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Summary

Purpose—The adenosinergic system is known to exert an inhibitory affect in the brain and as
such adenosine has been considered an endogenous anticonvulsant. Entorhinal cortex (EC) layer Il
neurons, which serve as the primary input to the hippocampus, are spared in temporal lobe
epilepsy (TLE) and become hyperexcitable. Since these neurons also express adenaosine receptors,
the activity of these neurons may be controlled by adenosine, specifically during seizure activity
when adenosine levels are thought to rise. In light of this, we determined if the actions of
adenosine on medial EC (mEC) layer |1 stellate neurons are augmented in TLE and by which
receptor subtype.

Methods—Horizontal brain slices were prepared from rats exhibiting spontaneous seizures
(TLE) induced by electrical stimulation and compared with age matched control rats. mEC layer Il
stellate neurons were visually identified and action potentials (AP) evoked by either a series of
depolarizing current injection steps or via presynaptic stimulation of mEC deep layers. The effects
of adenosine were compared with actions of adenosine A1 and A receptor-specific agonists
(CPA and CGS 21680) and antagonists (DPCPX and ZM241385) respectively.
Immunohistochemical and gPCR techniques were also employed to assess relative adenosine A
receptor message and expression.

Key Findings—mEC layer 1l stellate neurons were hyper-excitable in TLE, evoking a higher
frequency of AP's when depolarized and generating bursts of AP's when synaptically stimulated.
Adenosine reduced AP frequency and synaptically evoked AP's in a dose dependent manner (500
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nM - 100 uM); however, in TLE, the inhibitory actions of adenosine occurred at concentrations
that were without affect in control neurons. In both cases, the inhibitory actions of adenosine were
mediated via activation of the A1 and not the A receptor subtype. gPCR and
immunohistochemical experiments revealed an up-regulation of the adenosine A; MRNA and an
increase in A4 receptor staining in TLE neurons compared to control.

Significance—Our data indicates the actions of adenosine on mEC layer |1 stellate neurons is
accentuated in TLE due to an up-regulation of adenosine A receptors. Since adenosine levels are
thought to rise during seizure activity, activation of adenosine A4 receptors could provide a
possible endogenous mechanism to suppress seizure activity and spread within the temporal lobe.
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Introduction

Temporal lobe epilepsy is a common form of adult epilepsy that involves structures of the
limbic system, including the entorhinal cortex (EC). The EC is a six-layered structure that
assimilates information from the parahippocampus, prefrontal cortex, and frontal cortex
(Apergis-Schoute et al., 2006). Stellate neurons from layer Il of the EC provide the major
input into the dentate gyrus (DG) via the perforant path (PP) (Steward, 1976), making the
EC a central doorway between the cortex and the hippocampus (Witter, 1993; Burwell,
2000). The EC has been implicated in the development of temporal lobe seizures in rodent
models (Heinemann et al., 1993; Jones et al., 1992), and in the propagation of seizures in
human patients with temporal lobe epilepsy (TLE, Spencer & Spencer, 1994). MRI studies
in humans revealed a decreased volume of the EC in patients suffering from TLE (Jutila et
al., 2001; Bartolomei et al., 2005), due to a preferential loss of layer I11 neurons (Du et al.,
1993). Superficial layer Il neurons remain relatively well spared in TLE and become
hyperexcitable (Bear et al., 1996). A number of mechanisms have been proposed for this
hyper-excitability including a reduction in inhibitory input (Kobayashi & Buckmaster, 2003)
and pro-excitatory alterations in sodium channel gating parameters (Hargus et al., 2011).

Activation of the adenosinergic system by adenosine is known to exert depressant effects on
neuronal transmission within the brain (Moore et al., 2003; Dunwiddie & Haas, 1985;
Hargus et al., 2009). Four adenosine receptors have been identified to date (A1, Apa, Agg,
and A3), however, within the CNS, adenosine A; and Ay, receptors are most widely
expressed and it is the A; subtype that has been primarily implicated in neuroprotection
(Wardas, 2002). Binding of adenosine to the A; receptor leads to activation of an inhibitory
G protein (Gj), causing hyperpolarization of the postsynaptic neuron via opening of
outwardly rectifying K* channels (Trussell & Jackson, 1985) and reduced transmitter release
in pre-synaptic neurons by inhibiting Ca2* entry via Ca,2 channels at the synapse (Scholz &
Miller, 1991).

