSTRACT
Background: Gap junctions composed of connexins (Cx) are functional in cell defense by propagation of
toxic/death molecules to neighboring cells. Hippocampus, one of the brain regions with particular vulnerability to
damage, has a wide network of gap junctions. Functional response of astrocytic Cx30 and neuronal Cx32 to
hippocampal damage is unknown. Methods: We infused lipopolysaccharide (LPS) intracerebroventricularly (2.5
µg/rat) once daily for two weeks to create neuroinflammation. The mRNA and protein levels of the Cx were
measured in the hippocampus after 1 st, 7th and 14th injection by real-time PCR and Western-blot techniques.
Results: A significant increase in Cx32 and Cx30 gene expression was observed after 7th and 14th injection of LPS
with no significant change in their protein abundance. Conclusion: Transcriptional overexpression of hippocampal
Cx30 and Cx32 could be an adaptive response to production of intracellular toxic molecules but it is not
accompanied with post- transcriptional overexpression and might have no functional impact. Iran. Biomed. J. 16 (3):
127-132, 2012
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INTRODUCTION

I

nflammation is a hallmark of various central
nervous system (CNS) diseases such as multiple
sclerosis and Alzheimer's disease. Exploring the
molecular mechanisms involved in cell defence during
the period of neuroinflammation would help in
designing new strategies to prevent inflammationrelated CNS diseases. Gap junctions are specialized
cell-cell contacts between eukaryotic cells, composed
of aggregates of transmembrane channels. Each
channel consists of two hemichannels (termed
connexon), each of which is composed of six subunit
proteins called connexin (Cx). Gap junctions directly
connect the cytoplasm of adjacent cells and allow
intercellular movement of small molecules including
ions, nutrients, metabolites, second messengers and
death signals [1, 2]. Gap junctions are believed to play
important role in toxic effects of chemicals because

