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Abstract Adenylyl cyclases (ACs) synthesize the second
messenger cyclic AMP (cAMP) which influences the func-
tion of multiple ion channels. Former studies point to a
malfunction of cAMP-dependent ion channel regulation in
thalamocortical relay neurons that contribute to the devel-
opment of the absence epileptic phenotype of a rat genetic
model (WAG/Rij). Here, we provide detailed information
about the thalamic gene and protein expression of Ca®'/
calmodulin-activated AC isoforms in rat thalamus. Data
from WAG/Rij were compared to those from non-epileptic
controls (August-Copenhagen Irish rats) to elucidate wheth-
er differential expression of ACs contributes to the dysre-
gulation of thalamocortical activity. At one postnatal stage
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(P21), we found the gene expression of two specific Ca**-
activated AC isoforms (AC-1 and AC-3) to be significantly
down-regulated in epileptic tissue, and we identified the
isoform AC-1 to be the most prominent one in both strains.
However, Western blot data and analysis of enzymatic AC
activity revealed no differences between the two strains.
While basal AC activity was low, cAMP production was
boosted by application of a forskolin derivative up to sev-
enfold. Despite previous hints pointing to a major contribu-
tion of ACs, the presented data show that there is no
apparent causality between AC activity and the occurrence
of the epileptic phenotype.

Keywords Cyclic AMP - Adenylyl cyclase -
Thalamocortical relay neuron - Absence epilepsy

Introduction

During the behavioral states of sleep and wakefulness, the
thalamocortical (TC) system is characterized by two funda-
mentally different states of activity (Steriade 1997): low-
frequency (<15 Hz) oscillatory activity prevails during nat-
ural sleep, deep anesthesia, and epileptic seizures; whereas
high-frequency oscillatory activity in the gamma range and
tonic activity dominate during wakefulness. On the cellular
level, slow oscillatory activity is associated with rhythmic
bursts of action potentials in TC neurons, while tonic activ-
ity is associated with sequences of single action potentials.
The latter is thought to underlie the faithful transfer of
sensory information from the periphery to the cortex (Sherman
2007). On the molecular level, TC neurons express a variety of
different ion channel types, which differentially contribute to
the characteristic patterns of electrical activity. Transmitters of
the ascending brainstem system, e.g., noradrenaline, modulate
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the activity of these ion channels and thereby network activity
by stimulating 3-adrenergic receptors and inducing cAMP-
dependent cellular signals (McCormick and Huguenard 1992).

Adenylyl cyclases (AC) catalyze the conversion of ATP
into cAMP. cAMP is a potent second messenger that can act
in not only phosphorylation-dependent, i.e., protein kinase
A (PKA)-mediated, but also phosphorylation-independent
ways (Defer et al. 2000). In mammals, nine isoforms of
membrane-bound ACs are known, each encoded by a single
gene (AC-1-AC-9). AC activity is controlled by hormones
and neurotransmitters acting via G protein-coupled recep-
tors as well as by additional modulators. Beside G proteins,
modulators of AC activity include Ca**-calmodulin (CaM),
various kinases, and phosphatases as well as the plant-
derived diterpene forskolin. Molecular biological, immuno-
histochemical, and biochemical techniques revealed the
functional expression of CaM-stimulated AC-1 and AC-8 in
the rodent thalamus (Matsuoka et al. 1997; Thnatovych et al.
2002; Nicol et al. 2006; Visel et al. 2006; Conti et al. 2007).

