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ABSTRACT

Introduction: It is known that glial cells are crucial for memory formation. Glial cells Keywords:
and neurons interconnect via gap junction channels made of connexin (Cx) proteins. Glial Connexin
connexins were shown to be involved in memory formation. However, the expression Glia

profile of different glial connexins was not measured during memory consolidation. Cx43 Gap junction
and Cx30 are expressed in astrocytes, whereas Cx32 is expressed in oligodendrocytes. We Hippocampus
quantified the messenger RNA (mRNA) levels of the hippocampal Cx30, Cx32, and Cx43 Memory

throughout the consolidation stage of fear or spatial memory.

Methods: Male Wistar rats were distributed into eight groups of four each. To assess the
spatial or fear memory consolidation, the Morris water maze and passive avoidance task
were utilized. At different time intervals (one, three, and twenty-four hours) following the
training sessions, rats were sacrificed and the hippocampi were isolated and frozen instantly
in liquid nitrogen. A quantitative real-time polymerase chain reaction (PCR) was employed
to measure mRNA levels of the target genes.

Results: The results revealed that Cx43 and Cx32 downregulated significantly, one or three
hours after training in the inhibitory avoidance model. In the Morris water maze, Cx43
expression was upregulated three hours after training. The expression of Cx30 did not
exhibit significant alterations in either of the experimental assays.

Conclusion: The results indicate the crucial, but differential role of the hippocampal Cx32
and Cx43 during fear or spatial memory consolidation. The exact outcomes of these potential
changes need to be clarified.

Introduction

Memory is a crucial proficiency of animals that pro- tion regarding the cellular and molecular mechanisms of
vides the potential change in their behavior after being ~ memory (Kandel 2012), there are still numerous ques-
exposed to novel experiences. Despite all the informa-  tions to be addressed. This is somehow because of the

* Corresponding author: Siamak Beheshti, s.beheshti@sci.ui.ac.ir
Received 22 May 2023; Revised from 10 May 2024; Accepted 18 May 2024

Citation: Beheshti S, Kooravand N. Differential changes in the quantity of the hippocampal glial connexins mRNAs during memory consolidation. Physiology
and Pharmacology 2024; 28: 419-429. http://dx.doi.org/10.61186/phypha.28.4.419

www.phypha.irlppj



http://dx.doi.org/10.61186/phypha.28.4.419
https://crossmark.crossref.org/dialog/?doi=10.61186/phypha.28.4.419
https://orcid.org/0000-0002-5128-8935
https://orcid.org/0000-0002-5128-8935

Glial connexin mRNAs and memory consolidation

Physiology and Pharmacology 28 (2024) 419-429 | 420

neglect of the contribution of glial cells as important
structural portions of the nervous system. All types of
glia can react to and affect neurotransmission in sev-
eral ways (Hertz and Chen 2016). Astrocytes and oli-
godendrocytes are the two main glial cells in the brain.
These cells interconnect with each other and with neu-
rons through neurotransmitters and gap junction chan-
nels (Nagy and Rash 2000). Gap junctions are channels
between cells consisting of two hemichannels called
connexons or pannexons. Each hemichannel is made of
six subunit proteins named connexin (Cx) or pannexin
(Panx) (Panchin 2005). Various genes encode connexin
proteins (Willecke et al., 2005). Some of these connex-
ins are expressed in the cells of the nervous system. Al-
though different connexins do not show a cell-specific
expression pattern in the nervous system, some of them
are predominantly expressed in specific neural cells. For
example, astrocytes express Cx30 and Cx43, whereas
oligodendrocytes express Cx32 (Rash et al., 2001).

The process of memory formation occurs in some dis-
tinct steps (Abel and Lattal 2001). Of these, the con-
solidation step is central to the production of memory.
The hippocampus has a vital role in processing learning
and memory (Opitz 2014). It governs the consolidation
stage of fear or spatial memory (Chaaya et al., 2018; Lo-
renzini et al., 1996). Diverse cell types of the hippocam-
pus communicate via a network of gap junctions (Shio-
saka et al., 1989). Meanwhile, glial cells influence the
consolidation stage of memory (Hertz and Chen 2016),
and their connexins are involved in this process. For
example, the blockade of Cx43 hemichannels has been
attendant with a major reduction in long-term poten-
tiation (LTP) and deficiency in memory consolidation
(Jammal et al., 2018). Also, microinjection of inhibitors
of Cx43 hemichannels into basolateral amygdala (BLA)
impaired memory in the course of fear conditioning
(Stehberg et al., 2012).