they permit the direct transfer of damage or death
signals between adjacent cells. Alteration in expression
and function of Cx in several brain pathologies and
neurodegenerative diseases suggests that they
contribute to brain damages [3]. Some studies have
provided evidence that gap junction communication is
associated with the spread of cell death signals, while
others have equally demonstrated protective effects [36]. One of the main brain regions with a particular
vulnerability to damage due to toxins, ischemia/
hypoxia, trauma and inflammation is hippocampus.
There is a wide network of gap junctions between
different cell types in hippocampus [3, 7].
Hippocampal astrocytes express Cx43 and Cx30 gap
junction channels and form extensive intercellular
networks. In vivo Cx30 expression accounts for
approximately 50% of astrocytic coupling in the
hippocampus. While previous studies reported a
decrease in expression of hippocampal Cx43 during
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lipopolysaccharide (LPS) injection [4], studies on the
other main astrocytic Cx, Cx30, are limited. Cx30 is
widely expressed in astrocytes as a component of
astrocyte/astrocyte as well as astrocyte/oligodendrocyte
gap junctions or in perivascular regions localized to
astrocytic endfeet [2]. In all areas of hippocampus, gap
junction plaques composed of Cx30 were found at
blood vessels [8]. Another important Cx hemichannel
in the hippocampus is Cx32, which is predominantly
expressed in oligodendrocytes (oligodendrocyte/
oligodendrocyte or oligodendrocyte/astrocyte gap
junctions) and parvalbumin-positive inhibitory interneurons of CA1 subfield [3, 7-9]. There is no report
regarding changes of this Cx during neuroinflammation.
The bacterial endotoxin LPS is a stimulator of
microglia and is used extensively as a model of
neuroinflammation [10, 11]. Neuroinflammation is
associated with alterations in Cx expression [12-15].
LPS and proinflammatory cytokines down-regulate
astrocyte gap junction communication and Cx43
expression [5, 16-18]. In spite of extensive
investigations on Cx43 hemichannel communication
during inflammatory states, Cx30 and Cx32
hemichannels have received less attention. It has been
reported that global ischemia induces a selective
increase in Cx32 protein abundance in hippocampal
CA1 before onset of neuronal death [19]. Acute
hypoxia causes an increase in Cx30 protein and mRNA
levels in the developing rat brain as well [20].
However, there is no in vivo study indicating the
behavior of Cx30 and Cx32 gap junctions in response
to brain insult and inflammation.
In the present study, we examined the changes of
Cx30 and Cx32 expression in rat hippocampus at
transcription and translation level consequent to acute
and chronic intracerebroventricular (i.c.v.) injection of
LPS.
MATERIALS AND METHODS
Animals. Male Wistar rats (250-300 g, Pasteur
Institute of Iran) were used. The animal experiment
protocol was approved by the Review Board and
Ethics Committee of Pasteur Institute of Iran (Tehran)
and conformed to the European Communities Council
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Directive of November 1986 (86/609/EEC) in such a
way to minimize the number of animals used and their
suffering.
Stereotaxic surgery and LPS injection. The rats
were stereotaxically implanted with a cannula in the
left lateral ventricle according to the previously
described method [21]. The animals were given 7 days
of recovery after surgery, before the injection protocol
was started. LPS at the dose of 2.5 µg/rat was infused
once daily i.c.v. for 14 days. For each experimental
group, a sham (cannula-implanted non-injected) and a
control (cannula-implanted PBS-injected) groups were
considered.
Tissue collection. The hippocampi were dissected 24
h after 1st, 7th and 14th injection of LPS as previously
described [21]. The rest of the brains were placed in
10% formalin for at least 3 days at room temperature,
cut into 10-μm thick slices and qualitatively examined
for cannula position using a stereoscopic microscope
(Olympus, Japan). The data of the animals, in which
the cannula was in the false place, were not included in
the results.
Gene expression assay. Tissue preparation, RNA
extraction and cDNA synthesis were performed
according to the previously described method [21].
Expression of Cx30 and Cx32 in the hippocampus was
measured by real-time PCR technique. The procedure
has been mentioned in detail previously [22]. Briefly,
α-tubulin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as internal reference
genes. All primers (Table 1) were designed using
primer express software (v.3.0, Applied Biosystems,
Foster City, CA, USA). The specificity of the primers
for their target sequences was checked on NCBI
website (www.ncbi.nlm.nih.gov/blast). SYBR Green I
real-time PCR assay was also carried out. The extent of
gene expression was calculated using comparative
threshold cycle. The mean threshold cycle (mCT) was
obtained from duplicate amplifications during the
exponential phase of amplification. Then, mCT of
reference genes was subtracted from mCT value of the
target genes to obtain ∆CT. ∆∆CT values of each
sample was calculated from corresponding CT values,
where ∆∆CT = [mCT target (control sample) - mCT

Table 1. Primers used for real-time PCR.
Target

Forward primer 5'→3'

Reverse primer 5'→3'

Cx30
Cx32
α–tubulin
GAPDH

AATGTGGCCGAGTTGTGTTACC
CGGCATCTGCATTATCCTCAAC
CTGGAACCCACAGTTATTGATGAAG
AGTCAAGGCTGAGAATGGGAAG

AAGCTGGTGATGGCATTCTGAC
CAGCAGCTTGTTGATCTCATTCTG
GGCATAGTTATTGGCAGCATCCTTC
CATACTCAGCACCAGCATCACC
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w/v Tween 20) and then incubated with the following
primary antibodies: mouse monoclonal anti-Cx30 and
anti-Cx32 (diluted 1:200,000, Invitrogen, USA) and
mouse monoclonal anti-α-tubulin (diluted 1:200,000,
Invitrogen, USA). After washing, the membrane was
incubated with peroxidase conjugated goat anti-mouse
IgG (diluted 1:100,000, 1:100,000, and 1:2,000,000 for
Cx30, Cx32 and α-tubulin, respectively; SigmaAldrich, Germany), then washed with TBST buffer and
reacted with enhanced ehemiluminescence Advance
Western-blotting detection reagents (Pharmacia
Amersham, UK). Bands were visualized on X-ray film
and quantified by densitometry. The relative levels of
Cx30 and Cx32 proteins were expressed as ratios
(Cx30/α-tubulin ×100 and Cx32/α-tubulin ×100).
Statistical analysis. The data were analyzed by
ANOVA with Tukey's post hoc test and presented as
mean ± S.E.M. (n = 5). In all experiments, P<0.05 was
considered statistically significant.
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RESULTS