In view of adenosine's inhibitory mode of action, it is not surprising that adenosine is
considered the brain's endogenous anticonvulsant (Siggins & Schubert, 1981; Dunwiddie &
Hoffer, 1980; Dragunow, 1986). Adenosine levels rise during epileptic seizures in both
animal models of epilepsy and human patients (Berman et al., 2000; During & Spencer,
1992; Daval & Werck, 1991). Delivery of adenosine and adenosine agonists to specific brain
loci in animal models of epilepsy leads to a reduction in seizure activity (De Sarro et al.,
1999 ;Boison, 2005; Dunwiddie & Worth, 1982) while application of adenosine antagonists
increases the frequency and severity of seizures (Dunwiddie & Hoffer, 1980; Mohammad-
Zadeh et al., 2005; Mohammad-Zadeh et al., 2007). EC neurons have been shown to express
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adenosine receptors (Rivkees et al., 1995) and activation of adenosine A; receptors has been
shown to modulate layer 11 stellate neuron excitability (Li et al., 2010), however, it is
unclear if in epileptic neurons the modulation of neuronal excitability by adenosine is
altered. In the present study, we determined the actions of adenosine on meC layer Il
hyperexcitability using a rat model of spontaneous temporal lobe seizures. We report here
that adenosine’s inhibitory actions were accentuated in TLE neurons compared with control
and were mediated via activation of the A; receptor. Since we also detected an increase in
Aj receptor mRNA and increased immunostaining for the A, receptor in TLE neurons
compared to control neurons, it is likely that these enhanced actions of adenosine in TLE
were, in part, due to increased expression of adenosine A; receptors. The ability of
adenosine to exert a greater inhibitory affect on TLE neurons could serve as an important
compensatory mechanism by which the hyperexcitability of neurons in TLE is modulated.

METHODS

TLE model preparation

All animal experiments were conducted in accordance with the guidelines established by the
National Institutes of Health guide for the Care and Use of Laboratory Animals and were
approved by the University of Virginia's Institute of Animal Care and Use Committee. Adult
male Sprague-Dawley rats were implanted with a pair of stainless steel electrodes
unilaterally to the left hemisphere. One week following surgery, rats were stimulated
through the electrode to induce limbic status epilepticus (SE). At least two months after the
induction of SE, animals were evaluated for the presence of spontaneous temporal lobe
seizures, as the seizure pattern and frequency typically stabilizes by this time (Bertram &
Cornett, 1993). Details regarding electrode implantation, stimulation and seizure monitoring
are listed in Supplementary Data S1.

Entorhinal cortex slice preparation

Horizontal brain slices (300 uM) were prepared from Sprague Dawley rats (250-400 grams)
with TLE or aged matched controls. Animals were euthanized with isoflurane, decapitated,
and their brains were rapidly removed and submerged in ice cold artificial cerebral spinal
fluid (ACSF) containing (in mM): 125 NacCl, 2.5 KCI, 1.25 NaH,POy, 2 CaCl,, 1 MgCl,,
0.5 L-ascorbic acid, 2 pyruvate, 10 glucose, and 25 NaHCO3 (oxygenated with 95% O, and
5% CO»). Slices were prepared using a Vibratome (Vibratome 1000 Plus), transferred to a
chamber containing oxygenated ACSF, incubated at 37° C for 35 min, and then stored at
room temperature. For recordings, slices were held in a small chamber superfused with
heated (32°C) oxygenated ACSF at 3 mL/min. For electrophysiology experiments, mEC
layer 11 stellate neurons were visually identified by infra-red video microscopy (Hamamatsu,
Shizouka, Japan) using a Zeiss Axioscope microscope (Zeiss, Oberkochen, Germany).
Whole-cell current clamp recordings were performed using an Axopatch 700B amplifier
(Molecular Devices) using pPCLAMP 10 software (Molecular Devices) and a Digidata
1322A (Molecular Devices). Electrodes were fabricated from borosilicate glass using a
Brown-Flaming puller (model P97, Sutter Instruments Co). Electrodes (3.0 — 3.5 MQ) were
filled with (in mM): 120 Kgluconate, 10 NaCl, 2 MgCl,, 0.5 K,EGTA, 10 HEPES, 4
Na,ATP, 0.3 NaGTP (pH adjusted to 7.2 with KOH). APs were evoked using current
injection steps from -20 pA to 470 pA in 10 pA steps for 300 ms at 5 sec inter-pulse
intervals. AP analysis details are listed in supplementary data S2. APs were also evoked
using a stimulating electrode (WPI, Sarasota, FL, USA) placed in layer 111 of the mEC. A
400 ps stimulus of varying current amplitude (1 to 3.2 mA) was applied every 15 sec via a
digital stimulator (Digitimer Ltd, Hertfordshire, UK). In order to consistently evoke APs the
stimulus amplitude was increased 1.5 times from threshold.
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gPCR experiments