Intercellular communication via gap junctions can
be affected by alterations in the gating of the channels
or changes in the number of channels. The number of
channels depends on the expression levels of connexin
proteins. The major stage for the regulation of connexins
gene expression is the transcriptional level (Oyamada et
al., 2005). It was previously shown that two of the hip-
pocampal neuronal connexin proteins, Cx36 and Cx45
show a rapid upregulation during inhibitory avoidance
memory consolidation (Beheshti et al., 2017). Consider-

ing the crucial role of glial gap junctions and connexins
in memory formation, we studied the probable changes
in the transcriptional patterns of three glial connexins,
specifically Cx30, Cx32, and Cx43, within the hippo-
campus of rats in the course of consolidating either fear
or spatial memory.

Material and methods

Laboratory Animals

The study was done on 32 adult male Wistar rats
weighing 200+20 g. Animals were obtained from the
breeding colony of the Faculty of Biological Science
and Technology, University of Isfahan. Four rats were
kept in each cage. Ambient conditions were standard-
ized, maintaining animals at 22 + 1°C and a light cycle
of 12:12.

Behavioral Trials

Animals were distributed into eight groups. Four
groups of animals (n=4) were selected for each of the
behavioral tests. Cx30, Cx32, or Cx43 mRNA levels
were determined using quantitative real-time PCR. The
experimental groups received the same treatment as de-
scribed earlier (Beheshti and Dehestani, 2021).

Inhibitory avoidance task

The consolidation stage of memory is assessed by
post-training manipulations in the inhibitory avoid-
ance paradigm. The step-through passive avoidance
was accomplished as in our previous study, with minor
modifications (Beheshti and Aslani, 2018). First, the
animals were placed in the white chamber contrasting
the gliding door for habituation training. The door was
then raised to allow the animals to enter the dark room.
After entering, rats remained in the black chamber for
20 seconds. Thirty minutes later, rats were put in the
white chamber for acquisition training and the door was
raised. As soon as the animals went into the black cham-
ber, the door was closed, and an electrical shock (0.8
mA, 3 seconds) was conveyed. The short-term memory
was measured 2 min later. A successful memory forma-
tion was confirmed if the animal remained in the white
chamber for two minutes. The sham group was treated
as the test group without receiving any foot shocks. One
hour following training, the sham group was sacrificed.
Rats in the other groups were sacrificed one, three, and
twenty-four hours after training. Connexins show rap-
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FIGURE 1. Illustration of the experimental procedure. Rats underwent the passive avoidance task or Morris water maze training. The hippo-
campi of the animals were removed one, three, and twenty-four hours after training. The expression levels of Cx30, Cx32, and Cx43 mRNAs

were quantified by a quantitative real-time PCR.

id transcriptional changes even though they are mem-
brane proteins (McCracken and Roberts 2006). For this
reason, the hippocampal tissues were removed at these
time intervals based on a previous study (Beheshti et al.,
2017). Then the right hippocampi were isolated and set
aside in a -70°C freezer. The entire experiments were
done between 9:00 and 15:00 h.

Morris water maze

The Morris water maze task was done in the same
manner as in our previous study, with minor modifica-
tions to assess spatial memory consolidation (Beheshti
et al., 2018). In brief, eight trials were performed in the
training stage. Four starting points (east, west, north, and
south) were used to place the animals in the water. The
animals were given a maximum of 60 seconds to locate
the invisible platform that was hidden in the southwest
quadrant of the maze (also known as the target quad-
rant). When the animals found the platform, they were
let to remain there for 20 seconds before moving on to
the following trial, which took place after 30 seconds.
Rats in the sham group had an equivalent swimming
trial in the absence of the platform. One hour after the
swimming trial, animals in the sham group were sacri-
ficed. Rats in the other groups were sacrificed one, three,
and twenty-four hours after training. Then the right hip-
pocampi were isolated and set aside in a deep (-70°C)
freezer (Figure 1). The delay in reaching the platform
was documented. The entire experiments were done be-
tween 9:00 and 15:00 h.

