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ABSTRACT 
 
/ÈÛÐÌÕÛÚɯÞÐÛÏɯ ÓáÏÌÐÔÌÙɀÚɯËÐÚÌÈÚÌɯȹ #ȺɯÏÈÝÌɯÐÕÊÙÌÈÚÌËɯÙÐÚÒɯÍÖÙɯÜÕ×ÙÖÝÖÒÌËɯÚÌÐáÜÙÌÚɯÈÕËɯÌ×ÐÓÌ×Úàȭɯ
Accumulated experimental evidence suggests that epilepsy in AD could be caused by amyloid-ϕɯ
ȹ ϕȺȭɯ 2ÌÐáÜÙÌÚɯ ÈÕËɯ ÚÜÉÊÓÐÕÐÊÈÓɯ Ì×ÐÓÌ×ÛÐÍÖÙÔɯ ÈÊÛÐÝÐÛàɯ ÊÖÕÛÙÐÉÜÛÌɯ ÛÖɯ ËÐÚÌÈÚÌɯ ×ÙÖÎÙÌÚÚÐÖÕɯ ÈÕËɯ
neurodegeneration, and may disturb cognitive functions.  Currently, patients with AD and epilepsy 
are treated the same way as epilepsy patients in general. However, AD is a challenge for treatment 
due to several factors: amyloid plaques, severe neurodegeneration, possible pathology of sodium 
channels in inhibitory interneurons, and reduced energy metabolism. So far, few studies have 
verified the effect of AEDs in AD patients and AD mouse models. The objective of this study was to 
increase our understanding of the mechanisms of epilepsy in AD and to investigate different 
treatment approaches against AD-related epilepsy using transgenic AD mouse models. 

In the first study, we tested the newly established APParc mouse model for suspected epilepsy 
phenotype. In the following studies, we investigated different treatment approaches against 
epilepsy in AD using the APPswe/PSEN1dE9 (APdE9) mouse model of AD with an established 
epilepsy phenotype. First, we investigated the effect of commonly used sodium channel blocking 
AEDs on seizures and epileptiform activity in APdE9 mice (II). Thereafter, we assessed long-lasting 
effects of valproic acid (VPA) on epileptiform activity anËɯ ÖÕɯ  ϕɯ ÓÌÝÌÓÚɯ ȹ(((Ⱥȭɯ  s an alternative 
treatment, we investigated the effect of the diet supplemented with pyruvate and beta-
hydroxybutyrate (BHB), energy sources alternative to glucose (IV). Our methods included 
continuous video-EEG monitoring ÊÖÔ×ÓÌÔÌÕÛÌËɯ ÞÐÛÏɯ $+(2 ɯ ÈÚÚÈàɯ ÍÖÙɯ  ϕɯ ÓÌÝÌÓÚȮɯ ÈÕËɯ
immunohistochemistry. 

We found that APParc mice have increased frequency of short (0.5 ɬ <1 s) spontaneous 
epileptiform discharges (EDs), and increased seizure susceptibility in the pentylenetetrazol test (I). 
Our results suggested that sodium channel blocking AEDs including phenytoin, carbamazepine 
and VPA, reduced the frequency of spontaneous EDs in APdE9 mice. EDs remained suppressed for 
one week after the discontinuation of a high-dose VPA treatment, but the effect disappeared one 
month after the treatment. The VPA treatment did not induce long-lasting changes in the levels of 
ÚÖÓÜÉÓÌɯ ÈÕËɯ ÐÕÚÖÓÜÉÓÌɯ ϕȭɯ ɯ 3ÏÌɯËÐÌÛɯ ÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯ×àÙÜÝÈÛÌɯ ÈÕËɯ!'!ɯ ÙÌËÜÊÌËɯ ÍÙÌØÜÌÕÊàɯÖÍɯ
EDs and epileptic spikes in APdE9 mice.  

To summarize, our study provides the first evaluation of epilepsy phenotype in the APParc 
mouse model of AD. Our results confirm that both sodium channels blocking AEDs and 
ÊÖÔ×ÌÕÚÈÛÐÖÕɯÍÖÙɯ ÙÌËÜÊÌËɯÕÌÜÙÖÕÈÓɯÌÕÌÙÎàɯÔÌÛÈÉÖÓÐÚÔɯÞÐÛÏɯËÐÌÛÈÙàɯ ÚÜ××ÓÌÔÌÕÛÈÛÐÖÕɯ ÙÌËÜÊÌɯ ϕ-
induced neuronal network hyperexcitability in APdE9 mice.  Compensation for reduced energy 
metabolism with pyruvate and BHB could be a promising treatment strategy against epilepsy in AD 
and deserve further investigation. 
  
National Library of Medicine Classification: WT 155, WD 205.5.A6, WL 385, QU 145.5, QU 500, QV 85, QY 
60.R6  Medical Subject Headings: Alzheimer Disease; Amyloid beta-Peptide; Amyloid beta-Protein Precursor; 
Amyloidosis; Carbamazepine; Disease Models, Epilepsy; Mice, Transgenic; Phenotype; Phenytoin; Pyruvic 
Acid; Sodium Channel Blockers; Sodium Channels; Valproic Acid; 3-Hydroxybutyric Acid 
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TIIVISTELMÄ 
 
Alzheimerin tautia (AT) sairastavilla on lisääntynyt riski saada sisäsyntyisiä 
kouristuskohtauksia ja epilepsia. Tähänastiset tutkimustulokset viittaavat siihen, että AT:iin 
liittyvä epilepsia voisi johtua aivoihin kertyvästä amyloidi-ÉÌÌÛÈÚÛÈɯȹ ϕȺȭɯ$×ÐÓÌ×ÛÐÚÌÛɯÒÖÏÛÈÜÒÚÌÛɯ
ja oireeton epileptinen purkaustoiminta vaikuttavat taudin etenemiseen ja siihen liittyviin 
hermosolujen rappeumamuutoksiin, ja lisäksi voivat haitata kognitiivisia toimintoja. Siksi ne 
tulee hoitaa asianmukaisesti. Tällä hetkellä epilepsiaa sairastavat AT-potilaat hoidetaan kuten 
epilepsiapotilaat yleensä. Kuitenkin AT:lla on omat hoidolliset erityshaasteensa, mihin 
vaikuttavat monet tekijät, kuten amyloidiplakit, hermoston rappeumamuutokset, mahdolliset 
välihermosolujen natriumkanavien muutokset ja aivojen heikentynyt energia-aineenvaihdunta. 
Epilepsialääkkeiden tehoa AT-potilailla ja taudin hiirimalleilla on tutkittu vähän. Tämän 
tutkimuksen tarkoituksena oli selvittää taudin siirtogeenisten hiirimallien avulla AT:iin 
liittyvän epilepsian mekanismeja sekä tutkia eri hoitovaihtoehtoja.  

Ensimmäinen osatyö selvitteli hiljattain kuvatun APParc mutaatiota kantavan hiirimallin 
mahdollista epileptistä oireilua. Seuraavissa osatöissä tutkimme AT:iin liittyvän epilepsian eri 
hoitovaihtoehtoja käyttämällä vakiintunutta APPswe/PSEN1dE9 (APdE9) hiirimallia. Ensiksi 
selvitimme tavallisimpien natriumkanavia salpaavien epilepsialääkkeiden tehoa APdE9 
hiirimallissa (II). Tämän jälkeen tutkimme, jatkuuko valproaatin (VPA) anti-epileptinen 
ÝÈÐÒÜÛÜÚɯ ÓååÒÒÌÌÕɯ ÓÖ×ÌÛÛÈÔÐÚÌÕɯ ÑåÓÒÌÌÕɯ ÑÈɯ ÖÕÒÖɯ ÚÐÓÓåɯ ÝÈÐÒÜÛÜÚÛÈɯ ÈÐÝÖÑÌÕɯ  ϕɯ ÛÈÚÖÐÏÐÕɯ ȹ(((Ⱥȭɯ
Lopuksi kokeilimme APdE9 hiirille lääkkeetöntä vaihtoehtoista hoitomuotoa, glukoosia 
korvaavien energianlähteiden, palorà×åÓÌÏÈ×ÖÕɯ ÑÈɯ ϕ-hydroksivoihapon, lisäämistä ravintoon 
(IV). Näissä tutkimuksissa käytimme jatkuvaa video-$$&ɯ ÚÌÜÙÈÕÛÈÈȮɯ  ϕɯÔååÙÐÛàÒÚÐåɯ $+(2 -
menetelmällä, sekä immunohistokemiaa. 

Havaitsimme, että APParc hiirillä esiintyi tavallista yleisemmin lyhyitä (0,5 ɬ 1 s) 
epileptistyyppisiä purkauksia (EP) ja alentunut kouristuskynnys pentyleenitetratsoli testissä (I). 
Tuloksemme viittaavat siihen, että natriumkanavia salpaavat epilepsialääkkeet fenytoiini, 
karbamatsepiini ja VPA vähentävät EP:ia APdE9 hiirillä. EP:ien määrä oli vähentynyt vielä 
viikko suuriannoksisen VPA lopetuksen jälkeen, mutta vaikutus ei ollut havaittavissa enää 1 kk 
kuluttua annostelun lopettamisesta. Valproaatti ei pitkällä aikavälillä vaikuttanut aivojen 
ÓÐÜÒÖÐÚÌÕɯ ÛÈÐɯ ÓÐÜÒÌÕÌÔÈÛÛÖÔÈÕɯ  ϕȯÕɯ ÔååÙååÕȭɯ ɯ /ÈÓÖÙà×åÓÌÏÈ×ÖÓÓÈɯ ÑÈɯ ϕ-hydroksyvoihapolla 
tehostettu ravinto vähensi EP:ten ja piikkipurkausten määrää APdE9 hiirillä.  

Yhteenvetona todettakoon, että tutkimuksemme on ensimmäinen kuvaus APParc hiirellä 
esiintyvästä epilepsiasta. Lisäksi tuloksemme osoittavat, että sekä natriumkanavia salpaavat 
epilepsialääkkeet että hermosolujen heikentynyttä energia-aineenvaihduntaa korjaavat 
lisäravÐÕÛÌÌÛɯ ÝåÏÌÕÛåÝåÛɯ  ϕȯÕɯ ÈÐÏÌÜÛÛÈÔÈÈɯ ÏÌÙÔÖÝÌÙÒÒÖÑÌÕɯ àÓÐåÙÛàÝààÛÛåɯ  /Ë$Ɲɯ ÏÐÐÙÐÓÓåȭɯ
Tutkimustulostemme perusteella aivojen heikentynyttä energia-aineenvaihduntaa korjaavat 
×ÈÓÖÙà×åÓÌÏÈ××Öɯ ÑÈɯ ϕ-hydroksivoihappo ovat lupaava hoitomuoto AT:iin liittyvässä 
epilepsiassa. Aiheesta kannattaa tehdä lisätutkimuksia.  
Yleinen Suomalainen asiasanasto: Alzheimerin tauti; amyloidoosi; epilepsia; hoitomenetelmät; lääkehoito; 
lääkkeetön hoito; mekanismit; sairauskohtaukset; hiiret 
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1 Introduction   

AlzheimerɀÚ disease (AD) is a devastating neurodegenerative disorder, affecting about 30 
million people world-wide.  The risk of unprovoked seizures and epilepsy has been 
reported to be 1.5 ɬ 65 times higher in AD as compared to age-matched general population 
(Amatniek et al., 2006; Friedman et al., 2012; Hauser et al., 1986; Lozsadi and Larner, 2006; 
McAreavey et al., 1992; Mendez and Lim, 2003; Minkeviciene et al., 2009; Pandis and 
Scarmeas, 2012; Romanelli et al., 1990; Scarmeas et al., 2009). Furthermore, the incidence of 
non-convulsive seizures and epileptiform activity may be strongly underestimated due to 
lack of long-term video-electroencephalography (video-EEG) studies in AD patients, and 
difficulty to catch up such activity with routine EEG (Horváth, 2016).  

Spontaneous seizures, epileptiform activity, as well as reduced seizure threshold were 
found in all most common transgenic mouse models of AD carrying APPswe mutation and 
also in some AD mouse models with other amyloid precursor protein (APP) mutations 
(Bezzina et al., 2015b; Born, 2015; Del Vecchio et al., 2004; Hsiao et al., 1996; Kumar-Singh et 
al., 2000; LaFerla et al., 1995; Lalonde et al., 2005; Minkeviciene et al., 2009; Moechars et al., 
1999; Palop et al., 2007; Sanchez et al., 2012; Verret et al., 2012; Vogt et al., 2011). However, 
mechanisms of hyperexcitability in AD remain incompletely understood. Various 
experimental observations confirm that the pathological amyloid-ÉÌÛÈɯ ȹ ϕȺɯ ×ÙÖÛÌÐÕɯ
contributes to hyperexcitability. Calcium imaging has shown that amyloid plaques are 
surrounded by clusters of hyper- and hypoactive neurons, suggesting that plaques may act 
as microfoci for seizures (Busche et al., 2008). Our laboratory previously confirmed in vitro 
and in vivo that presence of Aϕɯ ÈÓÛÌÙÚɯ ÙÌÚÛÐÕÎɯ ÔÌÔÉÙÈÕÌɯ ×ÖÛÌÕÛÐÈÓɯ ÈÕËɯ ÛÏÌÙÌÉàɯ ÔÈÒÌÚɯ
ÕÌÜÙÖÕÚɯÏà×ÌÙÌßÊÐÛÈÉÓÌȭɯ-ÖÛÈÉÓàȮɯ ÛÏÌɯÊÏÈÕÎÌÚɯÞÌÙÌɯÊÈÜÚÌËɯÉàɯ ÍÐÉÙÐÓÓÈÙàɯ ϕȮɯÉÜÛɯÕÖÛɯÚÔÈÓÓɯ
ÖÓÐÎÖÔÌÙÐÊɯ ϕ (Minkeviciene et al., 2009).  The APP Arctic mutation causing early onset 
autosomal dominant dementia in human carriers is very interesting in this context because 
ÛÏÐÚɯÔÜÛÈÛÐÖÕɯ ÐÕÊÙÌÈÚÌÚɯ×ÙÖ×ÌÕÚÐÛàɯÖÍɯ ϕɯ ÛÖɯ ÍÖÙÔɯ×ÙÖÛÖÍÐÉÙÐÓÚɯ ÈÕËɯÈÎÎÙÌÎÈÛÌ (Nilsberth et 
al., 2001). However, whether this mutation increases excitability in vivo remained unknown. 
In the present thesis work, we investigated whether APP Arctic mouse model of AD 
exhibits spontaneous seizures and reduced seizure threshold. 