gPCR experiments were carried out from three control rats and three TLE rats. Details
regarding the procedure can be found in supplementary data (Data S3).

Immunohistochemistry experiments

Drugs

Confocal images were captured of mEC layer Il using rabbit anti-adenosine A1R (1:200,
Chemicon) and anti-NeuN (1:500, Millipore). Details regarding the procedure can be found
in supplementary data (Data S4).

Adenosine, Nb-cyclopentyl-adenosine (CPA), 8-cyclopentyl-1,3-dipropylxanthine
(DPCPX), CGS-21680 hydrochloride, ZM 241385, and adenosine deaminase (ADA) were
obtained from Sigma Aldrich (St. Louis, MO, USA) and prepared as 1000 x stock solutions
in DMSO. Drugs were then diluted to working concentrations directly preceding
experiments. DMSO concentration did not exceed 0.02%.

Data Analysis

RESULTS

Data represent means + standard error of the mean (S.E.M). Statistical significance was
determined using a Student's t-test (unpaired) or a standard one way ANOVA followed by
Tukey's or Dunn's post hoc test for parametric data or the Rank Sum test for non-parametric
data (SigmaStat, Jandel).

Medial EC layer Il neurons are hyperexcitable In TLE

mEC layer |1 stellate neurons were identified based upon their location within the mgC,
their distinct “star like” morphology and their characteristic action potential (AP) waveform
(Hargus et al., 2011; Alonso & Klink, 1993). Consistent with previous findings (Hargus et
al., 2011), mEC layer 11 stellate neurons in our rat model of chronic TLE were significantly
hyperexcitable (Figure 1). AP firing frequencies were increased from 25.6 + 0.9 Hz (n = 15)
in control to 31.1 + 1.1 Hz (n = 18, P < 0.05) in TLE when compared at a current injection
step of 470 pA (Figure 1C & D). Analysis of AP properties revealed that TLE neurons also
had significantly depolarized resting membrane potentials (RMP), hyperpolarized AP
thresholds, increased input resistances, and increased AP upstroke velocities as compared to
controls (Table 1).

Suppression of AP firing by adenosine is enhanced in TLE

Bath application of adenosine (500 nM, 1 uM, and 10 uM) had little effect on AP frequency
in control neurons (Figure 1A, C & E). AP firing frequencies at a current injection step of
470 pA were reduced by 2.4 +2.4% (n=6),5.8+2.6 % (n=6),and 6.7 £2.8 % (n =5)
after bath application of 500 nM, 1 uM, and 10 uM adenosine, respectively (Figure 1E).
Only at a concentration of 100 uM adenosine were AP firing frequencies significantly
decreased in control neurons by 10.4 + 3.3 % (n = 10, P < 0.05). Adenosine did significantly
hyperpolarize the RMP of control neurons in a dose-dependent manner (Figure 1F).