Fig. 1. Cx30 (A) and Cx32 (B) mRNA level in the
hippocampus of the rats after daily i.c.v. injection of LPS.
Connexin mRNA levels were normalized to α-tubulin and
GAPDH mRNA level. Data are expressed as means ± S.E.M.
(n = 5). P<0.001 compared to respective control group.

reference (control sample)] - [mCT target (test sample)
- mCT reference (test sample)]. The calculated ∆∆CT
was converted to ratio using the ratio formula (Ratio =
2_∆∆CT) [22]. Dissociation curve analysis was
performed for each amplification reaction to detect any
possible primer dimmers or non-specific PCR product.
Before using comparative threshold cycle method,
amplification efficiency of each gene was determined
from the standard curve drawn by plotting the
logarithmic input amount of template DNA versus the
corresponding CT values.
Immunoblotting. Protein expression of Cx30 and
Cx32 in the hippocampus was determined by Westernblot technique, which is previously explained in detail
[22]. In brief, total protein concentration in
homogenized hippocampi was determined. Equal
amounts of protein from each animal (5 μg per lane for
α-tubulin, 10 μg per lane for Cx30 and Cx32) were
transferred to a PVDF membrane (Roche, Germany) by
electroblotting. The membrane was blocked in TBST
buffer (100 mM Tris base, 150 mM NaCl, and 0.2%

No significant change was observed between sham
and control groups. Therefore, the results of sham
group are not shown.
Elevation of Cx30 and Cx32 mRNA levels in LPStreated rats. Melting curve analysis for Cx30, Cx32,
GAPDH and α-tubulin gene fragments revealed a
unique PCR product in each reaction. Each peak
represented a unique PCR product in each reaction.
Melting temperatures of 80.5°C for GAPDH, 81.3°C
for α-tubulin, 79.8°C for Cx30, and 79.0°C for Cx32
were obtained. The amplification curves of the both
reference genes (α-tubulin, GAPDH) have crossed the
threshold line at the same point. mCT of 21.95 for
GAPDH and α-tubulin, 25.61 for Cx32, and 27.92 for
Cx30 were obtained. Cx30 mRNA expression was not
changed after the 1 st and 7th injection of LPS; however,
it was significantly increased after the 14th injection
with P<0.001 (Fig. 1A). LPS was also capable to
significantly elevate the expression of Cx32 mRNA
after 7 injections (P<0.001). It reached the control
level at 14th injection of LPS (Fig. 1B).
No change in Cx30 and Cx32 protein expression by
LPS. Hippocampal Cx30 and Cx32 protein abundance
did not change during acute and chronic injection of
LPS. Although a decrease in Cx30 and Cx32 protein
expression was observed after 14 injections of LPS, it
was not statistically significant (Fig. 2).
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Fig. 2. Cx30 (A) and Cx32 (B) protein levels in the hippocampus of the rats after daily i.c.v. injection of lipopolysaccharide (LPS).
(C) Immunoblots of Cx30, Cx32 and α-tubulin in LPS-treated samples. Each immunoblotting was performed in duplicate to increase
the reliability of the measurements. (a), control; (b), test. Connexin protein levels were normalized to α-tubulin protein level. Data are
expressed as means ± S.E.M. (n = 5).