Seizures and subclinical epileptiform activity may contribute to progression of AD, and 
speed up neurodegeneration and cognitive impairment (Förstl et al., 1992; McAreavey et 
al., 1992; Volicer et al., 1995; Vossel et al., 2013, 2017). Epileptiform activity, such as spiking 
and epileptiform discharges (EDs), contributes to daily cognitive fluctuations in AD 
patients, and interrupts cognitive functions (Palop and Mucke, 2009; Rabinowicz et al., 
2000). Therefore, it is important to control epileptiform activity with appropriate 
medication. By the time we started our studies included in this thesis, there were no reports 
on clinical trials on AD-related epilepsy, and no preclinical studies, describing the effect of 
antiepileptic drugs (AEDs) on epilepsy in mouse models of AD. Currently, AD patients 
with seizures are treated with the same AEDs as elderly patients without AD, most 
commonly with sodium channel blocking AEDs (Hommet et al., 2008; Mendez and Lim, 
2003; Rao et al., 2009; Vossel et al., 2013). However, the AD brain undergoes multiple 
changes that could potentially interact with the action of AEDs. Beta-site APP cleaving 
enzyme 1 (BACE1) that cleaves APP in amyloidogenic pathway also cleaves subunits of 
voltage-gated sodium channels (Kim et al., 2007) that are the main target of sodium channel 
blockers. Evidence from human postmortem samples and from mouse models of AD 
suggests that inhibitory neurons are reduced in number in AD and that sodium channel 
level is reduced particularly in interneurons (Verret et al., 2012). Therefore, it is 
theoretically possible that drugs that block sodium channels aggravate seizures and 
epileptiform activity; also, observations in the APPJ20 mouse model of AD argue for that 
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(Sanchez et al., 2012; Verret et al., 2012). In this thesis, we investigated the effect of three 
commonly used sodium channel blockers carbamazepine (CBZ), phenytoin (DPH) and 
valproic acid (VPA) on epileptiform activity in the APdE9 mouse model of AD.  Since VPA 
showed the best response among the treatments tested and antiamyloidogenic action in 
another mouse model, we continued our investigation to determine whether the 
ÚÜ××ÙÌÚÚÐÕÎɯÌÍÍÌÊÛɯÖÍɯ5/ ɯÖÕɯ$#ÚɯÈÕËɯ×ÙÖËÜÊÛÐÖÕɯÖÍɯ ϕɯÐÚɯÓÖÕÎ-lasting.  

We used APdE9 mice that reproduce the main features of AD pathology  (Jankowsky et 
al., 2004) and could serve as an experimental analogue for an early stage of AD 
(Minkeviciene et al., 2008). We focus on early stage of AD, because this stage provides more 
possibilities for therapeutic intervention and perhaps even hope for disease modification, 
whereas little can be done at advanced stage of AD.  

Energy metabolism is impaired from very early stage of AD (Mosconi, 2013, 2005). Brain 
is the tissue with the highest energy demand in the body (Herculano-Houzel, 2011). 
Reduced energy metabolism alters brain functioning (Mattson and Magnus, 2006) and 
ÔÈÒÌÚɯ ÕÌÜÙÖÕÚɯ ÔÖÙÌɯ ÝÜÓÕÌÙÈÉÓÌɯ ÛÖɯ ÏÈÙÔÍÜÓɯ ÈÊÛÐÖÕɯ ÖÍɯ  ϕɯ ÛÏÈÛɯ ÔÈÒÌÚɯ ÕÌÜÙÖÕÚɯ
hyperexcitable. However, energy metabolism is very complex issue and it is not a target of 
currently used AEDs. In the present thesis work we tested whether compensation for 
reduced energy metabolism with additional energy substrates to glucose [pyruvate and 3-
beta-hydroxybutyrate (BHB)] reduces epileptiform activity in vivo. 
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2 Review of the literature  

2.1 EPILEPSY IN ALZHEIME�5�¶�6���'�,�6�(�$�6�(���3�$�7�,�(�1�7�6  

2.1.1 Definitions of epilepsy �Š�—�•�1���•�£�‘�Ž�’�–�Ž�›���œ�1�•�’�œ�Ž�Š�œ�Ž 
As defined by the International League Against Epilepsy (ILAE), epilepsy is a disease of the 
brain, characterized by enduring predisposition to generate epileptic seizures (Fisher et al., 
2005). The diagnosis of epilepsy requires at least two unprovoked seizures occurring more 
than 24 h apart or only one unprovoked seizure (or reflex) seizure and a probability of 
further seizures similar to the general recurrence risk after two unprovoked seizures (at 
least 60%); or diagnosis of epilepsy syndrome (Fisher et al., 2014a, 2005). An epileptic 
seizure is a transient occurrence of signs and/or symptoms due to abnormal excessive or 
synchronous neuronal activity in the brain (Fisher et al., 2005).  Updated definition of 
epilepsy is based on the observation that under certain brain conditions, such as the central 
nervous system (CNS) infection, stroke, or brain trauma, after the first unprovoked seizure 
occurs, the risk of recurrence is increased and becomes as high as the recurrence risk after a 
second unprovoked seizure without additional pathology. Seizure-like events could occur 
without enduring predisposition of the brain to have seizures, but under abnormal 
physiological conditions (hypoglycemia, hyperthermia, intoxication, alcohol withdrawal), 
or following brain concussion.  Although those seizures could mimic epileptic seizures, 
their occurrence do not lead to diagnosis of epilepsy (Fisher et al., 2014a) .  

The classification of seizures and epilepsy is continuously updated by ILAE using new 
information coming from new methods of research. Regarding seizure classification, 
seizures are divided into focal (limited to one hemisphere, previously called partial 
seizures) and generalized (arising within and rapidly engaging bilaterally distributed 
networks). Generalized seizures could be tonicɬclonic, absence, clonic, tonic, atonic, or 
myoclonic seizures. In addition to seizures, EEG of patients with epilepsy often display 
abnormal patterns, called interictal epileptiform activity.   In clinical studies and work, 
epileptiform activity is defined according to recommendations of the International 
Federation of Clinical Neurophysiology (Noachtar et al., 1999). Epileptic spike is a 
paroxysmal EEG pattern, very sharp in contour, clearly distinguished from the background 
activity, with the duration of 20-70 ms (Niedermeyer and Lopes da Silva, 2005; 
Ɂ1ÌÊÖÔÔÌÕËÈÛÐÖÕÚɯ ÍÖÙɯ ÛÏÌɯ ×ÙÈÊÛÐÊÌɯ ÖÍɯ ÊÓÐÕÐÊÈÓɯ ÕÌÜÙÖ×ÏàÚÐÖÓÖÎàȮɂɯ ƕƝƝƝȺ. Epileptiform 
discharge (ED) is a transient, distinguishable activity with a characteristic spike 
morphology, typically, but not exclusively, found in interictal EEG of people with epilepsy. 
In human patients, EDs vary greatly in shape and possible mechanisms of generation (de 
Curtis et al., 2012). There is an ongoing discussion, how to define EDs in rodents (Fisher et 
al., 2014b)ȭɯ(ÕɯÖÜÙɯÙÌÚÌÈÙÊÏȮɯÞÌɯËÌÍÐÕÌËɯ$#ɯÈÚɯÈɯÙÏàÛÏÔÐÊɯÛÙÈÕÚÐÌÕÛɯÞÐÛÏɯÈɯËÜÙÈÛÐÖÕɯȁɯƕɯÚȮɯÉÜÛɯ
< 5 s, containing spikes and uniform sharp-waves (Ziyatdinova et al., 2011).  
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 ÓáÏÌÐÔÌÙɀÚ disease is a progressive neurodegenerative disease. It is the most common 
form of dementia and is considered to account for 60-70 % of all dementia cases 
(http://www.who.int/mediacentre/factsheets/fs362/en/).  Dementia is a general term for 
memory loss and other impairment of intellectual abilities serious enough to interfere with 
daily life. At a mild stage, AD manifests with symptoms that occur occasionally and could 
be difficult to recognize: memory loss, confusion about location, taking longer to 
accomplish normal daily tasks, problems with paying bills, poor judgment, loss of 
initiative, and increased anxiety. As the disease progresses, memory loss becomes more 
prominent, and the affected person has difficulties in recognizing family members and 
friends, in logical thinking, learning new things and performing activity that involves 
multiple steps. Other late symptoms include difficulties with language (reading, writing, 
finding right words), problems in working with numbers, serious mood changes (fatigue, 
agitation, anxiety, wandering). AD patients may also have hallucinations or paranoia 
(https://www.nia.nih.gov/alzheimers/topics/symptoms; 
http://www.alz.org/documents_custom/2017-facts-and-figures.pdf).   

According to the present understanding, the pathological brain changes in AD start 10-
20 years before the occurrence of symptoms (Jack et al., 2013). The volume of brain 
parenchyma decreases while ventricles enlarge. Brain areas especially vulnerable for 
neurodegeneration in AD include entorhinal cortex, hippocampus and other medial 
temporal lobe structures, and the basal forebrain cholinergic neurons. The histopathological 
hallmarks of AD, amyloid plaques and neurofibrillary tangles (NFTs), which were first 
described by Alois Alzheimer already in 1907, still remain essential for the diagnosis 
(Alzheimer et al., 1995). Amyloid plaques ÈÙÌɯ ËÌÕÚÌɯ ÌßÛÙÈÊÌÓÓÜÓÈÙɯ ËÌ×ÖÚÐÛÚɯ ÖÍɯ  ϕɯ ×ÙÖÛÌÐÕȭɯ
Plaques are very stable and insoluble, but it is still questionable whether they are the cause 
or the result of the disease. Neurofibrillary tangles are insoluble twisted fibers inside neurons. 
They are formed when normal microtubule structure is destroyed due to 
hyperphosphorylation of its basic protein tau (De-Paula et al., 2012; Serrano-Pozo et al., 
2011)ȭɯ 3ÏÈÕÒÚɯ ÛÖɯ ËÐÚÊÖÝÌÙàɯ ÖÍɯ  ϕɯ ÈÕËɯ ÛÈÜɯ Ú×ÌÊÐÍÐÊ positron-emission tomography (PET) 
ligands, it has become possible to see amyloid and tau depositions in living patients 
(Serrano-Pozo et al., 2011; Villemagne et al., 2017).  About 1 % of AD cases are familial, 
early onset cases (Familial AD, FAD). Those are caused by mutations in amyloid precursor 
protein (APP) or presenilin 1 and 2 (PS1, PS2) genes (Cruts et al., 2012) 
(http://www.molgen.vib-ua.be/ADMutations/). However, most of the AD cases are 
sporadic (do not have a clear genetic cause), and despite of many decades of research, it is 
still not clear what causes the disease. Carriers of the Ϙ4-allele of the apolipoprotein E 
(APOE) encoding gene have an increased risk of developing AD (Cruts et al., 2012).  

The danger of AD is that it proceeds slowly and invisibly. When symptoms are clearly 
present, neurodegeneration is already at an advanced stage and little can be done with 
present treatments. Currently available drugs, acetylcholinesterase inhibitors and 
memantine, alleviate the symptoms to some extent but do not slow down the disease 
progression. Researchers from all over the world are working hard to find methods for an 
early diagnosis as well as for treatments that would be able to stop the progression of AD 
pathology.  

2.1.2 ���™�’�•�Ž�™�œ�¢�1�Š�—�•�1�œ�Ž�’�£�ž�›�Ž�œ�1�’�—�1���•�£�‘�Ž�’�–�Ž�›���œ�1�•�’�œ�Ž�Š�œ�Ž  
According to WHO, about 47.5 million people worldwide have dementia, including     27-33 
million (60-70%) patients with AD (http://www.who.int/mediacentre/factsheets/fs362/en/). 
Epidemiological studies have reported a 1.5  ɬ 65 times higher risk of unprovoked seizures 
in AD patients as compared with general population (Reviewed by (Friedman et al., 2012)). 
Furthermore, elderly patients have higher incidence of unprovoked seizures than younger 
adult patients (Acharya and Acharya, 2014; Faught et al., 2012). The proportion of patients 
with spontaneous seizures is different at different ages and type of AD. Some studies show 
that the risk is especially high in younger AD patients. The highest estimation was 
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provided by Amatniek et al. who calculated 87-fold higher risk of unprovoked seizures in 
50- to 59-year-old AD patients (Amatniek et al., 2006). However, some other studies could 
not confirm association of increased risk with younger age (Hauser et al., 1986; Hesdorffer 
et al., 1996).  It has been noticed previously that at the time of occurrence of unprovoked 
seizures patients usually had AD progressed to an advanced stage (Risse et al., 1990; 
Romanelli et al., 1990). However, the most recent studies found seizures also in mild and 
moderate AD.  The risk of seizures as compared to age-matched control population is 
higher in patients with FAD than in sporadic AD (30-60 vs 6-10 respectively) (Friedman et 
al., 2012; Pandis and Scarmeas, 2012).  

Some studies reported that the most common seizure type in AD patients is generalized 
tonic-clonic seizures (Risse et al., 1990; Romanelli et al., 1990). Notably, seizure frequency 
was low in these studies, and many patients had just one seizure during long-term follow-
up. Myoclonic seizures have been reported to occur often  at the late stage of AD,  while 
some authors have mentioned myoclonic seizures to be common in patients with early-
onset AD (Ezquerra et al., 1999; Hauser et al., 1986; Larner, 2013; Risse et al., 1990). 
Manifestation of complex partial seizures could be often confused with  symptoms of 
dementia (inattentiveness, wandering, aggression, delirium, language or memory 
disturbance, fluctuations in alertness and attention, hallucinations, or confusion (Friedman 
et al., 2012). Therefore, complex partial seizures could have been largely underdiagnosed 
without long-term video-EEG monitoring. Indeed, a recent  retrospective study revealed 
that in patients with video-EEG confirmation complex partial seizures may represent the 
most common seizure type at an early stage of AD (Vossel et al., 2013). 

The great variability in epidemiological estimations of seizure prevalence in AD can be 
ascribed to methodological differences between the studies. Different studies have different 
sample sizes, varying from a relatively small group to a large cohort, different inclusion 
criteria, different duration of follow-up, different study-design (prospective/retrospective) 
etc.  Importantly, most of the studies do not include video-EEG monitoring for the 
subgroup of patients with suspected seizures, but the occurrence of seizures is determined 
based on reports from caregivers. In that case, only generalized seizures leading to 
convulsions or myoclonic seizures are usually noticed, whereas complex partial seizures 
and absence seizures would be practically impossible to diagnose in AD patients without 
long-term video-EEG.  However, performing long-term video-EEG monitoring in 
demented patients is a very challenging task.  Taking together, despite different 
estimations, provided by different studies, it is obvious that the risk of seizures and 
epilepsy is increased in AD patients. Long-term video-EEG monitoring should be 
performed for accurate diagnosis of epilepsy in AD (Horváth, 2016; Vossel et al., 2013).  

Information regarding the occurrence of subclinical epileptiform activity in AD patients 
is limited. The largest currently available study examined routine EEG of 510 patients with 
AD and found 2% occurrence of EDs (Liedorp et al., 2010). However, routine EEG is not 
enough to detect interictal epileptiform activity. Vossel et al. performed long-term video-
EEG of 54 patients with mild cognitive impairment (MCI) and AD, and found epileptiform 
activity (spikes or sharp waves) in 62% of patients with MCI or AD with seizures and in 6% 
of MCI or AD patients without detected seizures (Vossel et al., 2013). This is comparable 
with the observation by Cumbo et. al. who performed video-EEG in AD patients with 
epileptic seizures and found that 55% of those patients have various EDs, whereas 23% 
showed normal interictal EEG (Cumbo and Ligori, 2010). In the subsequent study 
performed by Vossel et al.,  epileptiform activity was detected in 42.4% of AD patients and 
10.5% of age-matched controls (Vossel et al., 2016). To summarize, epileptic seizures, and 
especially epileptiform activity, in AD patients probably remains largely underdiagnosed.   

Since seizures in AD are seldom observed, why do we need antiepileptic treatment? 
Even being infrequent, seizures in AD contribute to cognitive decline (McAreavey et al., 
1992; Volicer et al., 1995), and speed up neurodegeneration (Förstl et al., 1992). Repeated 
seizures may also speed up progression of AD neuropathology (Yan et al., 2012). A recent 
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study showed that patients with AD or MCI and epilepsy had symptoms of cognitive 
decline 5.5 years earlier than patients with AD or MCI without epilepsy (Vossel et al, 2016). 
It is also worth mentioning that in patients receiving AEDs it is difficult to distinguish the 
effect of recurrent seizures on neuropathology from the effect of AEDs, as many AEDs have 
the adverse cognitive effects.   