In contrast, the inhibitory actions of adenosine on current injection evoked AP discharge
frequency were more pronounced in TLE neurons; significantly reducing AP discharge
frequency at all concentrations tested when compared to control neurons (Figure 1E).
Analysis of AP firing frequencies at a current injection step of 470 pA revealed dose
dependent reductions by 12.6 £ 2.5 % (500nM; n=4),18.1 5.7 % (1 uM; n = 4), 25.8
+3.3% (10 uM; n =11, P < 0.01 ) and 53.5 £ 13.4 % (100 uM; n =5, P < 0.01, Figure 1B,
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D, E). As with control neurons, adenosine also hyperpolarized the resting membrane
potential to values similar to those recorded in control except at a concentration of 100 pM
where the effects on TLE neurons were significantly greater (Figure 1F).

Endogenous levels of adenosine have been reported in brain slice preparation (Dunwiddie &
Diao, 2000). To reduce endogenous adenosine levels, slices were incubated for 10 mins with
adenosine deaminase (ADA), the enzyme responsible for the breakdown of adenosine. ADA
incubation (10 or 20 mg/mL) had no significant effect on membrane properties or AP
discharge frequency in meC layer Il stellate neurons from control tissue (n = 4) or from our
model of TLE (n = 4, data not shown), suggesting that endogenous adenosine within the
slice were not influencing the actions of exogenously applied adenosine.

Adenosine inhibition of synaptically stimulated APs is enhanced in TLE—DBrief
stimulation of mEC layer 111 evoked depolarizing potentials that produced a single AP in
control mEC layer II stellate neurons (Figure 2B). In contrast, stimulation evoked
depolarizing events in TLE neurons had larger depolarizing amplitudes and longer durations
that were associated with AP bursts of 3.0 £ 0.22 APs (n = 18; P < 0.001 compared with
control; Figure 2A). Bath application of 500 nM, 1 uM and 10 uM adenosine had little effect
on synaptically evoked responses in control neurons and only at a higher concentration of
100 uM adenosine was the evoked AP abolished (in 11 of 12 neurons tested; P < 0.01;
Figure 2B, C). Again, TLE neurons were more sensitive to the actions of adenosine and
caused significant reductions in the number of APs evoked by synaptic stimulation (Figure
2A & C). Again, application of ADA (10 and 20 mg/mL) had no effect on presynaptic
stimulation evoked APs recorded in mEC layer Il stellate neurons from control tissue (n = 3)
or in TLE (n = 3; data not shown), indicating that endogenous adenosine was not affecting
either evoked AP activity or influencing the actions of exogenously applied adenosine.

Inhibition of membrane excitability by adenosine is mediated via activation of
the A, receptor—The modulatory effects of adenosine within the CNS and hippocampus
have been shown to involve interactions with predominantly the A and A receptor
subtypes (Dunwiddie & Masino, 2001;Rebola et al., 2005). In order to determine the
adenosine receptor subtype responsible for the actions of adenosine on meC layer 11 stellate
neurons, adenosine A1 and Ay receptor agonists and antagonists were tested. In a similar
manner to adenosine, the A receptor agonist Né-cyclopentyl-adenosine (CPA) elicited
minimal effects on AP discharge frequency in mEC layer Il stellate control neurons.
Concentrations of 10, 100, and 200 nM CPA reduced AP discharge frequency by 4.4 + 3.0
% (n=7),3.3£3.3% (n=23),and 8.7 + 5.6 % (n = 6, Figure 3A, C), respectively at a
current injection step of 470 pA. In contrast, CPA had a pronounced effect in TLE neurons
with concentrations of 10, 100, and 200 nM CPA significantly reducing AP frequency by
13.0£59% (n=4,P<0.05),20.8+65% (n=3,P<0.05),and44.3+13% (n=3,P<
0.001), respectively (Figure 3B, C).