DISCUSSION
Our data indicate a significant increase in Cx30 and
Cx32 gene expression, but no change in their protein
abundance following acute and chronic central
injection of LPS.
Numerous CNS disorders including multiple
sclerosis and Alzheimer's disease are typified by
neuroinflammation. Yet treatment is directed mainly at
blocking the symptoms, not the underlying cause. The
course of inflammation is a critical period. If the events
occurring during this period are explored, it would help
in designing new strategies to prevent the
inflammation-related diseases. Many of CNS
inflammatory diseases, including multiple sclerosis,
Alzheimer's disease and cerebral ischemia are
associated with changes in gap junction intercellular

communication as reflected by alterations in dye
coupling and Cx expression [4]. Cx30 and Cx32 are
among the main Cx expressed in astrocytes and
oligodendrocytes, respectively. However, there are
negligible studies regarding the role of gap junctions
composed of these Cx in inflammatory state [20]. It is
reported that acute hypoxia is associated with a 2-4fold increase in Cx30 protein expression in the
hippocampi of rats during first two postnatal weeks,
but no change was observed in older rats [20].
Moreover, expression of Cx30 in mice is significantly
enhanced till 7 days after brain abscess over long
distances, extending from primary site of infection
[14]. It remains to be explored whether the
overexpression of Cx30 is associated with
inflammation exert helpful or hurtful effects. In
double-knockout mice for Cx30 and Cx43 (Cx30-/-
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Cx43-/-), a decrease in astroglial glutamate and
potassium clearance leads to increased neuronal
excitability, suggesting a major role for astrocytic
networks in glutamate clearance, potassium buffering
and extracellular space-volume regulation during basal
synaptic activity [23]. We previously demonstrated that
chronic i.c.v. injection of LPS, as used in the present
study, induces hippocampal inflammation [21]. In this
study, we observed about 4-fold increase in expression
of Cx30 mRNA consequent to 14 days i.c.v. injection
of LPS. Nonetheless, no change was detected in Cx30
protein abundance during this period. Therefore, it
seems that chronic central injection of LPS has no
functional effect on Cx30 gap junctions.
Cx32 is abundantly expressed in mammalian brain.
In hippocampus, Cx32 is expressed predominantly in
oligodendrocytes [7] and parvalbumin-positive
inhibitory interneurons of CA1 subfield [19].
Expression of Cx32 gap junction protein is increased
selectively in CA1 GABAergic interneurons after
global ischemia and transgenic Cx32-null mice exhibit
enhanced vulnerability to global ischemia-induced
neuronal death, indicating a protective role for Cx32
gap junctions against ischemia-induced cell death [19].
These observations suggest that Cx32 gap junctions are
over expressed under brain damages as a part of
adaptive processes to reduce damages and protect the
hippocampal neurons. In the present study, Cx32
mRNA expression is upregulated after chronic
injection of LPS. However, we could not detect any
changes in Cx32 protein abundance during LPS
injection period. Lack of correlation between mRNA
and protein level of Cx, observed in our study, has
been reported by other researchers [19]. Oguro et al.
[19] found a marked reduction in Cx32 mRNA
abundance and at the same time a marked increase in
Cx32 protein level in mouse hippocampus after global
ischemia. Our observation might be related to rapid
turn-over of Cx proteins [4]. Moreover, LPS might
affect the stability of Cx proteins as reported by others
[24]. Furthermore, half life of Cx32, the main Cx in the
liver, is reduced during liver inflammation, induced by
LPS [25, 26].
Gap junction communication can be regulated at
several levels, including changes in Cx transcription,
translation, stability, post translational processing and
channel gating [4]. However, post-translational
processes are thought to be major factors in regulating
Cx levels and functional coupling [4]. Therefore, our
results suggest no functional modulation of Cx30 and
Cx32 gap junction coupling by LPS. Nevertheless,
effect of LPS on Cx30 and Cx32 channel gating should
be determined to further elucidate effect of LPS on gap
junction communication. Therefore, further studies in
other models of neuroinflammation are required to
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explore whether Cx30 and Cx32 gap junctions play a
role in the process of neuroinflammation.
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