Quantitative Real-time PCR

The quantitative Real-time PCR was performed, as
previously defined (Beheshti and Dehestani, 2021). In
summary, the extraction of total RNA from the hippo-
campal tissue was conducted with RNX-PLUS solution
(SinaClon, Iran). The RNAs were subjected to treatment
with one unit of RNase-free DNase I to eliminate the
likelihood of genomic DNA contamination. Quanti-
fication and qualification of the extracted RNAs were
accomplished using a Nanodrop spectrophotometer.
The mean absorbance ratio at 260/280 nm was 1.84 +
0.05 and at 260/230 nm was 1.97 £+ 0.17. Subsequent-
ly, a complementary DNA (cDNA) was made utilizing
a commercially available cDNA synthesis kit (Takara,
Japan).

Target genes were Cx30, Cx32, and Cx43. Beta-ac-
tin served as the housekeeping gene. The NCBI primer
design tool was used to create primers (Table 1). With
forward and reverse primers, 5pl of SYBR Green I Mas-
termix (Amplicon), 10 ng cDNA, and a reaction volume
of 11pl, thermal cycling was performed using a Bio-Rad
(Bio-Rad, USA) thermal cycler. To increase the reliabil-
ity of the results, cDNAs were run in triplicate. The PCR
was executed using the subsequent protocol: an initial
denaturation step for 30 seconds at a temperature of
95°C, followed by 40 cycles each consisting of a dena-
turation stage at the same temperature and duration of 5
seconds, and an annealing stage at 55°C lasting 30 sec-
onds. The Livak formula was used to determine the rel-
ative amount of mRNAs (Livak and Schmittgen 2001).
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TABLE 1: The sequences of the specific primers and the relevant amplicon sizes.

Target gene Sequences (5°—3’) Amplicon size Accession Number
) Forward: CTGTGTGGATTGGTGGCTCT
B-actin 135bp NM 031144
Reverse: CAGCTCAGTAACAGTCCGCC
Forward: TGGTGGCTGTTATTGAAAGGTG
Cx30 142bp NM_053388
Reverse: AACCACTGCAAAATCCCTCCT -
Forward: CAGGCAACCTCCCATCCAAC
Cx32 96bp NM_017251
Reverse: AGTAATCCCTAGGAGGCAGAGG
Forward: CTCACGTCCCACGGAGAAAA
Cx43 119bp NM_012567

Reverse: CGCGATCCTTAACGCCTTTG
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FIGURE 2. Initial latency to step into the black chamber in the passive avoidance task. Analysis of the data by one-way ANOVA showed no
change in the initial latency amongst groups. Accordingly, rats had equivalent learning abilities at the beginning of the task. Data are shown as

means + S.E.M.

Statistical analysis

One-way analysis of variance (ANOVA) was used
to evaluate the collected data. If the results were sig-
nificant, we did a Tukey-Kramer test to compare dif-
ferent data points. The Graph Pad Prism version 9.1.0.
program was used for the data analysis. The “p” values
< 0.05 were set as the significance. Cohen’s d-test was
used to demonstrate effect sizes and to test the validity
of statistics concerning sample size because the sample
sizes were small and could not be used to calculate sta-
tistical power. Data were presented as mean = S.E.M.

Results

The parameters of inhibitory avoidance

The initial latency to go into the black chamber is an
important factor in the inhibitory avoidance task, which
should not vary among experimental groups. Data anal-
ysis did not show a significant change in the initial laten-

cies for learning acquisition between groups [F (3, 12) =
0.22; P=0.84] (Figure 2).