In TC neurons, increments in intracellular cAMP levels
induced either by applying cAMP directly or incubation
with forskolin, as well as stimulation of membrane recep-
tors, enhanced hyperpolarization-activated inward currents
(I)), increased L- and N-type Ca" currents, and reduced Ca*'-
activated K currents (Biella et al. 2001; Meuth et al. 2002,
2006; Frére and Liithi 2004). It has been demonstrated that the
cAMP-dependent enhancement of I, in the thalamus contrib-
utes to the control of rhythmic network activities related to
sleep and epilepsy (Bal and McCormick 1996; Liithi and
McCormick 1999; Kanyshkova et al. 2009). Moreover, two
independent genetic rat models of absence epilepsy (AE)
revealed that abnormal regulation of I}, accompanies the path-
ogenesis in that there is a reduction in responsiveness to
cAMP associated with a selective increase in the expression
of a channel isoform (hyperpolarization-activated and cyclic
nucleotide-gated cation channel-1, HCNI) that carries a
cAMP-insensitive I, in TC neurons (Budde et al. 2005; Kuisle
et al. 2006; Kanyshkova et al. 2011). Application of the
phosphodiesterase inhibitor IBMX blocks cAMP degradation
and promotes the accumulation of basal cAMP. In epileptic
control rats (August-Copenhagen Irish, ACI), but not in epi-
leptic WAG/Rij, basal AC activity was sufficient to operate
the molecular switch between the burst mode of sleep and
epilepsy to the tonic relay mode (Budde et al. 2005). A
number of studies indicated that environmental influences
and antiepileptic drug application during an early postnatal
period before P21 influences the occurrence of AE in later life
(Schridde et al. 2006; Blumenfeld et al. 2008). This is exactly
the postnatal age where altered HCN channel expression
and cAMP sensitivity of I;, has been shown in WAG/Rjj
(Budde et al. 2005; Kuisle et al. 2006).

Based on these findings, we hypothesize that there are
differences in AC gene and protein expression as well as in
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AC enzymatic activity that contribute to the epileptic phe-
notype. Therefore, we compared data from the epileptic
WAG/R]j strain to results derived from its corresponding
control strain ACI for which no or only a few epileptic
seizures are shown in the EEG (Inoue et al. 1990; Depaulis
and van Luijtelaar 2006) and which are shown to be a
reasonable control group (Budde et al. 2005; Broicher et
al. 2007a, b, 2008; Kanyshkova et al. 2011). We have
addressed AC signaling by combining quantitative real time
(RT)-PCR, western blotting and determination of AC enzy-
matic activity. In order to account for the critical early
postnatal period, we collected data at different developmen-
tal stages from the dorsal lateral geniculate nucleus (ALGN),
a well-explored and prototypical specific thalamic nucleus.
Results from the non-epileptic ACI control strain were com-
pared to epileptic WAG/Rij rats to uncover AC-related
mechanisms that might contribute to epilepsy-relevant,
pathophysiological processes.

Experimental Procedures

All experimental procedures were carried out in accor-
dance with the local authorities (review board institution:
Landesamt fiir Natur, Umwelt und Verbraucherschutz
Nordrhein-Westfalen; approval ID: 8.87-51.05.2010.117,
8.87-51.04.2010.A322).

Quantitative RT-PCR

Quantitative RT-PCR analysis was performed using dLGN
from rats at different postnatal ages. Samples were collected
using the laser capture technique (Zeiss/Palm Microlmag-
ing). Total RNA was isolated using the RNeasy Micro Kit
(Qiagen) and transcribed into cDNA using random primers
(Fermentas) and the Sensiscript RT Kit (Qiagen). The hy-
bridization primer/probe assays for RT-PCR detection were
purchased from Applied Biosystems. As an internal stan-
dard, expression levels of 18 S rRNA were determined. The
following intron spanning targets/constructs were used: AC-
1, custom-assay for GenBank ID: NC 005113.2; AC-3,
Rn00590729 ml; AC-8, Rn00691148 m1l; and eukaryotic
18 S rRNA, 4319413E. Multiplex RT-PCR was performed
using Quantitect Multiplex PCR Kit (Qiagen) and the ABI
Prism 7000 Sequence Detection System (Applied Biosys-
tems). The PCR program was set up for 15 min, 95 °C; 50x
(1 min, 95 °C, 1 min, 60 °C). Results were analyzed with the
ABI Prism 7000 SDS software. The primer efficiencies were
nearly identical. C, values for each sample were determined
three times and included in the study with a standard error
<0.16. Quantification was done using the A C, or AAC;
method (Broicher et al. 2008). A minimum of n=3 out of
three individual animals was generated per group. The
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results were compared with Prism (GraphPad) using a two-
way ANOVA.