Epileptiform activity per se (epileptic spikes, sharp waves, or epileptiform discharges) 
may contribute to cognitive fluctuations,  episodes of transient amnestic wandering and 
disorientation (Palop and Mucke, 2009; Rabinowicz et al., 2000). Recent studies reported 
that AD patients with subclinical epileptiform activity had an earlier onset of cognitive 
decline (Vossel et al., 2013), followed by faster declines in cognition and executive functions 
(Vossel et al., 2016). In line with these observations, epileptiform activity tended to occur in 
brain regions supporting functions that were impaired clinically, most often in the left 
temporal or frontal lobe (Vossel et al., 2013). In a recent study, when epileptiform activity 
was controlled with the AED levetiracetam (LEV), cognitive performance of patients 
improved (Bakker et al., 2015, 2012). This effect was also confirmed in the hAPPJ20 mouse 
model of AD (Sanchez et al., 2012).  Also observations in the Tg2576 mouse model of AD 
found that spontaneous spikes and increased seizure susceptibility occurred early and well 
before memory impairment, and therefore could contribute to disease progression (Bezzina 
et al., 2015b).   

What are the problems related to the treatment? Some leading authors in the field found 
that AD patients respond well to the treatment (Rao et al., 2009), but due to low frequency 
of seizures the effect of the treatment is hard to detect (Friedman et al., 2012; Pandis and 
Scarmeas, 2012; Scarmeas et al., 2009). AEDs are often sedative and may impair cognition 
(Loring et al., 2007). Long-lasting use of AEDs may have negative effect of cognitive 
function and even lead to cognitive impairment found in elderly with chronic epilepsy 
(Griffith et al., 2006). On the other hand, some AEDs have been shown to be 
neuroprotective in animal models (Pitkänen, 2002; Trojnar et al., 2002), although 
neuroprotective effects of AEDs in humans remain to be investigated.  Of note, drugs that 
are commonly used to treat symptoms of AD may lower seizure threshold. First of all, 
acetylcholinesterase inhibitors can reduce seizure threshold (Friedman et al., 2012).  
Neuroleptics and antidepressants, often used to treat behavioral manifestation of dementia, 
have been associated with a 0.1-9% rate of seizures (Pisani et al., 2002). Memantine has 
demonstrated both pro- and anti-convulsant effects (Friedman et al., 2012; Mares and 
Mikulecká, 2009).  

To conclude, epilepsy in AD is a relatively new field for clinical epileptologists and for 
basic researchers. Until recent studies, patients with AD and epilepsy have not been 
recognized as requiring special attention of epileptologist. Patients with AD and epilepsy 
need anti-seizure medication, because even rare seizures and interictal-like epileptiform 
activity appear to contribute to cognitive decline and neurodegeneration. For several 
reasons, such as adverse cognitive effects of commonly used AEDs and seizure-provoking 
effect of certain anti-AD medication, epilepsy associated with AD needs special treatment 
recommendations and special investigations for treatment targets. It should be taken into 
account that some AEDs are better tolerated than others by AD patients with epileptiform 
activity (Vossel et al., 2013). Understanding the mechanisms leading to epilepsy and 
epileptiform activity particularly in AD is essential to provide the most suitable AED 
medication. 
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2.2 GENETICALLY MODIFIED MOUSE MODELS OF EPILEPSY IN 
�$�/�=�+�(�,�0�(�5�¶�6���'�,�6�(�$�6�(  

In the previous chapter, I reviewed the studies showing that patients with AD have 
increased risk of spontaneous seizures and epilepsy. More recently, spontaneous seizures, 
epileptiform EEG abnormalities, and reduced seizures threshold have been reported in 
transgenic mouse models of AD. The literature on mouse models of AD is difficult to 
interpret in this regard.  In very first reports on transgenic mice overexpressing human APP 
(hAPP) with or without mutation, researchers occasionally noticed premature mortality 
without a clear case or even tonic-clonic or myoclonic behavioral seizures (Hsiao et al., 
1996; LaFerla et al., 1995; Moechars et al., 1999; Sturchler-Pierrat et al., 1997). However, 
seizures were not the primary interests of the investigators. Later some researchers studied 
the seizure induction by pentylenetetrazol (PTZ) or kainic acid (KA) and found that hAPP 
mice are more sensitive to develop seizures. Nevertheless, no systematic EEG studies were 
done until the reports by Palop et al.  and Minkevicience et al. (Minkeviciene et al., 2009; 
Palop et al., 2007). Observations obtained in different studies are summarized in Table 1.  

2.2.1 Amyloid precursor protein cleavage 
Several of the mutations identified in early-onset dementia patients 
(http://www.molgen.vib-ua.be/ADMutations) have been introduced into mouse models. 
Common to all early-onset AD linked mutations of APP is that they favor amyloidogenic 
processing of APP. APP is a transmembrane protein expressed at high levels in the brain. In 
non-amyloidogenic pathway, APP is metabolized rapiËÓàȮɯ ÊÓÌÈÝÌËɯ Éàɯ ϔ-secretase to 
ÌßÛÙÈÊÌÓÓÜÓÈÙɯ  //ϔɯ ÍÙÈÎÔÌÕÛȮɯ ÞÏÐÊÏɯ ÐÚɯ ÚàÕÈ×ÛÖ-protective and neuroprotective, and 
ÛÙÈÕÚÔÌÔÉÙÈÕÌɯ "3%ϔɯ ÍÙÈÎÔÌÕÛȮɯ ÞÏÐÊÏɯ ÐÚɯ ÛÏÌÕɯ ÊÓÌÈÝÌËɯ Éàɯ ϖ-secretase to soluble P3 and 
amyloid precursor protein intracellular domain AICD fragments (Figure 1). In 
ÈÔàÓÖÐËÖÎÌÕÐÊɯ ×ÈÛÏÞÈàɯ  //ɯ ÐÚɯ ÊÓÌÈÝÌËɯ Éàɯ ϕ-ÚÌÊÙÌÛÈÚÌɯ ÛÖɯ ÌßÛÙÈÊÌÓÓÜÓÈÙɯ  //ϕɯ ÈÕËɯ
ÛÙÈÕÚÔÌÔÉÙÈÕÌɯ"3%ϕɯÍÙÈÎÔÌÕÛÚȮɯÛÏÌÕɯ"3%ϕɯÐÚɯÊÓÌÈÝÌËɯÛÖɯ ϕƘƔɯÖÙɯƘƖɯÈÕËɯ ("#ɯȹ%ÐÎÜÙÌɯƕȺȭɯ
 ϕɯƕ-42 in particular has a high ability to form insoluble oligomers and protofibrils, and 
then aggregate into amyloid plaques, a pathological hallmark of AD. Similar alterations 
may happen in sporadic AD due to influence of unknown environmental factors or 
spontaneous changes related to abnormalities in aging process. Up to date overview of the 
most important mouse models of AD is provided by Alzforum 
(http://www.alzforum.org/research-models). In Table 1, I have summarized mouse models 
of AD with seizures, epileptiform activity and reduced seizure threshold.  
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2.2.2 Mice with overexpression of mutated human amyloid precursor protein  
The most common genetic mouse models for AD are mice carrying the APP Swedish 
mutation (KM670/671NL)ȭɯ 3ÏÌɯ 2ÞÌËÐÚÏɯÔÜÛÈÛÐÖÕɯ ÖÍɯ  //ɯ ÐÚɯ ÓÖÊÈÛÌËɯ ÕÌÈÙɯ ÛÏÌɯ ϕ-secretase 
ÊÓÌÈÝÈÎÌɯÚÐÛÌȮɯÞÏÐÊÏɯÔÈÒÌÚɯÛÏÐÚɯÔÜÛÈÛÐÖÕɯÚÛÙÖÕÎÓàɯÐÕÊÙÌÈÚÌɯÛÏÌɯÍÖÙÔÈÛÐÖÕɯÖÍɯ ϕɯɯÉàɯÍÈÝÖÙÐÕÎɯ
ϕ-secretase pathway over ϔ-secretase cleavage (Citron et al., 1992). When the mutation is 
introduced into the mouse genome, mice accumulate high levels ÖÍɯ  ϕɯ ÈÕËɯ ËÌÝÌÓÖ×ɯ
amyloid plaque pathology when they age. Many of these mouse lines, such as APP23, 
APPswe, Tg 2576  have been reported to show tonic-clonic seizures (Lalonde et al., 2005; 
Moechars et al., 1999; Westmark et al., 2008). In addition, APPSwe R1.40 mice showed 
abnormal spiking, not associated with abnormal behavior (Vogt et al., 2011).  Notably, 
mouse models with noticed tonic-clonic seizures (APPswe, APP23) have mixed background 
of seizure-resistant C57BL/6, and FVB/N or DBA2 strains that are less resistant to seizures 
(Frankel et al., 2001). In contrast, APPSwe R1.40 mice with abnormal spiking and no 
seizures have pure C57BL/6 background. Therefore, even the presence of a seizure resistant 
strain in mixed background does not seem to prevent the development of seizures, whereas 
a pure background does. Unfortunately, currently available data are not enough to make 
systematic comparison of background strain effects on epileptogenesis and severity of 
epilepsy in different AD models.  

In mouse models, the APPswe mutation is also often present in various combination 
with other AD-linked mutations. The Indiana mutation (V717F) is located in a close 
×ÙÖßÐÔÐÛàɯÛÖɯÛÏÌɯϖ-ÚÌÊÙÌÛÈÚÌɯÊÓÌÈÝÈÎÌɯÚÐÛÌȮɯÈÕËɯÛÏÌɯÔÜÛÈÛÐÖÕɯÍÈÝÖÙÚɯϖ-secretase cleavage of 
 //ɯÈÕËɯÈÓÛÌÙÚɯÛÏÌɯ ϕƘƖɤ ϕƘƔɯÙÈÛÐÖɯÉÖÛÏɯÉàɯÐÕÊÙÌÈÚÐÕÎɯ×ÙÖËÜÊÛÐÖÕɯÖÍɯ ϕƘƖɯÈÕËɯËÌÊÙÌÈÚÐÕÎɯ
×ÙÖËÜÊÛÐÖÕɯÖÍɯ ϕƘƔɯ(Tamaoka et al., 1994). The combination of Indiana mutation with APP 
Swedish mutation speeds up progression of amyloid pathology.  Different mouse lines with 
Swedish and Indiana mutations of APP show various epileptiform abnormalities. For 
instance, TgCRND8 mice show PTZ susceptibility and reduced seizure threshold before 
and after amyloid plaque deposition, and these mice are suspected to have tonic-clonic 
seizures, but EEG monitoring was not performed (Del Vecchio et al., 2004).  hAPPJ20 mice 
were one of first AD mice with recorded seizures in EEG. hAPPJ20 mice also have frequent 
spiking and reduced seizure threshold in the PTZ test (Palop et al., 2007). Also APP/TTA 
mice exhibit increased spiking (Born et al., 2014). Importantly, the APP/TTA model has the 
transgene designed so that it is possible to turn off with doxicyclin. Recent experiments 
show that the frequency of epileptic spikes was reduced gradually when the transgene was 
turned off (Born et al., 2014).  This observation confirmed the contribution of APP 
overexpression with Swedish and Indiana mutations to development of hyperexcitability. 

The APP London (APPLon, V717I) mutation works like the Indiana mutation and 
ÐÕÊÙÌÈÚÌÚɯ ÛÏÌɯ ÓÌÝÌÓÚɯ ÖÍɯ ϕƘƖȭɯ //Lon mice have also been reported to display tonic-clonic 
seizures (Moechars et al., 1999). APP Arctic (APParc, E693G) is a unique mutation located 
in the middle of the  ϕɯ ÚÌØÜÌÕÊÌɯ ÈÕËɯ ÕÖÛɯ ÊÓÖÚÌɯ ÛÖɯ ϕ- ÖÙɯ ϖɯ ɬ cleavage sites. The APParc 
ÔÜÛÈÛÐÖÕɯ ÐÕÊÙÌÈÚÌÚɯ ÛÏÌɯ ÈÉÐÓÐÛàɯ ÖÍɯ  ϕɯ ÛÖɯ ÈÎÎÙÌÎÈÛÌɯ ÈÕËɯ ÍÖÙÔɯ ×ÙÖÛÖÍÐÉÙÐÓÚɯ (Nilsberth et al., 
2001). Oligomeric and protofibrillar forms of AϕɯÈÙÌɯÚÜÎÎÌÚÛÌËɯÛÖɯÉÌɯÔÖÙÌɯÕÌÜÙÖÛÖßÐÊɯÈÕËɯ
ÏÈÙÔÍÜÓɯ ÍÖÙɯ ÕÌÜÙÖÕÈÓɯ ÍÜÕÊÛÐÖÕÚɯ ÛÏÈÕɯ ÔÖÕÖÔÌÙɯ  ϕɯ ÈÕËɯ  ϕɯ ÈÊÊÜÔÜÓÈÛÌËɯ ÐÕɯ ×ÓÈØÜÌÚɯ
(Dahlgren et al., 2002; Hartley et al., 1999). This makes APParc mutation a special interest 
for study. Until a recent study included in this thesis (I), APParc mice were not examined 
for seizures.  Interestingly, patients with the APParc mutation have specific ring shaped 
plaques in the cortex (Basun et al., 2008), whereas, according to literature, no microscopic 
brain examination has been performed so far on APPswe carriers (Cruts et al., 2012; Mullan 
et al., 1992). It should be noted, however, that the number of patients who carries either 
APParc or APPswe mutation is low: only one family carrying APPswe and two families 
carrying APParc mutation have been described so far. 

When combined with the APPswe mutation, mutations of presenilin-1 speed up the 
development of amyloid pathology. The mutations of presenilin-1 enhances ÛÏÌɯ ϕƘƖɤ ϕƘƔɯ
ratio similarly to the APP Indiana or APP London mutations (Borchelt et al., 1996; Citron et 
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al., 1997; Wolfe, 2007). Deletion of exon 9 is particular strong in this effect (Jankowsky et al., 
2004), and mice carrying both APP Swedish and PS1dE9 mutations develop amyloid 
plaques much faster than mice with mutation of APP only. APdE9 (sometimes named 
APP/PS1) mice with APPswe mutation and deletion of exon 9 in presenilin-1 gene have 
been intensively studied in our laboratory. Video-EEG recordings have revealed 
spontaneous seizures in over half of the mice, with some of mice having generalized tonic-
clonic convulsions, while others having less severe behavioral manifestations or only 
electrographic seizures (Minkeviciene et al., 2009). Most of these mice also have 
epileptiform discharges.   

There are also mouse models where the APPswe mutation has been combined with 
several other mutations to obtain more severe neuropathology. So-called 3xTg mice carry 
APPswe mutation, presenilin-1 mutation (M146V) and fronto-temporal dementia linked tau 
mutation (P301L). One study on these mice mentioned seizure-like freezing behavior 
(Arsenault et al., 2011). A recent study reported that young 3xTg mice showed reduced 
susceptibility to audiogenic seizures (Kazim et al., 2017, 2015).  Interestingly, aged (15 
months) mice did not show audiogenic seizures, but still have spontaneous 
hypersynchronous discharges in hippocampal slices (S. Faraz Kazim et al., 2014). Notably, 
no epileptiform abnormalities were found in 5xTg mice with similar to 3xTg mutations 
complemented with APP Florida (I716V) and APP London (V717I) mutations (Schneider et 
al., 2014), but this could be due to short time of observation.  