The hippocampal Cx30, Cx32, and Cx43 mRNA levels
during the inhibitory avoidance memory consolidation

There was no alteration observed in Cx30 mRNA lev-
els in the hippocampus during the process of inhibitory
avoidance memory consolidation, according to one-way
ANOVA results [F (3, 12) =1.68; P=0.22]. However, the
hippocampal Cx32 mRNA levels showed a significant
decrease 3 hours post-training. Cohen’s d-test revealed a
value of 0.9 between the sham and 3 h groups, which de-
notes a significant difference [F (3, 12) =4.972; P=0.01;
d=0.9]. Hippocampal Cx43 mRNA levels significantly
decreased one hour after training, according to one-way
ANOVA results. Cohen’s d-test revealed a value of 1 be-
tween the sham and 1 h groups, which denotes a signifi-
cant change [F (3, 12) =4.749; P=0.02; d=1] (Figure 3).
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FIGURE 3. The comparative mRNA levels of Cx30, Cx32, or Cx43 in the rat hippocampus during the consolidation stage of memory in the
passive avoidance task. Analysis of the data by one-way ANOVA followed by the Tukey-Kramer multiple comparisons test showed that Cx32
and Cx43 downregulated three or one hour after training, respectively. Cohen’s d showed a large effect size for Cx32 or Cx43 amongst the sham
and three or one-hour groups. Data are shown as means + S.E.M. (*P<0.05).

Spatial memory performance

In the Morris water maze task, a decrease in escape la-
tencies throughout the training trials indicates that mem-
ory acquisition has been successful. Our data showed
that the time latency to discover the invisible platform
declined during training trials significantly (data not pre-
sented). In the meantime, one-way ANOVA showed that
during acquisition trials, the escape latencies between
experimental groups did not change significantly from
one another [F (3, 12) = 1.23; P=0.32] (Figure 4).

The hippocampal Cx30, Cx32, and Cx43 mRNAs lev-
els during the spatial memory consolidation

One-way ANOVA revealed that there was no signif-
icant change in the mRNA levels of the hippocampal
Cx30 [F (3, 12) = 0.01; P=0.99] and Cx32 [F (3, 12) =
2.04; P=0.16] throughout the spatial memory consoli-
dation. However, the levels of Cx43 mRNA altered sig-
nificantly. The Tukey-Kramer comparison showed that
compared with the sham group, the levels of Cx43 aug-
mented 3 hours after training. Cohen’s d-test revealed a
value of 0.97 between the sham and 3 h groups, which
denotes a significant change [F (3, 12) = 6.08; P=0.009;
d=0.97] (Figure 5).

Discussion

We indicated that the hippocampal Cx32 and Cx43
mRNAs downregulated during inhibitory avoidance
memory consolidation, while Cx30 did not show a sig-
nificant change. Conversely, Cx43 mRNA was upreg-
ulated during spatial memory consolidation, but Cx30
and Cx32 did not change significantly.

Glial cells were shown to affect both the encoding
and consolidation stages of memory. Microglia, oligo-
dendrocytes, and astrocytes were indicated to play cru-
cial roles in synaptic plasticity like late stages of LTP
and memory consolidation (Sancho et al., 2021). Addi-
tionally, the signaling of astrocytes played a contribut-
ing role in LTP induction in cholinergic neurons of the
hippocampus and cortex (Navarrete et al., 2012). Glial
cells interconnect with each other and with neurons via
gap junction channels made of connexin proteins. This
communication is argued to be vital for memory forma-
tion. Astrocytes contribute to neuronal transmission and
synaptic plasticity by releasing gliotransmitters into the
synaptic cleft (Lalo et al., 2014). There are diverse path-
ways for gliotransmitter release from astrocytes, which
include Cx43 hemichannels (Cotrina et al., 1998). There
is some data in the literature which has investigated the
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FIGURE 4. The acquisition of spatial memory. (A) The average time to discover the invisible platform is presented. (B) Typical swim path
traces during the last training trial displayed that the animals discovered the platform shortly after placing into the pool. Analysis of the data by
one-way ANOVA showed that the escape latencies did not differ between groups.

effects of Cx43-made gap junctions or hemichannels
on different models of learning and memory (He et al.,
2020).