Western Blotting

Extracts from dLGN of rats were prepared. A total amount
of 2.5-5 g of protein per lane were separated on 10 % SDS
polyacrylamide gels and blotted onto nitrocellulose mem-
branes. Unspecific binding sites were blocked with 5 % low-
fat dry milk in PBS for 1 h at RT and then membranes were
incubated overnight at 4 °C with either rabbit anti-AC-1
antibodies (1:500, Acris antibodies) or goat anti-AC-
8 (1:150, Santa Cruz Biotechnology). As a loading control,
[3-actin (1:4,000; Abcam) was stained. Primary antibodies
were detected with appropriate horseradish peroxidase-
conjugated secondary antibodies (1:1,500-2,000; DAKO).
Chemiluminescence was developed using the ECLplus kit
(Amersham Biosciences). For analysis, Quantity One soft-
ware (BioRad) was used. Statistical analysis was done with
OriginPro8G (OriginLab) or Prism (GraphPad) using an
unpaired Student 7 test for parametrically distributed data
sets and Mann—Whitney test for non-parametrically distrib-
uted data sets.

Determination of cAMP Level in Tissue Samples

dLGN samples were prepared from freshly dissected coro-
nal sections. Tissue was incubated in an oxygenated salt
solution (in millimolars: NaCl, 125; KCl, 2.5; NaH,POy,,
1.25; HEPES, 30; glucose, 10; CaCl,, 2; MgCl,, 1; and
IBMX, 0.05) for 2 h. For AC activation, 50 uM of the
water-soluble forskolin derivative NKH477 and for AC
inhibiton, 200 uM SQ22536 was added to the incubation
solution, respectively. Thereafter, sample preparation and
cAMP level detection were done according to the protocol
described in Kanyshkova et al. (2009). Statistical analysis
was done with OriginPro8G (OriginLab) or Prism (Graph-
Pad) using an unpaired Student ¢ test for parametrically
distributed data sets and Mann—Whitney test for non-
parametrically distributed data sets.

Results
Quantification of AC Genes Transcription Levels

Since it has been suggested that Ca”*-regulated ACs play an
important role for the control of thalamic activity patterns
(Bal and McCormick 1996; Liithi and McCormick 1999;
Kanyshkova et al. 2009), the expression profile of Ca®/
CaM-activated ACs (AC-1, AC-3, and AC-8) were analyzed
in a well-explored and prototypical specific thalamic nucle-
us (dLGN) of ACI and WAG/Rij rats by means of

quantitative RT-PCR. We analyzed AC expression at differ-
ent developmental stages (P7-10, P21, P84) and calculated
AC, values (Fig. 1a; note that low/high AC, values indicate
high/low gene expression levels).

Early postnatal (P7-10) AC-1 gene expression showed
the highest transcription level compared to AC-3 and AC-8.
At this stage, there were no significant differences for the
three subtypes between the two rat strains (Fig. 1a). At P21,
a striking down-regulation of AC-1 and AC-8 was detected
for epileptic WAG/Rij rats (p<0.001). At adult stages (P84),
these significant differences disappeared, and the expression
levels of AC-1, AC-3, and AC-8 did not differ between the
strains. This data set indicated a critical phase at P21 since
two out of three Ca®"/CaM-sensitive isoforms had a reduced
expression level in WAG/Rjj at this developmental stage. To
further investigate this time point and to assess the involve-
ment of ACs in the pathophysiology of AE, AC gene
expression was also quantified in two other thalamic and
one cortical region: ventrobasal thalamic complex (VB),
nucleus reticularis thalami (NRT), and primary somatosen-
sory cortex (S1). In aspect of AE, these regions are of great
interest since previous studies indicated a major contribution
to the initiation and propagation of spike—wave discharges
typical in AE (Meeren et al. 2002; Pinault and O’Brien
2005; Steriade 2005). The data revealed no significant dif-
ference between the strains for the tested AC isoforms
(Fig. 1b). For calculation of C; values, the threshold (dashed
line) was automatically set to the exponential phase of target
amplification (Fig. 1c).