2.2.3 Epilepsy and epileptiform abnormalities in mice without amyloid precursor protein 
transgenes  
Experimental evidence suggests that mutation of APP is not the only cause of seizures in 
AD mouse models. Seizures could be observed when wild-Ûà×Ìɯ ϕɯÐÚɯÖÝÌÙÌß×ÙÌÚÚÌËȮɯÈÕËɯ
also have been found in a couple of mouse models without amyloid load. Mice 
overexpressing murine wild-Ûà×Ìɯ  ϕɯ ȹ-%L- ϕȺɯ ÚÏÖÞÌËɯ ÉÙÐÌÍɯ Ì×ÐÚÖdes of tonic-clonic 
seizures, followed by a short period of lethargy (LaFerla et al., 1995), which strongly argues 
ÍÖÙɯÙÖÓÌɯÖÍɯ ϕɯÖÕɯËÌÝÌÓÖ×ÔÌÕÛɯÖÍɯÚÌÐáÜÙÌÚɯÈÊÛÐÝÐÛàȭɯ 

A recent study found that FTDP-17 mice carrying three point mutations in the human 
tau linked with fronto-temporal dementia  have spontaneous myoclonus, epileptic seizures 
and increased seizure susceptibility in response to PTZ (García-Cabrero et al., 2013).  FTDP-
17 ÔÐÊÌɯËÖɯÕÖÛɯÏÈÝÌɯ ϕɯËÌ×ÖÚÐÛÚ (Pérez et al., 2005). Observations in FTDP-17 mouse model 
provide evidence that in some cases hyperexcitability can develop without alteration in the 
APP cleavage pathways.  
3ÏÌɯ %Ì"ϖɯ ÔÖÜÚÌɯ ÖÝÌÙÌß×ÙÌÚÚÌÚɯ  //ɯ ÐÕÛÙÈÊÌÓÓÜÓÈÙɯ ËÖÔÈÐÕɯ ȹ (#"Ⱥɯ ÈÕËɯ  ("#ɯ ÉÐÕËÐÕÎɯ

protein Fe65 (Vogt et al., 2011)ȭɯ%Ì"ϖɯÔÐÊÌɯÚÏÖÞɯÈÉÕÖÙÔÈÓɯ$$&ɯÚ×ÐÒÐÕÎɯÈÛɯÈɯàÖÜÕÎɯÈÎÌȭɯ(Õɯ
ÈËËÐÛÐÖÕȮɯ ÈÎÌËɯ ȹǿɯ ƕƜɯ ÔÖÕÛÏÚȺɯ %Ì"ϖɯ ÔÐÊÌɯ ÚÏÖÞɯ ÍÙÌØÜÌÕÛɯ ÉÌÏÈÝÐÖÙÈÓɯ ÚÌÐáÜÙÌÚȮɯ ÚÜÊÏɯ ÈÚɯ
forelimb clonus and tonic-clonic seizures. In contrast, mice with the same background, 
expressing Fe65 only, but not AICD, have a normal EEG (Vogt et al., 2011). These 
observations raise the possibility that AICD contributes to the development of 
hyperexcitability.  

To summarize, epileptic seizures and hyperexcitability are often present in different 
mouse models of AD. Those studies are important for understanding the possible 
underlying mechanisms and provide evidence that epilepsy and network hyperexcitability 
in AD could develop through different mechanisms. Until now, epileptic changes have 
more commonly been reported in mice with abnormal APP processing than in other models 
of AD. However, this may also simply reflect the fact that APP transgenic mice have been 
available for much longer than for instance tau transgenic models. So far, EEG recording 
was performed only in some of mouse models of AD with observed behavioral seizures, 
and to the best of our knowledge, a systematic survey on seizure prevalence with video-
EEG evaluation has been done in APdE9 mice only. In the next chapter, I will reflect on 
possible mechanisms of hyperexcitability in AD.  
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2.3 ORIGIN OF HYPEREXCITABILITY IN THE AD BRAIN 

Recent studies in transgenic mouse models of AD provided base for several hypotheses 
why AD brain could develop hyperexcitability, and consequently, spontaneous seizures.  
 

2.3.1 Amyloid-�†�ð�1�˜�•�‘�Ž�›�1�Š�–�¢�•�˜�’�•�1�™�›�Ž�Œ�ž�›�œ�˜�›�1�™�›�˜�•�Ž�’�—�1�Œ�•�Ž�Š�Ÿ�Š�•�Ž�1�™�›�˜�•�ž�Œ�•�œ�1�Š�—�•�1�•�ž�•�•�1�•�Ž�—�•�•�‘�1
amyloid precursor protein may contribute to hyperexcitability 
Experimental evidence suggests that epileptogenesis in AD could be triggered by 
alterations in APP processing, which is a key component in the AD pathogenesis. As 
described in the previous chapter, several transgenic mouse models of AD with mutated 
APP show reduced seizure threshold, epileptiform EEG abnormalities and spontaneous 
seizures. Amyloid plaques in hippocampus and cortex of transgenic mice are surrounded 
by hyperactive neurons (Busche et al., 2012, 2008). However, observations in our group 
show that APdE9 mice with seizures have no more plaques than APdE9 mice without 
seizures (Minkeviciene et al., 2009), so plaques per se are not necessary a cause of seizures. 
Seizures in APdE9 mice first occurred at the age of 3 months, when most A�> is still in 
soluble form. Furthermore, Tg2576 mice, another common model of AD, show 
hyperexcitability in the lateral entorhinal cortex at an age prior to A�>��deposition, but with 
the presence of high levels of soluble A�>��and intracellular APP-CTF (Xu et al., 2015). Tg2576 
mice show epileptiform activity at very young age (6 weeks), well before memory 
impairment and  amyloid plaque deposition (Bezzina et al., 2015b; Kam et al., 2016).  
2ÖÔÌɯÙÌÊÌÕÛɯÚÛÜËÐÌÚɯÚÜÎÎÌÚÛɯÛÏÈÛɯÖÛÏÌÙɯ //ɯÊÓÌÈÝÈÎÌɯ×ÙÖËÜÊÛÚɯÛÏÈÕɯ ϕɯÊÖÜÓËɯÈÓÚÖ have a 

negative impact on normal neuronal functioning. The study by Xu et al. mentioned above is 
one of those, but it is difficult to ascribe the role to APP-CTF, because A�> levels were high at 
the time when hyperexcitability occurred. The high level of other APP metabolites could be 
a side-ÌÍÍÌÊÛɯÖÍɯ //ɯÊÓÌÈÝÈÎÌɯÖÊÊÜÙÙÐÕÎɯÐÕɯÈɯ×ÈÙÈÓÓÌÓɯÛÖɯ ϕɯÈÕËɯÕÖÛɯÛÏÌɯÊÈÜÚÌɯÖÍɯÌßÊÐÛÈÉÐÓÐÛàɯ
per se.  However, some researchers have been able to experimentally separate the individual 
contribution of different APP cleavage products to hyperexcitability. For example, one 
study showed that mice overexpressing AICD and AICD-binding partner have abnormal 
spiking and an increased  susceptibility to KA-induced seizures  (Vogt et al., 2011). Notably, 
AICD is produced by both non-amyloidogenic and by amyloidogenic pathways.  
3ÖɯÐÕÊÙÌÈÚÌɯ ϕɯÓÌÝÌÓÚɯÖÙɯ×ÙÖÔÖÛÌɯÈÔàÓÖÐËɯ×ÓÈØÜÌɯÍÖÙÔÈÛÐÖÕȮɯÔÖÚÛɯ //ɯÛÙÈÕÚÎÌÕÐÊɯÔÖÜÚÌɯ

models have several-fold APP overexpression (Hsiao et al., 1995). This leads to the question 
whether APP overexpression of full-length APP even without amyloid plaques production 
could be also associated with reduced seizure threshold. Investigation by Westmark and 
colleagues proved that Tg2576 mice with substantial APP (Swe) overproduction have 
increased susceptibility to PTZ-induced seizures and audiogenic seizures. In that study, the 
mice with the highest seizure susceptibility displayed the highest soluble A�>40 and A�>42 
levels (Westmark et al., 2010, 2008). This observation confirms the link between APP 
overexpression and seizure susceptibility; however, again, similarly to the study by Xu et 
al.  (Xu et al., 2015) this study was unable to distinguish whether full-length APP or its toxic 
fragment A�> increased neuronal excitability. However, this challenge was overcome in a 
recent study by Born and colleagues, were thÌɯ //ɯÛÙÈÕÚÎÌÕÌɯÊÖÜÓËɯÉÌɯÚÞÐÛÊÏÌËɯɁÖÕɂɯÈÕËɯ
ɁÖÍÍɂɯ Éàɯ ËÖßàÊàÊÓÐÕÌ (Born et al., 2014). Mice with APP overexpression showed frequent 
spiking, which gradually disappeared after suppression of the APP transgene. In contrast, 
reduction of A�> ÍÖÙÔÈÛÐÖÕɯÞÐÛÏɯɯϖ-secretase inhibitor had no effect on spiking (Born et al., 
2014).  Additional evidence that APP overexpression can increase susceptibility to seizures 
independently of amyloid plaque formation comes from a report of the very early APP 
transgene lines showing  that overexpression of the human wild-type APP and even mouse 
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wild-type APP may make mice susceptible for seizures if they have a seizure-prone 
background (Hsiao et al., 1995).  
3Öɯ ÊÖÕÊÓÜËÌȮɯ  ϕɯ ÖÝÌrproduction and other fragments of APP cleavage associate with 

seizures and reduced seizure threshold in AD mouse models. Recent experimental 
evidence suggests that also overexpression of full-length APP could contribute to 
hyperexcitability. Naturally, overexpression of full-length APP also results in 
overexpression of its various cleavage products. The exact role of each one of these cleavage 
products in still unclear. Clarifying those questions would be important for developing 
treatment strategies: if other products of APP cleavage could be sufficient to induce 
ÕÌÜÙÖÕÈÓɯÈÕËɯÕÌÛÞÖÙÒɯÏà×ÌÙÌßÊÐÛÈÉÐÓÐÛàȮɯÛÙÌÈÛÔÌÕÛɯÚÛÙÈÛÌÎÐÌÚɯÍÖÊÜÚÐÕÎɯÖÕÓàɯÖÕɯ ϕɯÊÖÜÓËɯÕÖÛɯ
be enough to prevent neuronal dysfunction in AD. In the present thesis work, we 
investigated the APParc mÖÜÚÌɯ ÔÖËÌÓɯ ÞÐÛÏɯ ÐÕÊÙÌÈÚÌËɯ ÛÌÕËÌÕÊàɯ ÛÖɯ ËÌÝÌÓÖ×ɯ  ϕɯ ÍÐÉÙÐÓÚɯ
without any genetic alteration in the APP cleaving enzymes to assess in vivo weather this 
ÍÖÙÔɯÖÍɯ ϕɯÊÖÜÓËɯÈÓÛÌÙɯÚÌÐáÜÙÌɯÛÏÙÌÚÏÖÓËɯÈÕËɯÊÈÜÚÌɯÌ×ÐÓÌ×Úàɯ×ÏÌÕÖÛà×ÌɯÐÕɯÛÙÈÕÚÎÌÕÐÊɯÔÐÊÌȭɯ 

2.3.2 Microtubules-associated protein tau contributes to development of 
hyperexcitability 
Experimental evidence suggests that the presence of the microtubule-associated protein tau 
is required for the development of A�>-related hyperexcitability. When tau was knocked out 
in h //)ƖƔɯ ÔÐÊÌɯ ÞÐÛÏɯ ÖÝÌÙ×ÙÖËÜÊÛÐÖÕɯ ÖÍɯ  ϕɯ ÈÕËɯ Ú×ÖÕÛÈÕÌÖÜÚɯ ÌÓÌÊÛÙÖÎÙÈ×ÏÐÊɯ ÚÌÐáÜÙÌÚȮɯ
seizures and epileptiform activity were reduced or even prevented; this was accompanied 
by cognitive improvement (Roberson et al., 2007). The effect was confirmed in a few mouse 
lines  (Roberson et al., 2011). Tau knockout reversed multiple electrophysiological 
abnormalities in hAPPJ20 mice, which could be detected in acute brain slices, including 
increased excitatory postsynaptic current (EPSC) amplitude, decreased inhibitory 
postsynaptic current (IPSC) amplitude, and reduced N-methyl-D-aspartate (NMDA)/ ϔ-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/ receptor ratio (Roberson et 
al., 2011). No evidence of abnormal phosphorylation or aggregation of tau was found in 
hAPPJ20 mice, suggesting that the normal non-hyperphosphorylated tau is most likely 
involved in the effect. Furthermore, other APP transgenic mouse models of AD with 
ÖÝÌÙ×ÙÖËÜÊÛÐÖÕɯ ÖÍɯ  ϕɯ ÈÕËɯ ÖÉÚÌÙÝÌËɯ ÚÌÐáÜÙÌÚɯ ÖÙɯ ÐÕÊÙÌÈÚÌËɯ ÚÌÐáÜÙÌɯ ÚÜÚÊÌ×ÛÐÉÐÓÐÛàɯ ȹ //Swe, 
APPLon, APP23, Tg2576, APPsweR1.40, TgCRND8) may have some hyperphosphorylated 
tau around amyloid plaques, but no tangles (Summarized in Table 1 chapter 2.2). This 
observation provides evidence that aggregation of tau is not necessary to promote neuronal 
excitability, but the question remains open whether hyperphosphorylated tau could also be 
involved in the development of hyperexcitability? Evidence from the human P301L 
mutated tau overexpressing FTDP-17 mouse model demonstrated that tau pathology could 
cause spontaneous seizures and epileptiform EEG abnormalities in the absence of   ϕɯ
pathology (García-Cabrero et al., 2013) (Table 1 in chapter 2.2).  

The effect of tau knockout reducing neuronal excitability is not specific to APP 
transgenic mice, since it has been demonstrated also in drosophila genetic models of epilepsy 
(Holth, 2013). Taken together, these observations confirm that tau is involved in the 
regulation of neuronal network excitability, and that the effect could be dependent or 
ÐÕËÌ×ÌÕËÌÕÛɯÖÍɯ ϕȭɯ(ÛɯÐÚɯ×ÖÚÚÐÉÓÌɯÛÏÈÛɯÉàɯ×ÙÌÝÌÕÛÐÕÎɯÕÌÜÙÖÕÈÓɯÖÝÌÙÌßÊÐÛÈÛÐÖÕȮɯÛÈÜɯÙÌËÜÊÛÐÖÕɯ
protects against negative effectÚɯÖÍɯ ϕɯ(Roberson et al., 2007).  