Inhibition of Cx43 hemichannels in the BLA by the
peptide TAT-Cx43L2 during the consolidation stage
of memory induced loss of memory in the auditory
fear conditioning, but did not disturb short-term mem-
ory. However, synaptic transmission or gap junctional
communication between astrocytes was unaffected.
Interestingly, the injection of TAT-Cx43L2 along with
some of the gliotransmitters recovered memory (Steh-
berg et al., 2012). Meanwhile, the secretion of D-serine
and glutamate from the BLA astrocytes through Cx43
hemichannels was shown to be crucial for the develop-

ment of short and long-term memory (Linsambarth et
al., 2022). These data show that modulation of Cx43
hemichannels might have a different impact from Cx43
gap junctional communication. Nevertheless, our results
do not show whether the downregulation of Cx43 in the
hippocampus relates to Cx43 hemichannels or gap junc-
tions. Meanwhile, we measured the levels of Cx43 in
the hippocampus, which has a less important role in fear
memory formation than the amygdala. Therefore, the
downregulation in the hippocampal Cx43 expression
levels might relate to the different neuro-glial circuitry
required for fear memory consolidation. Interestingly,
downregulation of the hippocampal Cx43 expression
or blocking Cx43 hemichannels reduced infrasound-in-
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FIGURE 5. The comparative mRNA levels of Cx30, Cx32, or Cx43 in the rat hippocampus during the consolidation stage of spatial memory.
Analysis of the data by one-way ANOVA followed by Tukey-Kramer multiple comparisons post-hoc test showed that the hippocampal Cx43
upregulated three hours after training. Cohen’s d showed a large effect size for Cx43 amongst the sham and three-hour groups. Data are shown

as means £ S.E.M. (*P<0.05).

duced memory impairment (Zhang et al., 2023).

Our results indicated that the hippocampal Cx32 and
Cx43 show a somehow associated reduction in the ex-
pression levels during inhibitory avoidance memory con-
solidation. Astrocytes and oligodendrocytes showed gap
junction-mediated communication in co-culture studies
(Theis and Giaume 2012). This type of communication
was shown in the hippocampus, the neocortex, and the
thalamus (Griemsmann et al., 2015). It may have a cru-
cial impact on the intercellular exchange of metabolic
substrates amongst astrocytes and oligodendrocytes
(Niu et al., 2016), which confounds neuroglial network-
ing communications. Meanwhile, the intercellular con-
nection between astrocytes critically diminished in cells
missing Cx43 and stopped when both Cx30 and Cx43
did not express (Naus et al., 1997; Rouach et al., 2008;
Velazquez et al., 1996; Wallraff et al., 2006). Thus, the
existence of these two Cxs is crucial for the occurrence
of direct intercellular communication within astrocytes.

We revealed that the hippocampal Cx43 increased
during the consolidation stage of spatial memory.
Blocking Cx43 made hemichannels impaired spatial
short-term memory in the Y maze task (Walrave et al.,

2016). In Cx43 deficient mice, the acquisition stage of
memory formation was augmented in the water maze,
while escape latencies during the probe test were like
the control mice (Frisch et al., 2003). Inhibition of Cx43
hemichannels reduced the LTP of excitatory synaptic
currents in the prefrontal cortex of the mouse (Meuni-
er et al., 2017). In the resting state, the basal excitatory
synaptic transmission of CA1 pyramidal neurons of the
hippocampus was regulated by the activity of astrocyt-
ic Cx43 hemichannels via ATP signaling (Chever et al.,
2014). It was revealed that neurons adjust the expression
of Cx30 and Cx43 in cortical astrocytes (Koulakoff et
al., 2008). In addition, neuronal activity upregulated the
expression levels of the astrocytic Cx43 (Rouach et al.,
2000a). Meanwhile, continual stimulation of neurons
made enduring alterations in the calcium-wave activity
of astrocytes, which affected the calcium waves of neu-
rons (Pasti et al., 1997). Thus, it seems that neurons and
astrocytes might communicate with each other during
spatial memory consolidation. Double KO Cx43/Cx30
mice showed spatial memory deficiency, which indi-
cates the role of astrocytic networking for proper brain
functioning (Lutz et al., 2009). Meanwhile, inactivat-
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ing Cx43 and Cx30 decreased synaptic transmission
in neurons of the hippocampus (Pannasch et al., 2011).
Accordingly, the upregulation of the hippocampal Cx43
expression levels might be a physiologic response to the
need for enhancement of Cx43-related increase in syn-
aptic plasticity during spatial memory consolidation.