In general, the AC-1 isoform was found to be the most
prominent one in all tested brain regions of both ACI and
WAG/RIj rats. At pre-epileptic ages (P21), the mRNA ex-
pression levels of two Ca®'-regulated AC isoforms were
higher in the dLGN of non-epileptic compared to epileptic
rats. Analysis of AE-associated brain regions in thalamus
and cortex did not reveal striking differences between epilep-
tic WAG/Rij and their corresponding controls. Therefore, the
following experiments focused on dLGN, in order to assess
differences in AC protein expression and enzymatic activity.

AC-1 and AC-8 Protein Expression in dLGN of ACI
and WAG/Rjj

As AC-1 and AC-8 have been suggested to represent the
only AC isoforms stimulated by Ca®"/CaM in vivo (Visel et
al. 2006), we determined protein expression levels of the
two isoforms by means of semi-quantitative western blot-
ting. dLGN tissues at different developmental stages (P7—
10, P21, and P84) were analyzed by using (3-actin as house-
keeping protein (n=3/group). For AC-1 of ACI rats, the
analysis of the average intensity of protein bands revealed
an AC-1/f3-actin ratio >1, which was accompanied by a
steady decrease of AC-1 expression until adulthood. AC-1
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Fig. 1 Developmental
expression of different AC
genes in distinct brain tissue of
non-epileptic controls (ACI)
and epileptic WAG/Rjj rats
revealed by quantitative RT-
PCR. a, b Expression profiles
of the Ca**/CaM-stimulated
isoforms AC-1, AC-3, and AC-
8 in dLGN at P7-10, P21, and 124
P84 (a) and in VB, NRT, and S1

at P21 (b) are shown. AC; cor-

responds to the difference in

threshold cycles for target and

reference (18 S rRNA). Note

that low AC; values indicate b
high gene expression levels and
vice versa. Significant differen-
ces between strains are marked.
dLGN lateral geniculate nucle-
us, VB ventrobasal thalamic
complex, NRT nucleus reticula-
ris thalami, S7 primary somato-
sensory cortex. Analysis was
performed using two-way
ANOVA; triple asterisks indi- 10-
cate p<0.001). ¢ Example of a

quantitative RT-PCR experi-
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expression in WAG/Rij rats was comparable to that in ACI,
displaying a maximum at P21 (Fig. 2a). The AC-8/(3-actin
ratios of dLGN from both rat strains were low (<1) at P7-10
and P21, and showed a clear nominal increase at adult stages
(Fig. 2b).

These findings support mRNA data that identified AC-1 as
the prominent isoform in dLGN neurons in the two rat strains.
However, no significant differences in protein expression
were found between epileptic and non-epileptic animals.

Detection of cAMP Levels in Brain Tissue

Next, we assessed the basal, SQ22536-inhibited and
NKH477-stimulated AC activities in dLGN at P7-10, P21,
and P84 (n=7-8/group). Basal cAMP concentrations were
highest at P7-10 and strongly decreased in older animals,
with no significant differences between rat strains. Blockade
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20 30 40 50
PCR cycle