On the other hand, tau knockout mice without the APP transgene did not show 
electrophysiological abnormalities: their NMDA/AMPA current and synaptic transmission 
strength were the same as in wild-type mice  (Roberson et al., 2011). This finding could be 
interpreted in two ways ɬ either tau has nothing to do with neuronal excitability at the 
synaptic level, or other microtubule-associated proteins (MAPs) replaced the knocked tau, 
and the system functioned normally. The second alternative is more likely, because tau 
knockout mice usually have good vitality and no behavioural impairment, which would 
not be possible if microtubules were abnormal. This could be explained by activity of other 
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MAPs (Morris et al., 2011). To conclude, experimental evidence suggests that the presence 
of tau is required ÍÖÙɯÛÏÌɯËÌÝÌÓÖ×ÔÌÕÛɯÖÍɯ ϕ-induced hyperexcitability and the toxic effects 
ÖÍɯ  ϕɯ ÐÕɯ  #ɯ ÔÖÜÚÌɯ ÔÖËÌÓȭɯ "ÖÕÚÌØÜÌÕÛÓàȮɯ ×ÈÙÛÐÈÓɯ ÙÌËÜÊÛÐÖÕɯ ÖÍɯ ÛÈÜɯ ÊÖÜÓËɯ ÉÌɯ ÉÌÕÌÍÐÊÐÈÓɯ
ÛÙÌÈÛÔÌÕÛɯ ÚÛÙÈÛÌÎàɯ ÈÎÈÐÕÚÛɯ  ϕ-related hyperexcitability. Evidence from tau knockout 
animal studies suggests that reduction of tau levels should be well tolerated. The exact 
mechanisms underlying the tau effect on neuronal excitability as well as the type of 
pathology that is abolished in the absence of tau remain challenges for future studies. 

2.3.3 Pathology of GABAergic interneurons in A�•�£�‘�Ž�’�–�Ž�›���œ�1�•�’�œ�Ž�Š�œ�Ž  
Loss of GABAergic interneurons in the hippocampus has been reported in several different 
AD mouse models, but notably different subtypes of GABAergic interneurons have been 
studied in these models (Baglietto-Vargas et al., 2010; Krantic et al., 2012; Ramos et al., 2006; 
Takahashi et al., 2010; Verdaguer et al., 2015). Due to high diversity of inhibitory 
interneurons, the consequences of loss of different subpopulations of interneurons could be 
different.  

Studies in mice overexpressing hAPP and mutated presenilin confirmed that loss of 
GABAergic interneurons could be caused by A�> pathology. Six-month-old APP/PS1 mice 
show loss of somatostatin (SOM) immunopositive neurons in CA1-3 and dentate gyrus, 
with SOM/NPY coexpressing cells being most affected (Ramos et al., 2006). These cells are 
responsible for distal dendritic inhibition (Ramos et al., 2006). Their degeneration could 
cause an imbalance between excitation and inhibition on the distal dendritic tree, and 
consequently increased excitability of pyramidal cells and reduced seizure threshold. On 
the other hand, SOM regulates the activity of neprilysin, the most important A�> degrading 
enzyme (Saito et al., 2005). Therefore, loss of SOM positive cells could leads to reduced 
ability to degrade A�>. Interestingly, no intracellular A�> was found in GABAergic 
interneurons in the study by Ramos et al., but extracellular A�> deposits were present since 
4 months of age, and their number increased with age (Ramos et al., 2006). This observation 
could argue that the loss of inhibitory cells observed at 6 months of age occurred due to 
ÌßÛÙÈÊÌÓÓÜÓÈÙɯ  ϕɯ deposit. Moreover, in APP/PS1 mice, intracellular A�> was found in 
pyramidal cells starting from 2 months (Ramos et al., 2006), but loss of pyramidal cells was 
detected in this model only at 17 months of age (Schmitz et al., 2004), i.e. pyramidal cells 
with intracellular A�> survived remarkably long time.  

Another APP/PS1 mouse line (APPSL/PS1 knockin) with a different PS1 mutation, shows 
significant loss of parvalbumin (PV)-immunoreactive neurons in CA1-2 and loss of 
calretinin (CR)-immunoreactive interneurons in dentate gyrus and hilus at 10 months 
(Takahashi et al., 2010). Comparable changes were found in postmortem AD brains 
(Takahashi et al., 2010).  

In line with findings in APP/PS1 mice, the CRND8 mouse (APP Swe + Ind) model of AD 
with overproduction of soluble and insoluble A�>42 (detected at the age of 4 months and 
further increased at the age of 6 months) shows reduction of GABAergic interneurons at the 
age of 6 months (Krantic et al., 2012). NPY-expressing GABAergic neurons were the most 
affected, showing decrease in CA1-3 and dentate gyrus. Also SOM-expressing GABAergic 
neurons were decreased in CA1-3, and PV neurons were altered in CA3 (Krantic et al., 
2012).  

In contrast to all studies described above, one recent study found increased PV and 
calbindin (CB) immunoreactivity in the hippocampus of APPswe/PS1dE9 mice at 3 months, 
and increased PV immunoreactivity at 12 months (Verdaguer et al., 2015).  

Increased sensitivity to the GABA antagonist PTZ in transgenic mouse models such as 
Tg2576, TgCRND8, hAPPJ20 argues for impairment in GABAergic network, although a 
decreased seizure threshold after PTZ injection may also derive from seizure susceptibility 
caused by other mechanisms. 

Changes in cortical GABAergic interneurons have been studied less than changes in 
hippocampal interneurons, but loss of GABA terminals in the temporal cortex of AD 
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patients has been noticed long ago (Simpson et al., 1988).  Garcia-Marin and colleagues 
showed that GABAergic synapses were lost on the soma of pyramidal neurons in contact 
with plaques. This was confirmed in the cerebral cortex from both AD patients and 
APP/PS1 transgenic mice (Garcia-Marin et al., 2009). Deficiency of GABAergic synapses 
could be a cause of hyperactivity of the neurons in contact with plaques as demonstrated by 
Busche (Busche et al., 2008). Also, somatostatin-like immunoreactivity was significantly 
reduced in the cerebral cortex of AD patients (Davies et al., 1980; Rossor et al., 1980). In the 
entorhinal cortex of AD patients, PV and CB containing non-pyramidal neurons are altered 
morphologically already at an early stage of disease (Mikkonen M., 1999).  

The reasons for early and very specific degeneration of inhibitory neurons in mice with 
A�> pathology and in humans with AD remains unclear. One possibility could be that 
GABAergic interneurons are particularly vulnerable to different types of stress, including 
A�> toxicity (Dahlgren et al., 2002; Hartley et al., 1999). One study in CRND8 mice was able 
to show a correlation between accumulation of A�> in the hippocampus and loss of 
GABAergic interneurons (Krantic et al., 2012).  However,  in vitro investigation performed 
in this study did not confirm a special sensitivity of GABAergic neurons to A�> toxicity, but 
showed that GABAergic and glutamatergic neurons in hippocampal culture were equally 
prone to die after exposure to A�> (Krantic et al., 2012). Nevertheless, for a small population 
of GABAergic neurons the percentage of neuronal death was much larger (Krantic et al., 
2012). In contrast, some early studies confirmed resistance of GABAergic neurons to A�>��
toxicity (Pike and Cotman, 1993), and a recent study found that more glutamatergic than 
& ! ÌÙÎÐÊɯ ÕÌÜÙÖÕÚɯ ËÐÌɯ ÈÍÛÌÙɯ Ìß×ÖÚÜÙÌɯ ÛÖɯ  ϕɯ (Vazin et al., 2014).  Differences in cell 
cultures used and forms of applied A�> make it difficult to compare those studies and could 
partially explain the controversial conclusions.  A hypothesis proposed by Palop and 
,ÜÊÒÌɯ ÚÜÎÎÌÚÛÚɯ ÛÏÈÛɯ ϕɯ ÊÈÜÚÌÚɯËàÚÍÜÕÊÛÐÖÕɯÖÍɯ ÐÕÏÐÉÐÛÖÙàɯÕÌÜÙÖÕÚɯÈÕËɯÈÉÕÖÙÔÈÓɯÕÌÛÞÖÙÒɯ
activity, which in turn ÓÌÈËÚɯ ÛÖɯ ×ÈÛÏÖÓÖÎÐÊÈÓɯ ÊÏÈÕÎÌÚɯ ÚÜÊÏɯ ÈÚɯ ÈÊÊÜÔÜÓÈÛÐÖÕɯ ÖÍɯ  ϕɯ ɯ ÈÕËɯ
neurodegeneration (Palop and Mucke, 2016, 2010).   

What could be functional consequence of early loss of inhibitory neurons in AD? The 
major functional consequence of early loss of inhibitory interneurons in AD could be 
increased excitability of hippocampal and cortical pyramidal cells, altered excitation and 
inhibition balance, increased seizure susceptibility and epilepsy. For instance, GABAergic 
inhibitory interneurons in dentate gyrus are considered crucial for filtering neocortical and 
entorhinal excitatory inputs to CA3 (Heinemann et al., 1992; Lothman et al., 1992; Yu et al., 
2006). Loss of GABAergic interneurons in dentate gyrus are associated with temporal lobe 
epilepsy (Yu et al., 2006).  Loss of certain subpopulation of inhibitory interneurons, such as 
SOM-immunoreactive interneurons, could also contribute to cognitive impairment 
(Baraban and Tallent, 2004).  

To conclude, starting from early steps, AD pathology is very complex and include 
impairment of GABAergic system. Therefore, targeting Aϕ would not be enough to treat 
epilepsy in AD, as Aϕ induced changes in brain excitability should be taken into account. It 
is possible that targeting impairment of GABAergic system with pro-GABA antiepileptic 
drugs could be beneficial for AD patients. It should be noted, however, that few mouse 
models have so far been investigated for the loss of inhibitory interneurons. It is possible 
that some AD mouse models with increased neuronal excitability do not reproduce 
selective loss of inhibitory interneurons that takes place in AD patients. This could affect 
the results of pro-GABA drugs screening in those mouse models. 
 

2.3.4 The effects of Amyloid-�†�1pathology on ion channels and on intrinsic neuronal 
properties  
Detailed investigations have revealed functional impairment of interneurons in AD. PV-
immunoreactive interneurons show reduced sodium current and reduced level of 
interneuron specific Nav1.1 channel protein in hAPPJ20 mice with spontaneous seizures 
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(Verret et al., 2012). Notably, restoring Nav1.1 levels in hAPP with genetic manipulation 
was sufficient to increase inhibitory synaptic activity and reduce network hypersynchrony. 
Those observations led us to the first study of the present thesis, where we tested the effect 
of sodium channel blocking AEDs in APP/PS1 mice.  

The protein level of sodium channels could be affected by APP cleaving secretases. In 
vitro study showed that BACE1 cleaves ϕ2 subunit of Nav1.1 and also alters trafficking of 
Nav1.1 subunits to the cell membrane (Kim et al., 2007). One in vivo experiment confirmed 
the link between sodium channel cleavage and aberrant neuronal activity in the  Tg2576 
mouse (Corbett et al., 2013). So far, it remains unclear whether regulation of neuronal 
excitability through this mechanism is a normal function of BACE1 or only a consequence 
of increased activity of BACE1.  

Interestingly, BACE1 deficiency also causes hyperexcitability. BACE1 null mice have 
spontaneous behavioural seizures and spike-wave discharges (Hu et al., 2010).  Further, 
BACE1 null mice   have reduced amount of Nav1.1 channels similarly to the APPJ20 mouse 
model with overexpression of hAPP and increased production of Aϕ. In contrast to APPJ20 
mice, BACE1 null mice show neurodegeneration. This is a serious concern when 
developing treatment strategies based on inhibition of BACE1. Finding seizures in BACE1 
null mice speaks for the idea that BACE1 is involved in regulation of neuronal excitability. 
In addition, BACE1 affects potassium channels by regulating proteolytic processing of 
KCNE1 and 2 auxiliary subunits of voltage-gated potassium channels (Sachse et al., 2013).  

A recent study suggested that APP could regulate Nav1.6. function and increase Nav1.6 
sodium channel surface expression through a Go-coupled JNK pathway (Liu et al., 2015). 
Nav1.6 channels are highly expressed in excitatory neurons (Catterall et al., 2010), such as 
hippocampal and cortical pyramidal cells. Increased expression of Nav1.6 could cause 
increased excitability and epileptic seizures, and also facilitate epileptogenesis (Hargus et 
al., 2013). In contrast, reduction of Nav1.6 could have compensatory protective effect 
against hyperexcitability, caused by reduced level of Nav1.1 (Catterall et al., 2010). For 
instance, Nav1.6 level is reduced in hAPPJ20 with confirmed cortical hyperexcitability 
(Verret et al 2012).  

At physiological doses Aϕ could act as physiological modulator of ion channel function. 
For instance, A�> acts as a physiological inhibitor of the fast-inactivating neuronal A ɬ type 
K+ current (Good and Murphy, 1996; Plant et al., 2006). When the level of A�> increases 
above normal, this could cause problems for neurons and neuronal network. Experimental 
evidence suggests that A�> alters intrinsic neuronal properties.  Our group has previously 
shown that exposure of wild-type slices to Aϕ fibrils increases neuronal excitability 
(Minkeviciene et al., 2009). However, recent findings provide an even more complex 
picture. According to Brown and colleagues (Brown et al., 2011), aged APP/PS1 mice show 
complex changes in intrinsic neuronal excitability, including both elements of 
hyperexcitability and hypoexcitability. CA1 pyramidal neurons showed the hyperexcitable 
firing pattern (action potential burst) at the onset of responses to weak suprathreshold 
stimuli.  But when stimulation was prolonged, the number of action potentials fired became 
lower than in wild-type mice. The current density in Na channels at the soma of CA1 
pyramidal neurons was significantly reduced in aged APP/PS1 mice, but the activation and 
inactivation properties of the Na current were not changed as compare to wild-type mice 
(Brown et al., 2011). These finding are somewhat in line with the observations by Busche et 
al. who found hyperactive neurons around amyloid plaques but hypoactive ones further 
away from the plaques (Busche et al., 2012, 2008). In the case of AD-related 
hyperexcitability, the overall picture may be quite complex, such that hypoexcitability 
could be a compensatory homeostatic mechanism in response to hyperexcitability, or the 
other way round.  

To conclude, mechanisms of epilepsy in AD include multiple effects of A�>��and possibly 
other APP cleavage products at different levels from ion channels to neurons and networks. 
In addition, both normal and hyperphosphorylated/ aggregated forms of tau protein could 



21 
 

 

contribute to this pathology. The action of A�> cleaving enzymes is also very complex, and 
affects the brain from molecular to systems levels. As the level of A�> increases above the 
normal, the brain undergoes multiple alterations. Some of these alterations could be 
reversible at an initial stage of disease; in that case, A�> lowering treatments are expected to 
work. However, if some alterations appear irreversible from the very early stage of the 
disease, then removing the accumulated A�> would not help. That could be a possible 
reason why it is very difficult to find right drug targets, and why many trials failed. In the 
next chapter, I will describe the AEDs that are commonly used against epilepsy in AD, and 
also those that have been studied in AD mouse models. 
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DISEASE: THE MOST COMMONLY USED ANTIELIPEPTIC DRUGS IN THE 
ELDERLY 

Seizures in AD patients are usually treated with the same AEDs as in non-AD elderly 
patients. The most common AEDs prescribed as a monotherapy to treat epilepsy in AD 
patients are carbamazepine (CBZ), lamotrigine (LTG), levetiracetam (LEV), valproic acid 
(valproate, VPA) and phenytoin (DPH) (Hommet et al., 2008; Mendez and Lim, 2003; Rao et 
al., 2009; Vossel et al., 2013). By the time we started our study, limited data about the 
efficacy of AEDs for AD patients with epilepsy were available, and there were no 
systematic reviews on effects of AEDs on seizures and epileptiform activity in AD mouse 
models.  

In this chapter, I review types of seizures treated, mechanism of action and common 
CNS adverse events of five AEDs, most commonly prescribed as a monotherapy for 
patients with AD and epilepsy. Also, I evaluate this information in a context of epilepsy in 
AD.  The basic information about these drugs is summarized in Table 2.  