There might also be another probable mechanism for
the increased levels of the hippocampal Cx43 through-
out the consolidation stage of spatial memory. Adult
neurogenesis was suggested as a mechanism to mediate
spatial memory. The targeted reduction of neurogene-
sis in the dentate gyrus during adulthood was found to
have a detrimental effect on the capacity to retain spa-
tial long-term memories during a water maze task, as
well as during an object recognition task (Jessberger et
al., 2009). Furthermore, the ablation of adult-generated
neurons within the hippocampus has exhibited a detri-
mental effect on spatial memory (Dupret et al., 2008).
The creation of new neurons during training was shown
to be crucial for long-term memory in the water maze
(Snyder et al., 2005). In this regard, the hippocampal
Cx43 was shown to promote the persistence of newborn
neurons in mice (Liebmann et al., 2013). Meanwhile,
Cx43 but not Cx30 exhibited a significant contribution
to the process of adult neurogenesis within the dentate
gyrus (Zhang et al., 2018). Consequently, upregulation
of the hippocampal Cx43 during spatial memory con-
solidation might contribute to neurogenesis required for
memory formation.

Interestingly, neurons increased the expression of
Cx43 in cell cultures. Neurons also induce Cx30 ex-
pression in astrocytes. Some mechanisms have been
suggested to mediate the increase in neuronal-induced
gap junctional interconnection. The enhancement of gap
junctional coupling in astrocytes was observed as a re-
sult of activity-dependent K+ release mediated depolar-
ization (Kristian Enkvist and McCarthy 1994), with the
involvement of Cx43 phosphorylation by calcium-calm-
odulin protein kinase II (De Pina-Benabou et al., 2001).
Glutamate was shown to be involved in this modulation
(Escartin and Rouach 2013; Giaume 2010). The control
of astrocytic Cx43 expression may be due to the influ-
ence of neuronal glutamate (Rouach et al., 2000b). As
glutamatergic transmission plays a crucial role during
the consolidation of memory, it is worth noting the im-
pact of glutamate-induced alterations in Cx43 expres-
sion levels on mechanisms of memory consolidation.

Therefore, it seems that neuronal functioning during
spatial memory consolidation upregulates Cx43 gene
expression, which in turn might have crucial roles for
spatial memory consolidation.

The expression level of connexins was indicated to
be changed rapidly, despite the fact that they are mem-
brane proteins (McCracken and Roberts 2006). Cx36
and Cx45 mRNA levels were upregulated 30 min af-
ter training in the inhibitory avoidance task (Beheshti et
al., 2017). Here, the expression levels of Cx43 mRNA
showed a somehow rapid change (1 and 3 h after train-
ing) in two experimental models of memory. This find-
ing is consistent with previous studies.

Though the expression levels of Cx43 mRNA were
downregulated during inhibitory avoidance memo-
ry consolidation, their levels were upregulated during
spatial memory consolidation. The differential change
might somehow be due to the different neuronal cir-
cuitry involved in memory consolidation in these two
learning and memory models. While the hippocampus
has a crucial role in spatial memory consolidation (Re-
dish and Touretzky 1998), the main role in fear memory
is played by the amygdala (Slotnick 1973). However,
the outcomes of such differential changes should be elu-
cidated in upcoming studies. This research adds to the
body of evidence highlighting the potential role of glial
gap junctions in the physiological state of the nervous
system.

Conclusion

To sum up, the results of the present investigation
displayed a differential alteration in the quantity of two
hippocampal glial connexins, Cx32, and Cx43 during
the consolidation stage of the inhibitory avoidance or
spatial memory. The differential change might be some-
how due to the different neuronal circuitry involved in
memory consolidation in these two learning and mem-
ory models. The findings underscore the significance of
glial gap junction channels on memory consolidation
and indicate that they could potentially play a notable
role in this process.
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