of AC activity by SQ22536 (200 uM) and resulting decrease
in cAMP levels had only a nominal effect in dLGN from
ACI at P7-10. Furthermore, the forskolin derivative
NKH477 (50 uM) induced a significant increase in cAMP
levels at P21 and P84 in ACI (p<0.01; Fig. 3a top) and at all
developmental stages in WAG/Rij (p<0.05; Fig. 3a bottom).
The NKH477 effect revealed an intriguing developmental
pattern with high enzymatic AC activity at P7—10 and P84
and a clear minimum at P21. The nominally stronger
NKH477-stimulation in ACI did not reach statistical signif-
icance. This data points to a developmental down-regulation
of rather low basal AC activity and an enormous enzymatic
reserve that can be activated. At P21 the percental increase
of cAMP based on NKH477 application also revealed this
large, up to sevenfold boost of cAMP production in dLGN
from three weeks old animals (Fig. 3b). Although NKH477
strongly stimulated AC activity in tissue of both strains,
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Fig. 2 AC expression in a b
thalamic dLGN. a, b Western " "
. . ACI WAG/RIi ACI WAG/Ri
blot analysis of isoforms AC-1 /Ril /Ri
and AC-8. Specific antibodies P4A® 93 geh A0 93 ook P 449 73 8% 140 93 oob
were used for AC-1 (a) and — 121 kD — 184 KD
~ ~ AC4 & - e AC -8 ~
AC-8 (b) protein detection. — 85kD — 121 kD
Protein bands were detected at — 85kD
the calculated size of 108 and actin
139 kDa for AC-1 and AC-8, ) 8- - 41kD
. B-actin w— = — 41KD
respectively
41 4 -
Il ACI
£ I WAG/Rij £
S 37 S 37
Y Y
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S 3 2
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1 14
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samples from non-epileptic rats showed only a nominally
stronger cAMP production.

Discussion

The present study was undertaken to assess the expression
and activity of different AC isoforms in the thalamus of

epileptic WAG/Rij and non-epileptic ACI rats. The results
can be summarized as follows: (1) AC-1, AC-3, and AC-
8 are expressed in thalamic dLGN, VB, and NRT as well as
in cortical S1. (2) In all tested brain regions, the isoform
AC-1 displayed the highest expression at mRNA level. (3)
Basal AC activity was seemingly low, as was indicated by
the insignificant effect of AC inhibition on cAMP levels.
However, cAMP production was massively enhanced by

Fig. 3 AC enzymatic activity. a b
a Basal, SQ22536-inhibited, 100+ . 1000 -
and NKH477-stimulated AC £ ACI Il ACl
activities in dLGN of ACI (fop) 2 1 *k ok [] WAG/Rij
.. o ok ok -

and WAG/Rjj rats (bottom). b 5 10; L —_—
Direct comparison of percent- o Rkl 2
age increase in cAMP levels € ]
after NKH477 stimulation of o 15 s 500 1
AC activities in dLGN at P21. = °
Single, double, and triple aster- ﬁ 0.1 £
isks indicate p<0.5, p<0.01, o '
and p<0.001, respectively S
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NKH477 stimulation. (4) Strikingly, there were highly sig-
nificant differences in AC-1 and AC-8 mRNA expression
between the two rat strains in dLGN at P21. However, no
differences were found for protein expression as well as
enzymatic activity. Although differences in the complex
subcellular cAMP signaling cannot be excluded, the data
presented here indicate that differences in AC expression
and activity per se may have only limited impact on the
epileptic phenotype of WAG/Rjj rats.

ACs in the Thalamus

Previous studies indicated that the strongest changes in AC
mRNA expression pattern occur between P7 and P14 in
rodent thalamus and thereafter rapidly approach adult levels
(Matsuoka et al. 1997; Thnatovych et al. 2002; Visel et al.
2006). It has therefore been suggested that thalamic ACs
develop their final functionality in the early postnatal stage.
One major isoform, namely AC-1, shows an expression
peak at P10 followed by a gradual decrease to adult
levels. AC-2 represents another major brain isoform that
shows moderate changes in expression pattern throughout
development but seems to have low expression in dLGN.
The isoforms AC-5, AC-6, and AC-8 show moderate to
weak expression at P7 and the adult stage, respectively.
Furthermore, AC-4 does not seem to be expressed in neurons
(Visel et al. 2006). Taken together, data from literature as well
as findings presented herein point to a dominant function of
AC-1 in the thalamus. It should be noted that immunoblotting
revealed a hyperbolic increase in protein expression of several
AC isoforms in thalamic tissue, indicating that measurements
of mRNA levels and AC activity seem to dissociate (Ihnatovych
et al. 2002). The reason for this remains as yet unresolved.
Nevertheless, mRNA and protein expression data in this study
also lacked high correlation.