2.4.1 Seizure type 
AEDs are prescribed based on the seizure type. As mentioned in chapter 1.1.1., AD patients 
can have different types of seizures. In early AD, the most common are complex partial 
seizures (named focal in updated terminology) (Berg et al., 2010; Rao et al., 2009; Vossel et 
al., 2013).  Some authors found generalized tonic-clonic seizures being the most common in  
AD patients, especially in patients with advanced AD (Friedman et al., 2012; McAreavey et 
al., 1992; Mendez et al., 1994; Romanelli et al., 1990). To treat focal seizures, any of the five 
drugs reviewed in this chapter could be used, but  VPA would remain a second choice 
drug, since according to some studies it is less effective than CBZ and LTG against this 
seizure type (Marson et al., 2002; Mattson et al., 1992; Shorvon et al., 2016; Tudur Smith et 
al., 2007). Primary and secondary generalized tonic-clonic seizures could be treated with any of 
the five drugs. Against absence seizures, VPA and LTG are effective, whereas CBZ and DPH 
have been shown to aggravate absence seizures  (Panayiotopoulos, 2007; Shorvon et al., 
2016). Information about the effect of LEV on this seizure type is controversial (Auvin et al., 
2011; Fattore et al., 2011; Shorvon et al., 2016). Myoclonic seizures respond to VPA and LEV, 
but are aggravated by CBZ ( http://www.terveysportti.fi/terveysportti/laake.dlr_laake.koti; 
Shorvon et al., 2016). There is no detailed information about efficiency of AEDs against 
specific seizure types in AD patients.  
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Table 2 . The AEDs most commonly used to treat epileptic seizures in AD patients.  
Drug name Indication  Exaggerates 

seizure 
types 

Dose;  

range for 
serum 
concentration  

Acts on Common or 
important 
CNS adverse 
effects  

 

Carbamazepine 

(CBZ) 

focal seizures 
(simple or 
complex),  

secondary 
GTCSs,  

primary GTCSs  

myoclonic 
jerks 

absence 
seizures  

 

(800-1200 
mg/day, could 
be up to 1600-
2000 mg/day  

4-12 �¾g/ml 
(17-51 �¾mol/l) 

 

Na.1 -ch (I)  

L-type Ca2+-ch (I)  

monoamine 
receptors (I),  

NMDA receptors 
(I) 

thalamic GABAA 

receptors (E)? 

also unknown 

 

dizziness, 
sleepiness, 
ataxia, 
drowsiness, 
fatigue, 
headache, 
diplopia, 
blurring of 
vision, 
dyskinesia 

 

Phenytoin 

(DPH) 

secondary 
GTCSs, 

primary GTCS,    

focal seizures 

 

absence 
seizures  

200-400 
mg/day 

total:            
10-20 mg/l 
(40-80 �¾mol/l) 

unbound:       
1-2 mg/l (4-8 
�¾mol/l 

Na-ch (I)   

T-type Ca2+-ch (I)  

glutamate 
kainate-R (I) 

GABAA receptor 
current (E) 

also unknown 

 

 

fatigue, ataxia, 
dizziness, 
tremor and 
other forms of 
dyskinesia, 
nystagmus 
lethargy, 
headache  

rare, but 
challenging: 
mental 
confusion, 
cognitive 
dysfunction, 
acute 
encephalopathy 

 

Valproic acid 

(VPA) 

secondary 
GTCSs, 

primary GTCSs, 
absence 
seizures, 
myoclonic and 
atonic seizures;   

a second-
choice drug for 
focal seizures 

 1000 �± 2000 
mg/day; max 
2500 mg/day 

40-100 �¾g/ml 

 

 

Na-ch (I)  

T-type Ca2+-ch 
(I)? 

glutamate 
transporters 
proteins  

GABA (E, high 
dose VPA) 

 

fatigue, 
sleepiness, 
drowsiness, 
tremor, 
asthenia, 
rare: 
encephalopathy 
extrapyramidal 
symptoms 

Lamotrigine  
(LTG) 

focal seizures 
(with or 
without 
secondary 

 100-200 
mg/day, max 
500 mg/day; 

Na-ch (I) �:  
modulating 
presynaptic 
release of 
excitatory amino 

dizziness, 
ataxia, 
sleepiness, 
insomnia, 
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generalization), 

primary GTCSs, 

absence 
seizures 

 

2.5-15 �¾g/ml acids (glutamate 
and aspartate) 

N-type Ca2+ -ch 
and P-type Ca2+ -
ch (I) 

glutamate 
receptors (I) 

GABAA receptor  
(E) 

headache, 
asthenia, 
diplopia, 
blurred vision 

aggressiveness, 
irritability, 
agitation,    
tremor  

  

  

Levetiracetam 

(LEV) 

focal seizures 
(simple or 
complex)  

secondary 
GTCSs,    
primary GTCSs,  

myoclonic 
seizures  

 

 1000-3000 
mg/day (in 2 
portions);  

12-46 �¾g/ml 
70-270 �¾mol/l 

binds to synaptic 
vesicle protein 2A 
(SV2A) 

N-type Ca2+ -ch 
(partly blocking) 

glutamate 
receptors (I)  

 

sleepiness, 
headache, 
asthenia, 
spasms, 
dizziness, 
tremor; 
balance 
disturbance; 
lethargy, 
insomnia, 
nervousness, 
irritability 
Depression, 
animosity/ 
aggressiveness, 
anxiety 

 
 

 

Abbreviations:  GTCSs - Generalized tonic -clonic seizures , I -  inhibits, E �± enhances, c h-  
channel.  Summarized from (Browne and Holmes, 2004; 
http://www.terveysportti.fi/terveysportti/laake.dlr_laake.koti; Panayiotopoulos, 2007; Shorvon 
et al., 2016).  
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2.4.2 Mechanisms of action 
The main mechanism of action of CBZ, DPH and LTG is inhibition of sodium channels. 
Accordingly, these drugs are ÊÓÈÚÚÐÍÐÌËɯ ÈÚɯ ɁÚÖËÐÜÔɯ ÊÏÈÕÕÌÓɯ ÐÕÏÐÉÐÛÖÙÚɂȭɯ 3ÏÌɯ ÔÈÐÕɯ
mechanism of action of LEV differs from that of any other known AED: LEV inhibits 
synaptic transmission by binding to synaptic vesicle protein SV2A. Each of the drugs also 
acts on various additional mechanisms, which account for their varying effects on different 
seizure types, but also for their adverse effects. VPA inhibits sodium channels probably 
through the same mechanism as CBZ and DPH, but VPA affects many additional targets as 
well. Therefore, VPA could be considered as drug with multiple mechanisms of action.  

2.4.2.1 Inhibition of sodium channels 
CBZ, DPH, LTG and VPA reduce high-frequency repetitive neuronal firing by binding to 
the voltage-gated sodium channels at a slow inactivation state (Rogawski and Löscher, 2004; 
Shorvon et al., 2016).  Slow inactivation is an additional conformation state of a voltage-
gated sodium channel that occurs in sustained or persistently depolarized neurons. The 
binding of the drug prolongs the refractory period when the channel cannot open and 
neuronal firing does not propagate to a post-synaptic neuron (McLean and Macdonald, 
1986; Rogawski and Löscher, 2004; Shorvon et al., 2016). The binding is slow, and 
consequently few sodium channels get blocked during normal action potential firing, when 
the channels recover from inactivation state very fast. During epileptiform activity, 
involved neurons go into sustained or even persistent depolarization state, and a 
substantial number of channels get bound by AEDs (Rogawski and Löscher, 2004; Shorvon 
et al., 2016). Interestingly, the binding site on the sodium channel is the same for CBZ, DPH 
and LTG (Kuo, 1998), whereas VPA has different binding site (Shorvon et al., 2016). This 
mechanism is important for inhibiting GTCS and focal seizures (Rogawski and Löscher, 
2004).  

In addition to inhibiting the high-frequency repetitive sodium current, sodium channel 
blocking AEDs including DPH, VPA and LTG inhibit the persistent sodium current at lower 
doses than the dose needed to suppress the repetitive high-frequency neuronal firing 
(Stafstrom, 2007). A persistent sodium current occurs because some low number of sodium 
channels do not inactivate after opening, but remain open for tens of seconds or even 
continuously. The persistent sodium current contributes to creating persistent 
depolarization state of neurons; therefore even a small increase in a persistent sodium 
current could make neurons ready to generate epileptiform activity (Mantegazza et al., 
2010; Mantegazza and Catterall, 2012; Rogawski and Löscher, 2004; Stafstrom, 2007). Thus, 
reduction of persistent sodium current is important feature of sodium channel inhibiting 
drugs.  

Sodium channel inhibitors act on presynaptic neuron, but reduction of firing of 
presynaptic neurons lead to reduced release of neurotransmitters onto postsynaptic 
neurons. It has been generally thought that sodium channel inhibitors could act both on 
excitatory and inhibitory neurons. However, a recent study provided evidence that due to 
brief firing pattern, GABAergic interneurons are insensitive to CBZ, and the drug inhibits 
activity of excitatory pyramidal neurons only (Pothmann et al., 2014). Whether this 
observation is true for other sodium channel blockers remains a question for future studies. 
Due to a shared mechanism of action, it is possible that DPH and LTG similarly do not have 
effect on inhibitory neurons (Pothmann et al., 2014).  On the other hand, the action of AEDs 
on brain micronetworks may differ in various types of epilepsy and at different stages of 
pathology. For instance, in epileptic conditions related to interneuron deficiency, sodium 
channel blockers exacerbate seizures and epileptiform activity (Sanchez et al., 2012; Verret 
et al., 2012; Yu et al., 2006). This observation suggests that under certain conditions, sodium 
channel inhibitors could affect inhibitory neurons.  

Reduced levels of voltage-gated sodium channel Nav1.1. subunits have been found in 
APP transgenic mice and AD patients (Verret et al., 2012). However, whether this is a 
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general feature of AD remains unclear. It is also unknown whether AD patients have 
impaired sodium channels in excitatory neurons as well. It is interesting in this context that 
AD secretases BACE1 and ϖ-secretase cleave subunits of sodium channels (Kim et al. 2005, 
2007). Altogether, these facts make it difficult to predict the action of sodium channel 
inhibitors drugs in the AD brain. In Study II, we investigated the action of sodium channel 
inhibitors in a mouse model of AD with previously confirmed spontaneous seizures. 

2.4.2.2 Inhibition of calcium channels  
Each of the five drugs described in this chapter have inhibitory effect on calcium channels. 
Inhibition of calcium channels can help to prevent development of epileptiform activity and 
also prevent consequences of increased calcium entry into the cell. 

DPH inhibits low-voltage-activated T-type calcium channels in neuroblastoma cells and 
primary neurons (Powell et al., 2014; Todorovic et al., 2000; Twombly et al., 1988). VPA also 
inhibits T-type calcium channels and in one study the inhibition was greater in neurons 
from the WAG/Rij rat that is a model for absence epilepsy than from a wild-type rat 
(Broicher et al., 2007). Calcium influx through T-type calcium channels triggers burst of 
action potentials; in thalamus, this could lead to generation of synchronized activity 
observed during absence seizures (Perez-Reyes, 2003; Rogawski and Löscher, 2004). 
Inhibition of T-type calcium channels could be a possible mechanism by which VPA 
inhibits absence seizures. However, another study found no effect of VPA at therapeutically 
relevant concentrations on T-type calcium current in human neurons that were isolated 
from temporal neocortex after temporal lobe epilepsy surgery (Sayer et al., 1993). The 
possible explanation for those controversial results could be that the action of VPA on 
calcium channels differ in epileptic conditions of different etiology, and consequently in 
different models of epilepsy. It is also possible that the patients were on long-term VPA 
treatment before the decision to perform surgery was made.  

CBZ inhibits high-voltage activated L-type calcium channels (Ambrósio et al., 2002, 1999). 
Notably, CBZ does not inhibit other types of calcium channels, including high-voltage 
activated calcium channels and T-type calcium channels  (Ambrósio et al., 2002; Sayer et al., 
1993). L-type calcium channels are located mostly on postsynaptic neurons, but not in the 
active synaptic zone. L-type calcium channels allow calcium entry after depolarization of 
neuronal membrane. L-type calcium channels are inactivated slowly and thus can allow 
large amounts of calcium to enter a neuron  (Catterall, 2000; Shorvon et al., 2016). Inhibition 
of L-type calcium channels is therefore important to prevent excessive calcium entry during 
prolonged depolarization, such as during epileptiform activity. However, inhibition of L-
type calcium channels could also result in inhibition of  calcium-dependent potassium 

channels that are involved in termination of epileptiform activity, and therefore cause 
proconvulsant effect (Empson and Jefferys, 2001). 

LTG inhibits high-voltage activated P-type calcium current and N-type calcium current,  
whereas LEV inhibits  high-voltage activated N-type calcium current and P/Q-type calcium 
current with no effect on other types of calcium current (Lukyanetz et al., 2002; Shorvon et 
al., 2016; Stefani et al., 1996; Wang et al., 1996a). N- and P-type high-voltage activated 
calcium channels  mediate fast release of conventional neurotransmitters  such as 
acetylcholine and glutamate (Kandel et al., 2012). Inhibition of high-voltage activated 
calcium channels could inhibit presynaptic release of glutamate and prevent calcium 
overload in neurons (Shorvon et al., 2016).  
(Õɯ  #Ȯɯ ϕɯ ÐÕÊÙÌÈÚÌs L-type calcium current and calcium influx into neurons (Cataldi, 

2013). This can lead to calcium overload that is important factor in neurodegeneration in 
AD, causing mitochondrial damage and neuronal death (Reviewed in (Cataldi, 2013; 
Mattson, 2007). Inhibitory effects of AEDs on neuronal calcium channels could be 
important and desirable for AD patients. However, out of five AEDs commonly used 
against epilepsy in AD only CBZ shows the ability to inhibit L-type calcium channels.   
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2.4.2.3 Effects on glutamatergic neurotransmission  
The drugs described in this chapter have shown inhibitory effect on glutamate 
neurotransmission that could contribute to anticonvulsant action.  

By inhibiting voltage-gated sodium channels, sodium channel blockers reduce the action 
potential dependent synaptic release of glutamate (Lingamaneni and Hemmings, 1999; 
Meldrum and Rogawski, 2007). Also, as described above, LTG and LEV inhibit N-type 
voltage-gated calcium channels and P/Q voltage-gated calcium channels and therefore 
reduce release of glutamate (Lee et al., 2009; Lukyanetz et al., 2002; Meldrum and 
Rogawski, 2007; Stefani et al., 1996; Wang et al., 1996b).  

Experimental evidence supports an inhibitory action of DPH, LTG and LEV on 
ionotropic glutamate receptors. DPH is not antagonist of NMDA receptors (Kawano et al., 
1994; Laffling et al., 1995; Yang et al., 2007), but the drug competitively blocks non-NMDA 
(kainate) glutamate receptors (Kawano et al., 1994). LTG inhibits postsynaptic AMPA 
receptors, whereas reduced NMDA receptors mediated current is likely related to reduced 
presynaptic release of glutamate under LTG treatment (Lee et al., 2008; Wang et al., 1996b).  
LEV inhibits both AMPA and NMDA mediated  postsynaptic currents but the effect is due 
to reduced presynaptic release of glutamate (Lee et al., 2009). CBZ showed the ability to 
inhibit NMDA-evoked Ca2+ influx in cultured primary neurons (Ambrósio et al., 2002; 
Hough et al., 1996; Lampe and Bigalke, 1990), but other studies have not found evidence for 
a direct CBZ binding to NMDA receptors (Ambrósio et al., 2002). 