Synaptically evoked APs were also sensitive to the A receptor agonist CPA. In control
neurons, 10 nM CPA had little effect on AP firing and only inhibited the AP in 4 of 6
neurons tested at a concentration of 200 nM CPA (Figure 3D; n = 6). In contrast, TLE
neurons were more sensitive to the actions of CPA (Figure 3D). Application of 10 nM CPA
reduced evoked AP frequency from 3 APs to a single AP in 2 of 3 neurons tested, 100 nM
CPA completely abolished the evoked APs in 2 neurons and reduced the number of APs
evoked from 3 to 1 in another neuron. All evoked APs were completely abolished at 200 nM
CPA (Figure 3D; n = 3, P < 0.01). The actions of adenosine and CPA were not reproduced
by bath application of the Aya receptor selective agonist CGS-21680 (1 uM; Figure 3E; n=
3) on either APs evoked by depolarizing current injections or synaptically evoked APs.

Epilepsia. Author manuscript; available in PMC 2013 January 1.
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To further confirm a role for the A; receptor in mediating the actions of adenosine, the A,
receptor antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) and the A, receptor
antagonist ZM-241385 were applied prior to and during application of adenosine (Figure
3F) in TLE neurons. In the presence of DPCPX (500 nM) the inhibitory effects of adenosine
(10 uM; n = 10) on synaptically evoked APs were abolished (n = 4). In contrast, the
inhibitory effects of adenosine were not affected by the A, receptor antagonist ZM-241385
(50 nM; n = 3).

Adenosine Aq receptor mRNA and immunostaining is increased in TLE—In
order to determine if the changes in the efficacy of adenosine in modulating neuronal
excitability were due to increases in adenosine receptor message or expression, gPCR for the
A1 receptor was performed on excised mEC layer |1 tissue from control and TLE brains.
When normalized to B-tubulin 111, there was a 378 £ 87% (n=9) increase in adenosine A1R
message in mEC layer Il in TLE tissue as compared to controls (P < 0.01; Figure 4A). To
determine if increases in MRNA were associated with increases in adenosine A receptor
expression levels, immunohistochemistry experiments were performed (Figure 4 B, C).
Staining of the A, receptor was intense around the peri-somatic region indicating membrane
expression (Figure 4B). In comparison to control, staining intensity of the Aq receptor was
increased approximately 1.6 fold in TLE tissue (P<0.001, Figure 4B, C). Staining intensities
for the neuronal marker NeuN and the nuclear marker DAPI were not significantly different
between control and TLE tissue, and NeuN was used to normalize A4 receptor staining.
Ratios of Aj/NeuN were increased from 0.71 £ 0.05 (n = 41) in control tissue to 1.17 + 0.09
(n=22,P <0.001) in TLE tissue. The increase in Ay receptor staining in TLE sections
indicate an up-regulation of the Al receptor in TLE and could be involved in mediating the
greater inhibitory actions of adenosine on membrane excitability in TLE neurons reported
here.

DISCUSSION

Medial entorhinal cortex layer Il stellate neurons comprise the main input to the
hippocampus via the perforant path, are spared in both humans with TLE and animal models
of TLE (Bear et al., 1996) and become hyperexcitable in TLE (Hargus et al., 2011). This
hyperexcitability is thought to lead to an increase in the excitatory drive into the DG and
hippocampus (Buckmaster & Dudek, 1997) contributing to seizure initiation and spread.
mEC layer Il neurons could, therefore, represent an important site at which endogenous
mechanisms to suppress the increased neuronal excitability are employed to prevent seizures
from initiating or reducing seizure severity once fully evoked (Hosseinmardi et al., 2007).
Here we report that adenosine can suppress the hyperexcitability of mEC layer |1 stellate
neurons observed in TLE, exhibiting inhibitory effects on membrane excitability at
concentrations that were ineffective in control neurons. These inhibitory events were
reproduced by the A4 selective agonist CPA and blocked by the A; selective antagonist
DPCPX. In contrast, the Ay selective agonist CCG-21680 had no affect on membrane
excitability and the actions of adenosine were not inhibited by the Ao selective antagonist
ZM-241385, indicating that the inhibitory actions of adenosine were mediated via the A;
receptor and not the Ao receptor. Furthermore, we report an increase in A; receptor mMRNA
levels and show increased somatic staining of the A; receptor in TLE compared to control,
indicating an acquired up-regulation of A; adenosine receptors in epilepsy. Increased A;
receptors in TLE could account for the accentuated actions of adenosine in TLE neurons
compared to control neurons. Nevertheless, we can not exclude the possibility that in
addition to the increase in A; receptor numbers, an enhancement of G-protein coupling to
the adenosine receptors to downstream effectors is also enhanced in TLE (Daval & Werck,
1991a). Importantly, these findings suggest that in an animal model of chronic limbic
epilepsy, adenosinergic control of mEC layer Il stellate neurons is enhanced and may,
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therefore, serve as an endogenous compensatory mechanism to suppress membrane
hyperexcitability, preventing seizure initiation or reducing seizure duration within the
temporal lobe.