The results of the present study demonstrate a complex AC
expression pattern in dLGN and are generally in line with the
findings described above: (1) AC-1 is the dominant isoform in
both rat strains. While AC-1, AC-3, and AC-8 gene expres-
sion of young (P7-10) and adult rats (P84) revealed no differ-
ences between epileptic WAG/Rij and their non-epileptic
controls, AC-1 and AC-8 showed a peculiar expression min-
imum at P21 in WAG/Rij. Co-expression of three genes (AC-
1, AC-3, and AC-8) of the same group (Ca>*/CaM-regulated
ACs) in dLGN, suggests functional redundancy. This supports
a scenario for cAMP signaling that depends on the combined
action of multiple AC isoforms. (2) The results from cAMP
assaying presented here correlate with previous findings by
demonstrating highest levels at P7—10. Although mRNA data
indicate reduced expression of AC-1 and AC-8 in epileptic
WAG/RIj, there were no significant differences found for
isoform-specific western blot analysis as well as for isoform-
unspecific AC enzymatic activity.
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Functional Aspects of AC Expression

The data described here point to a predominant role of AC-1
among Ca®"/CaM-sensitive isoforms. All AC isoforms are
activated by Gog in vitro (Defer et al. 2000), with AC-1
being most easily stimulated (Harry et al. 1997). From in
vivo studies, there is some evidence that AC-1 and AC-8 are
insensitive to G, stimulation alone (Wayman et al. 1994).
As such especially AC isoforms of the Ca**/CaM-stimulated
subgroup were found to act as coincidence detectors in sig-
naling cascades of associative learning and memory. Being a
highly conserved mechanism, homologous AC isoforms, like
the rutabaga AC in the invertebrate Drosophila melanogaster
(Roman and Davis 2001) up to the mammalian AC-1 in
rodents (Conti et al. 2007), can couple Ca®" and neurotrans-
mitter signals to generate optimal intracellular cAMP levels
that convey the integrated signal inside the cell. However,
there is massive AC stimulation during synergistic activation
by Go, and Ca?" which is also true for AC-1 in thalamic relay
neurons that are depolarized and at the same time have neuro-
transmitters bound to their membrane receptors. This situation
is given when tonic firing is elicited in TC neurons during
release of noradrenaline by the ascending reticular activating
system. Moreover, typical Gog-coupled receptors, like 5-
HT;4, activate AC-1 and AC-8 by increasing the intracellular
Ca*" concentration in hypothalamic neurons (Baker et al.
1998). A similar Gag-dependent elevation of the intracellular
Ca®" concentration might occur in TC neurons. These types of
co-incidence detection may be of relevance for the develop-
ment of retinal projections (Nicol et al. 2006).

Conclusion

One aspect of the present study was to assess the possible
involvement of ACs in the pathogenesis of AE. So far, only
little is known about a possible malfunction of these
enzymes in the development of epileptic activity. Neverthe-
less, as being part of the (-adrenergic/cyclic AMP/PKA
pathway, ACs act as central players in intracellular signaling
cascades in which they detect and integrate numerous sig-
nals. Former studies in TC neurons of epileptic WAG/Rij
rats provided first hints that the endogenous cAMP synthe-
sis is not sufficient to induce the switch between burst and
tonic firing, whereas cAMP application did so (Budde et al.
2005). Data presented herein show a complex regulation of
AC gene and protein expression throughout the develop-
ment of the epileptic WAG/Rij rats as well as the non-
epileptic ACI strain. However, at P21, significant differ-
ences in gene expression could be found in comparison of
the two strains (see Fig. 1). Enhanced Ca®" influx through T-
type Ca®>" channels has been implicated in augmented tran-
scription factor activity in mouse models of spike-wave
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discharges (Ishige et al. 2001), and therefore it was proposed
that these alterations in gene expression could affect AC
gene transcription levels as well (Kuisle et al. 2006). How-
ever, data presented herein revealed only nominal lower AC
activity in WAG/Rjj rats. Taken together, our findings ap-
prove that AC functioning and thereby cAMP production
does not contribute to the absence epileptic phenotype in
WAG/RIj rats.
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