In addition, VPA, LTG and LEV could affect expression of proteins involved in 
regulation of glutamate system. A study in cultured hippocampal neurons showed that 
chronic treatment with VPA reduced surface expression of GluR1 and GluR2 subunits 
containing AMPA glutamate receptors (Du et al., 2007). LTG, in contrast, increased the 
surface expression of GluR1 and GluR2 containing AMPA receptors in the same model (Du 
et al., 2007).  There is experimental evidence that chronic VPA or LEV treatment increases 
production of glial glutamate transporter proteins GLAST and EAAC in the hippocampus. 
In addition, VPA reduces while LEV increases production of glial glutamate transporter 
GLT-1 in the hippocampus (Hassel et al., 2001; Sanacora et al., 2008; Ueda et al., 2007; Ueda 
and Willmore, 2000).  Glutamate transporters remove glutamate from synaptic space. The 
effect on neurotransmitter transporter proteins is an important mechanism that has 
potential to contribute to antiepileptogenesis. Unfortunately, few studies have investigated 
this question so far.  

Glutamate receptors are considered an important target for antiepileptic drugs (Shorvon 
et al., 2016). For AD patients with epilepsy, however, the situation is more complicated than 
for epileptic patients without AD. The ability of AEDs to inhibit glutamate release could be 
important to protect AD patients from glutamate toxicity, caused by glutamate spillover. 
Glutamate neurotransmission is impaired starting from an early stage of AD, but remaining 
NMDA receptors show compensatory hyperactivity (Danysz and Parsons, 2012). Also, 
patients could be on anti-AD medication memantine that inhibits NMDA receptors. Further 
studies will be needed to clarify whether AEDs drugs with inhibitory effects on NMDA 
receptors can be recommended for AD patients with epilepsy or whether this would result 
in unfavorably strong inhibition of NMDA receptors.  

2.4.2.4 Effects on GABAergic system  
CBZ and DPH enhance GABAA induced currents in cultured rat cortical neurons  (Granger 
et al., 1995). CBZ has been shown to activate GABAA  receptors in the thalamus in vivo, 
which could account for the fact that CBZ aggravates absence seizures (Liu et al., 2006). The 
significance  of the effect of DPH on GABAA receptors remains uncertain, because DPH was 
insufficient to prevent seizures induces by PTZ, a GABAA receptor antagonist  (Levy, 2002).  

VPA increases GABA turnover (Rogawski and Löscher, 2004) through at least two 
different mechanisms: (1) VPA enhances  GABA release by augmenting the enzyme that 
catalyzes the production of GABA from glutamate and (2) VPA inhibits enzymes involved 
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in GABA inactivation (Levy, 2002). However, the effects of VPA on GABA occurs at brain 
concentrations higher that expected to be achieved at therapeutic doses and in a later time-
window than its direct anticonvulsant action (Browne and Holmes, 2004; Shorvon et al., 
2016). Therefore, effects of VPA on GABA cannot explain the anticonvulsant action of VPA, 
but may contribute to its long-lasting effects. In addition, VPA and LEV reduce GABA 
transporters levels, thereby increasing synaptic GABA and promoting inhibition (Ueda et 
al., 2007; Ueda and Willmore, 2000).  
(Ô×ÖÙÛÈÕÛÓàȮɯÍÖÙɯÙÌÚÛÖÙÐÕÎɯÈÓÛÌÙÌËɯÌßÊÐÛÈÛÐÖÕɯɫɯÐÕÏÐÉÐÛÐÖÕɯÉÈÓÈÕÊÌȮɯÛÏÌɯÌÍÍÌÊÛÚɯÖÍɯ $#ÚɯÖÕɯ

excitatory and inhibitory system should occur simultaneously. In rat brain slices, DPH and 
LTG reduced the frequency of excitatory postsynaptic currents in glutamatergic synapses 
and at the same time increased the frequency of inhibitory currents in GABAergic synapses 
(Cunningham et al., 2000; Cunningham and Jones, 2000). This could be an important 
anticonvulsant mechanism of DPH and LTG in parallel to blocking sodium channels. 
Furthermore, a simultaneous effect of VPA and LEV favoring GABA and suppressing 
glutamate neurotransmission was demonstrated in above-mentioned studies assessing 
glutamate and GABA transporters proteins (Ueda et al., 2007; Ueda and Willmore, 2000). 
There is currently an increasing interest in the epilepsy field on network action of AEDs, 
and it is likely that new data on network effects of the drugs will be available in the near 
future.  

Enhancing action of AEDs on GABAergic system would be highly desirable for AD 
patients and could present a new strategy for treatment of AD (Nava-Mesa et al., 2014).  
However, CBZ and DPH should not be given to patients with absence seizures, and 
absence seizures are extremely difficult to clinically diagnose in AD patients with cognitive 
problems. 

2.4.2.5 Binding to synaptic vesicle protein  
LEV has a unique mechanism of action.  This drug binds to the synaptic vesicle protein  
SV2A (Lynch et al., 2004), thereby reducing release of neurotransmitters, particularly in  
rapidly discharging neurons (Meehan et al., 2011). Because the effect is strongly activity-
dependent, LEV reduces aberrant activity, but does not affect normal synaptic transmission 
(Birnstiel et al., 1997; Meehan et al., 2011). The exact functions of SV2A protein are still 
being discussed. Reduced expression of SV2A was found in the hippocampus of patients 
with chronic TLE and in a rat model of TLE, especially in rats with progressive epilepsy 
and frequent seizures (van Vliet et al., 2009). Evidence from SV2A knockout and 
overexpression studies argue that SV2A modulates function of synaptic vesicles. SV2A-
knockout mice have reduced excitatory and inhibitory synaptic transmission, and reduced 
probability of synaptic vesicle release, whereas synaptic vesicle density and morphology 
remain normal. SV2A-knockout mice develop severe seizures by 1-2 weeks, and die at 3 
weeks of age  (Crowder et al., 1999).  Overexpression of SV2A causes comparable synaptic 
deficits, but the effect has been investigated only in neuronal cell cultures so far (Nowack et 
al., 2011). In neuronal cells overexpression of SV2A with LEV treatment was able to 
normalize synaptic transmission (Nowack et al., 2011).  

LEV is currently suggested as a promising drug for AD patients. Either acute or chronic 
treatment with low dose of LEV reduced epileptiform  spiking in the APPJ20 mouse model 
of AD with subclinical epileptiform activity, normalized synaptic function and improved 
learning and memory in behavioural tests (Sanchez et al., 2012). Evidence from a recent 
clinical study showed that a low dose of LEV reduced hippocampal hyperactivity in MCI  
patients and improved their cognitive performance (Bakker et al., 2012). A further clinical 
trial regarding the use of LEV to reduce AD-associated network hyperexcitability is in 
progress (NCT02002819 and NCT01554683, https://clinicaltrials.gov/).  
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2.4.2.6 Epigenetic action of valproic acid through inhibition of histone deacetylase 1   
Studies have shown that at therapeutic concentrations VPA inhibits activity of class I 
histone deacetylases (HDAC), (Göttlicher et al., 2001; Phiel et al., 2001), and selectively 
reduces the levels of HDAC2 probably by proteolytic degradation (Krämer et al., 2003). 
HDAC transforms chromatin into an inactive form. By inhibiting HDACs VPA could 
activate transcription of multiple genes (Göttlicher et al., 2001; Phiel et al., 2001; Shorvon et 
al., 2016). Possible consequences of HDAC inhibition include neuroprotection and 
promotion of neurogenesis.  

In the AD brain, HDAC2 levels are increased in the CA1 area of hippocampus and in 
entorhinal cortex (Gräff et al., 2012). Evidence from a mouse model confirms that increased 
activity of HDAC2 in CA1 is associated with hypoacetylation of histones in the promoter 
regions of genes crucial for memory and synaptic plasticity and reduced expression of 
those genes (Gräff et al., 2012). This observation provided basis for the hypothesis of 
epigenetic blockade of cognitive functions in neurodegenerative diseases. Experimental 
reduction of HDAC2 levels in CA1 of the CK-p25 mice  with adeno-associated viral vector  
increased acetylation of synaptic plasticity genes and improved memory (Gräff et al., 2012).  
This finding indicates that an epigenetic blockade of cognitive  functions could be reversed; 
therefore, there is some evidence that inhibitors of HDAC may prove promising new drug 
candidates for treatment of AD.  

 

2.4.2.7 Could antiepileptic drugs have antiamyloidogenic action?  
VPA and LEV had shown ability to inhibit formation of  ϕɯ (Qing et al., 2008; Shi et al., 
2013). Anti-amyloidogenic action of VPA was confirmed in vitro in primary neurons from 
APP23/PS45 mice, and in vivo in APP23 and APP23/PS45 mouse models of AD. In one 
study, mice treated with 30 mg/kg VPA during 4 weeks showed reduced Aϕ40 and Aϕ42 
levels, reduced plaque formation and improved memory (Qing et al., 2008). A subsequent 
study indicated that APPswe/PS1dE9 mice treated with 50 mg/kg LEV during 4 weeks also 
showed reduced Aϕ42 brain levels, reduced plaque formation and improved memory  (Shi 
et al., 2013). The possible mechanism of the effect was inhibition of glycogen  synthase 
kinase-Ɨϕɯȹ&2*-ƗϕȺɯÛÏÈÛɯ×ÙÖÔÖÛÌÚɯϖ-secretase cleavage of APP (Qing et al., 2008; Shi et al., 
2013). In addition, LEV may increase the levels of low-density lipoprotein receptor related 
protein 1 (LRP-1) that removes Aϕ from the brain to peripheral blood and increased levels 
of autophagic proteins in the brain (Shi et al., 2013). Evidence that VPA could have an 
antiamyloidogenic action inspired our study III, where we tested the effect of VPA in a 
mouse model of AD with epilepsy.  

 

2.4.2.8 The efficacy of antiepile�™�•�’�Œ�1�•�›�ž�•�œ�1�•�›�Ž�Š�•�–�Ž�—�•�1�’�—�1�™�Š�•�’�Ž�—�•�œ�1� �’�•�‘�1���•�£�‘�Ž�’�–�Ž�›���œ�1�•�’�œ�Ž�Š�œ�Ž 
So far, only the report by Vossel and colleagues has evaluated the efficacy of AEDs in AD 
patients (Vossel et al., 2013). Other available reports are review articles that have to 
extrapolate information regarding treatments from studies in elderly people without 
dementia due to lack of specific data about AD (Hommet et al., 2008; Jenssen and Schere, 
2010; Mendez and Lim, 2003). Some reports mention the treatments used, but did not 
evaluate the effects (Reviewed by (Friedman et al., 2012). According to Rao and 
collaborators (Rao et al., 2009),  31/39 (80%) of patients with dementia became seizure-free 
or had more than 95% reduction of seizure frequency on DPH, VPA, CBZ or three other 
antiepileptic drugs, including monotherapy in 72% of patients and use of two or more 
AEDs in remaining 28% of patients.  The authors described the treatment outcomes very 
briefly without specifying the effect of each drug separately. Furthermore, the authors gave 
a summary outcome report for different types of dementia without clarifying how 
successful the treatment of seizures was in AD. According to the recent retrospective study 
by Vossel et al., LTG and LEV were the most effective against seizures in patients with AD 
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and MCI, blocking seizures in 50 and 43% of patients, respectively, while DPH and VPA 
were considered less efficient (Vossel et al., 2013).  This is a pioneering study in many 
aspects, but the conclusion of treatment effects made in this study cannot be considered a 
final recommendation due to low number of patients on each monotherapy. There is need 
for more studies regarding use of AEDs in AD patients, and for alternative treatments that 
would help control seizures without the adverse-effects of common AEDs. The next chapter 
briefly describes the ketogenic diet that increase production of ketone bodies and evaluates 
the benefits and possible challenges of ketogenic diet regarding the treatment of epilepsy in 
AD.  
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2.5 LOOKING FOR THE TREATMENTS FOR EPILEPSY IN �$�/�=�+�(�,�0�(�5�¶�6��
DISEASE: KETOGENIC DIET  

2.5.1 Ketogenic diet: definition, efficacy, adverse effects 
The ketogenic diet (KD) is a high-fat, very low-carbohydrate and minimal proteins diet. In 
the classic version of the diet, fats are kept on 4:1 or 3:1 ratio versus proteins and 
carbohydrates combined (Kossoff et al., 2009b). Due to restriction of carbohydrates during 
KD, the liver metabolizes fatty acids. This results in increased production of the ketone 
bodies beta-hydroxybutyrate (BHB), acetoacetate (ACA), and ACA metabolite acetone. Ketone 
bodies are used as energy source by the brain and by other tissues instead of glucose that is 
normally the main source of energy (Hartman et al., 2007; Masino and Rho, 2012).  

KD is used worldwide to treat drug-resistant childhood epilepsy and it is recommended 
for children who have failed with two or three AEDs therapies (Kossoff et al., 2009a). 
According to a recent Cochrane review that summarized the data from 7 randomized 
controlled trials, 55% of children treated with a classical KD were seizure-free after 3 
months on the treatment, and 85% had reduced seizures (Martin et al., 2016). This success 
rate is even higher than reported previously based on open trials (Kossoff et al., 2009b; 
Kossoff and Wang, 2013). Different epilepsy syndromes characterized by different types  of 
seizures  (myoclonic seizures, atonic seizures, myoclonic-atonic absence seizures, and focal 
seizures) have been found to respond to KD (Kossoff et al., 2009a). KD is particularly 
recommended for symptomatic generalized epilepsies, while it is not a choice for patients 
with focal seizures with well identified focus that are candidates for epilepsy surgery 
(Kossoff et al., 2009a). In contrast to children, few studies have been performed on KD 
efficiency in adults. Those studies have indicated that also adults can be successfully 
treated with KD, although they often have difficulties in complying with such a restrictive 
diet (Klein et al., 2014).   

Some recent studies have provided evidence for disease-modifying potential of KD and 
that the antiepileptic effect of KD can be long-lasting (Martinez et al., 2007; Stafstrom and 
Rho, 2012). KD showed antiepileptogenic-like activity in animal models, including kainic 
acid induced status epilepticus in rat and rat model of progressive hippocampal 
hyperactivity caused by repetitive electrical stimulation of the angular bundle  (Hartman et 
al., 2007). Evidence from open clinical trials and studies in animal models have showed that 
KD can work as a symptomatic and disease-modifying treatment also in traumatic brain 
ÐÕÑÜÙàɯ ÈÕËɯ ÕÌÜÙÖËÌÎÌÕÌÙÈÛÐÝÌɯ ËÐÚÖÙËÌÙÚȮɯ ÐÕÊÓÜËÐÕÎɯ  #Ȯɯ /ÈÙÒÐÕÚÖÕɀÚɯ ËÐÚÌÈÚÌȮɯ ÈÕËɯ ÚÛÙÖÒÌɯ
(Gasior et al., 2006; Stafstrom and Rho, 2012).  

Common adverse effects of KD are vomiting, constipation, feeling lack of energy and 
hunger, and weight loss (Klein et al., 2014; Neal et al., 2008). As long-term adverse effects 
may occur gastrointestinal symptoms, kidney stones, elevated lipids, hypercholesterolemia, 
weight loss, and bone fractures (Kossoff et al., 2009b), however, no common CNS side 
effects have been reported. It is possible and highly important to prevent serious adverse 
effects by accompanying the diet with vitamin and mineral supplementation (Kossoff et al., 
2009b; Kossoff and Wang, 2013).   