Adenosine's anticonvulsant actions have been previously documented using a variety of
different animal models of seizures (Dunwiddie & Haas, 1985; Dunwiddie & Worth, 1982;
Boison et al., 1999). In support of our findings, these actions were shown to be primarily
mediated via activation of the A; receptor (Zeraati et al., 2006; Mohammad-Zadeh et al.,
2005; De Sarro et al., 1999). In contrast, activation of Ay, receptors were found to cause
mostly proconvulsant actions (Hosseinmardi et al., 2007; Zeraati et al., 2006), with a few
exceptions (De Sarro et al., 1999; Huber et al., 2002). One possibility for this discrepancy is
the partially loss or down regulation of adenosine A,a receptors as a result of seizures
previously reported following hippocampal kindling (Aden et al., 2004). Furthermore, since
Ao receptors have a lower affinity for adenosine than the A; receptors (Fredholm et al.,
2001) it is possible that Ao receptor activation is not achieved at concentrations of
adenosine applied in the different studies. Although entorhinal cortex neurons are thought to
express both Aq and Aoa receptors (Hosseinmardi et al., 2007; Rivkees et al., 1995; Lopes
et al., 2004) the use of an Ay agonist (CGS-21680) and antagonists (ZM -241385) at
concentrations sufficient to activate/antagonize the specific receptors in our study (Jarvis et
al., 1989; Poucher et al., 1995) had no effect on membrane excitability in either control or
TLE neurons.

Epileptic seizures are associated with an increase in adenosine levels in both animal models
of epilepsy (Berman et al., 2000) and in human patients (During & Spencer, 1992). An
increase in adenosine availability coupled with an increase in the receptor density would
further potentiate the inhibitory actions of adenosine. In human patients with TLE both
increases (Angelatou et al., 1993), and decreases (Glass et al., 1996) in A; receptor
expression have been reported in the temporal neocortex. In animal model studies, both
kindling (Rebola et al., 2003) and kainic-acid (Ekonomou et al., 2000) induced seizures
were associated with a decrease in adenosine A, receptor density within the rat
hippocampus, an another area associated with neuronal loss. Since A4 receptors are mostly
expressed on pyramidal neurons within the hippocampus, this discrepancy in A, receptor
density could be an influenced by the significant loss of pyramidal neurons within the
hippocampus in TLE (Engel, 1996). In contrast, mEC layer Il neurons are spared in both
animal models of TLE and humans (Bear et al., 1996; Du et al., 1993) and would, therefore,
retain their A, receptors. Here we report a nearly 3.8-fold increase in A; receptor mRNA
that was normalized to tubulin 111 to account for neuronal loss and a nearly 1.6-fold increase
in A1 receptor immunostaining suggesting a significant increase in A; receptor expression in
TLE.

In summary, we report here that adenosine has profound inhibitory effects on neuronal
excitability in mEC layer Il stellate neurons from TLE neurons compared to control neurons.
A potential mechanism for this enhanced inhibitory effect could be the up-regulation of
adenosine A, receptors in TLE, the receptor subtype primarily responsible for suppression
of neuronal activity. Since the EC is heavily implicated in the initiation and generation of
epileptic seizures, these studies provide a rationale for the selective targeting of adenosine
A1 receptors, through receptor agonists or allosteric enhancers (Pietra et al., 2010) as a new
treatment strategy for the treatment of temporal lobe epilepsy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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