2.5.2 Mechanisms of action of ketogenic diet   
The mechanisms of anticonvulsant actions of KD remain incompletely understood despite 
the long-time use of the diet. KD induces multiple metabolic, physiological and hormonal 
alterations. Several mechanisms act in parallel and contribute to the effect of the diet 
ÐÕÚÛÌÈËɯ ÖÍɯ Èɯ ÚÐÕÎÓÌɯ ɁÔÈÐÕɂɯÔÌÊÏÈÕÐÚÔɯ (Rho, 2015; Stafstrom and Rho, 2012). The direct 
anticonvulsant action of the ketone bodies, the alterations induced by KD in GABAergic 
system, improved energy metabolism and neuroprotective effects of KD could be selected 
as the most important mechanisms of KD action.  
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The ketone bodies ACA and acetone have demonstrated anticonvulsant activity in animal 
models, but direct anticonvulsant action of BHB has not been confirmed (Hartman et al., 
2007; Likhodii et al., 2003; Rho et al., 2002). ACA and acetone protected Frings audiogenic 
seizure susceptive mice against tonic seizures induced by a sound (Rho et al., 2002). Also, 
ACA protected rats against seizures induced by 4-amynopyridine (Juge et al., 2010). 
Acetone shows a broad spectrum of anticonvulsant actions. Acetone protected rats against 
acute tonic-clonic seizures in maximal electroshock seizure model, chronic focal seizures 
with secondary generalization in amygdala kindling model, and also against atypical 
absence seizures induced by AY-9944 (Likhodii et al., 2003; Likhodii and Burnham, 2002). 
Moreover, acetone protected mice against PTZ induced seizures and against seizures 
induced by 4-amynopyridine, a voltage-gated potassium channel blocker (Gasior et al., 
2007). However, the effect profile of KD differs from that of acetone or ACA: in contrast to 
acetone, KD does not protect rats against seizures induced by maximal electroshock, 
neither does KD protect mice  against seizures induced by PTZ (Hartman et al., 2007). 
Taking together, the anticonvulsant action of ketone bodies contributes to the seizure 
suppressive effect of KD, but is not enough to explain the effect. 

The underlying mechanisms of the anticonvulsant effect of ketone bodies ACA and 
especially acetone remain unclear. Recordings in rat brain slices showed that the ketone 
bodies BHB or ACA at physiological concentration inhibit spontaneous firing of 
GABAergic neurons in substantia nigra which protect against seizures (Ma et al., 2007). The 
effect was completely abolished when ATP-sensitive potassium channels (KATP channels) 
were blocked, thus suggesting that the effect is modulated by KATP channels (Ma et al., 
2007). Another intriguing possibility is reduction of glutamate release by inhibiting the 
vesicular glutamate transporter protein VGLUT2 (Juge et al., 2010). Experiments showed 
that ACA, and less intensively, BHB inhibit VGLUT2; thus less glutamate is transported 
into synaptic vesicles, and consequently less glutamate is available for further release. 
These experiments confirmed that ACA inhibits glutamate release in various models 
including proteoliposomes,  cultured rat neurons and in cultured mouse CA1 pyramidal 
neurons (Juge et al., 2010). However, according to Juge and colleagues, acetone, the ketone 
body with a wider spectrum of action than ACA, did not inhibit VGLUT and glutamate 
release (Juge et al., 2010), whereas Ma and colleagues did not investigate actions of acetone 
(Ma et al., 2007). Therefore, the observations by Ma et al. and by Juge et al.  described above 
can at least partly explain the anticonvulsant action of ACA and consequently KD, but 
more studies are needed to clarify the mechanism behind the anticonvulsant action of 
acetone.  

It is possible that KD induces alterations in the GABAergic system, but this issue has not 
been studied in depth so far. The data from animal models regarding the ability of KD to 
protect against seizures induced by PTZ (GABAA receptors antagonist) are inconclusive: KD 
protected rats, but not mice against PTZ-induced seizures (Hartman et al., 2007). One 
feasible hypothesis suggests that KD increases the level of GABA. Indeed, KD increased the 
expression of GABA synthesizing enzyme glutamic acid decarboxylase in inferior 
colliculus, striatum, cerebellum and temporal cortex in rat (Cheng et al., 2004). Glutamate 
acid decarboxylase levels were similarly increased by a restricted-calory diet and not only 
by KD, therefore it is likely that the effect was caused by a calory restrictive feature of KD 
(Cheng et al., 2004; Hartman et al., 2007). Despite increased activity of the GABA 
synthesizing enzyme, increased synthesis on GABA during KD consumption has not been 
confirmed so far in animal models (Gasior et al., 2006). However, according to clinical 
observations among children with refractory epilepsy, cerebrospinal fluid (CSF) levels of 
GABA were higher in responders than in nonresponders and highest in the best responders 
(Dahlin et al., 2005; Hartman et al., 2007). To conclude, the observations from animal 
studies and clinical trials indirectly argue for increased GABA synthesis during 
consumption of KD.  
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KD improves energy metabolism in several different ways. KD was designed to mimic 
starvation; therefore, one important feature of the diet is restriction of calories. In addition, 
KD moderately reduces the amount of circulating glucose. Reduced glucose and calorie 
restriction have shown seizure protective effects in a mouse model of epilepsy and in 
clinical practice (Greene et al., 2001; Masino and Rho, 2012; Rho, 2015). Ketone bodies serve 
as an additional energy source to glucose (Rho, 2015; Veech et al., 2001).  Furthermore, KD  
consumption increases the number of mitochondria in hippocampus and increases 
expression of genes coding for energy metabolism enzymes and mitochondrial proteins 
(Bough et al., 2006). Ketone bodies reduce mitochondrial production of free radicals 
(Maalouf et al., 2007; Masino and Rho, 2012) and thereby offer protection against harmful 
effects of free radical species and prevent neuronal death that could be induced by 
exposure to free radicals. To conclude, multiple KD induced changes in brain energy 
metabolism contribute to neuroprotective and disease modifying effects of the diet (Rho 
and Rogawski, 2007; Veech et al., 2001).  
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2.5.3 Ketogenic diet as treatment for ���•�£�‘�Ž�’�–�Ž�›���œ�1�•�’�œ�Ž�Š�œ�Ž and epilepsy in Alzheim�Ž�›���œ�1
disease?  
Reduced brain energy metabolism is an early feature of AD and can occur decades before 
cognitive impairment (Mosconi, 2005). Reduced neuronal energy metabolism can alter APP 
processing in different ways. Experimental evidence suggests that energy inhibition  
increases BACE1 levels and activity in brains of wild-type and APP transgenic (Tg2576) 
ÔÐÊÌȮɯÛÏÌÙÌÉàɯÐÕÊÙÌÈÚÐÕÎɯÛÏÌɯÓÌÝÌÓÚɯÖÍɯ ϕƘƔɯ(Velliquette et al., 2005). Also, chronic oxidative 
stress and hypoxia that could accompany reduced energy metabolism increase the activity 
ÖÍɯ ϕ- ÈÕËɯ ϖ-secretase, thereby altering APP processing to amyloidogenic direction 
(Guglielmotto et al., 2009). On the other hand, compromised energy metabolism can alter 
neuronal functions and make neurons more vulnerable to any stress (Mattson and Magnus, 
2006), including tÖßÐÊɯ ÈÊÛÐÖÕÚɯ ÖÍɯ ϕȭɯ 3ÈÒÐÕÎɯ ÛÖÎÌÛÏÌÙȮɯ Ïà×ÖÔÌÛÈÉÖÓÐÚÔɯ ÊÈÕɯ ËÙÐÝÌɯ ËÐÚÌÈÚÌɯ
×ÈÛÏÖÎÌÕÌÚÐÚɯ ÐÕɯ  #ȭɯ 2ÐÕÊÌɯ  ϕɯ ÐÕÊÙÌÈÚÌÚɯ ÕÌÜÙÖÕÈÓɯ ÌßÊÐÛÈÉÐÓÐÛàɯ ÈÕËɯ ÐÕËÜÊÌÚɯ Ì×ÐÓÌ×Úàɯ
(Minkeviciene et al., 2009), hypometabolism can contribute to epileptogenesis in AD from 
very early stage of the disease.  Consequently, hypometabolism is an important therapeutic 
target for AD and epilepsy in AD, especially in an early stage, and for prevention of AD 
(Costantini et al., 2008). KD induces effects on energy metabolism that no single drug can 
offer, thus the diet is very valuable in this context.  

KD offers several other benefits for the AD brain. As described above, KD protects 
neurons against free radicals. Moreover, experimental evidence suggests that KD can have 
ÈÕÛÐÈÔàÓÖÐËÖÎÌÕÐÊɯ ÈÊÛÐÖÕȭɯ ɯ*#ɯ ÙÌËÜÊÌËɯÉÙÈÐÕɯ ɯ ϕƘƔɯÈÕËɯ ϕƘƖɯ ɯ ÓÌÝÌÓÚɯ ÐÕɯ ÈÕɯ //ɯ+ÖÕËÖÕɯ
mouse model of AD, and the effect was related to increased production of ketone bodies 
(Van der Auwera et al., 2005). Notably, BHB protected rat cultured hippocampal cells 
ÈÎÈÐÕÚÛɯ ϕɯÛÖßÐÊÐÛàɯ(Kashiwaya et al., 2000). Also, KD may have anti-inflammatory effects 
that can be highly valuable for AD patients (Gasior et al., 2006).   

However, KD has important limitations that make the diet difficult to use in AD patients. 
The highly restrictive character of the diet appears challenging even for cognitively healthy 
adults (Klein et al., 2014), and thus even less compliance among AD patients. Also, side-
effects can be dangerous and require dietary supplementations and close monitoring by the 
doctor (Kossoff et al., 2009b).  

As alternative to KD that increases production of ketone bodies, we suggested to 
supplement the regular diet with BHB and pyruvate that can serve as additional energy 
sources (IV). Pyruvate is a direct energy substrate for mitochondrial metabolism that does 
not need to be further converted (Zilberter et al., 2015). Pyruvate inhibits VGLUT2 similarly 
to ACA, reducing the amount of glutamate available for further release (Juge et al., 2010). 
Furthermore, pyruvate shows a unique profile of neuroprotective effects against oxidative-
stress related neuronal injury and also has anti-inflammatory action (Zilberter et al., 2015). 
Evidence from small clinical studies conducted so far suggests that pyruvate and BHB are 
well tolerated (Clarke et al., 2012; Dijkstra et al., 1984; Vernia et al., 2000).    

To conclude, KD shows anticonvulsant, anti-inflammatory and neuroprotective effects 
that make the diet a promising approach for the treatment of epilepsy in AD, and as a 
treatment for AD in general. By the time of writing this thesis book, no studies were 
conducted to evaluate efficacy of KD against epilepsy in elderly patients, against epilepsy 
in patients with any form of dementia or in animal models of epilepsy in AD. The 
investigations of KD effects as a treatment for AD are in a preliminary stage, but have 
provided encouraging resultsȮɯ ÚÜÎÎÌÚÛÐÕÎɯ ÛÏÈÛɯ *#ɯ ÊÖÜÓËɯ ×ÖÚÚÐÉÓàɯ ÙÌËÜÊÌɯ  ϕɯ ÓÌÝÌÓÚɯ ÈÕËɯ
inflammation in AD. However, KD would be challenging for elderly and especially for 
demented patients and their caregivers due to restrictiveness of the diet. Therefore, the 
ËÐÌÛÈÙàɯ ÚÜ××ÓÌÔÌÕÛÈÛÐÖÕɯ ÞÐÛÏɯ ɁÙÌÈËàɂɯ ÒÌÛÖÕÌɯ ÉÖËÐÌÚɯ ÚÖÜÕËÚɯ ÈÚɯ Èɯ ÔÖÙÌɯ ×ÙÈÊÛÐÊÈÓɯ ÈÕËɯ
patient-friendly approach.  
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2.6 SUMMARY: GAPS IN KNOWLEDGE THIS THESIS AIMS TO FILL IN 
Treatment of epilepsy in AD patients raises many important questions, both theoretical and 
practical. Herein, I review only questions related to experimental studies included in this 
thesis. 

New mouse models that reproduce features of AD and epilepsy would be needed for 
drug screening. We started our study with video-EEG monitoring in APParc mouse model 
of AD to find out whether APParc mutation would increase seizure susceptibility in vivo (I).  

Very limited number of studies has evaluated the efficacy of the AEDs on this very 
special category of patients. Would the known effect of AED on seizures in patients without 
AD be the same in AD patients? Obviously, the AD brain differs significantly from the 
brain of a person without AD, so the action of AEDs may also change. Evidence from an 
animal study suggests that sodium channel inhibitors could exacerbate seizures and 
epileptiform activity  in the hAPPJ20 mouse model of AD (Sanchez et al., 2012; Verret et al., 
2012). However, this phenomenon was confirmed in only one mouse model of AD, and it is 
not clear whether this finding can be generalized. Therefore, in Study II, we evaluated, 
whether the same effect could occur in another mouse model of AD.  

As reviewed in the previous chapter, experimental evidence supports the idea that 
Ïà×ÌÙÌßÊÐÛÈÉÐÓÐÛàɯ ÐÕɯ  #ɯ ÖÙÐÎÐÕÈÛÌÚɯ ÍÙÖÔɯ ÐÕÊÙÌÈÚÌËɯ ÓÌÝÌÓÚɯ ÖÍɯ  ϕȭɯ ɯ .ÕÌɯ ÚÛÜËàɯ ÐÕɯ Èɯ ÔÖÜÚÌɯ
model pointed out that VPA could have antiamyloidogenic effect, and that the effect may 
occur already after a short exposure to VPA (Qing et al., 2008). If antiamyloidogenic action 
of VPA would occur in other models of AD, it could open the possibility to modify disease 
process in AD. Additional argument for choosing VPA for a further investigation would be 
its facilitating effect on GABA system (Levy, 2002; Rogawski and Löscher, 2004) and 
suppression of EDs we found in Study II. We suppose that VPA could modify the disease 
process in AD-related epilepsy and have long lasting effects suppressing epileptiform 
activity even after treatment discontinuation (III). 

Most of traditional AEDs could have symptomatic anticonvulsant effects only and the 
need for alternative treatments that would act on disease mechanisms is clear. A deeper 
look at the mechanisms of epileptogenesis and epilepsy in AD is required. One important 
feature of AD is reduced neuronal energy metabolism that occurs already at a very early 
stage of AD (Reviewed by (Mosconi, 2013, 2005)). Reduced energy metabolism is a 
challenge for brain functioning, because neuronal tissue has high energy demands. It is also 
possible that reduced energy metabolism makes neurons more vulnerable to pathological 
ÈÊÛÐÖÕÚɯ ÖÍɯ  ϕȭɯ (Õɯ ÖÜÙɯ ËÐÌÛÈÙàɯ ÐÕÛÌÙÝÌÕÛÐÖÕɯ ×ÙÖÑÌÊÛɯ ÐÕɯ ÈɯÔÖÜÚÌɯÔÖËÌÓɯ ÖÍɯ  #ɯÞÌɯ ÈÐÔÌËɯ ÛÖɯ
compensate for impaired energy metabolism in early AD by supplementing their diet with 
ketone bodies (IV).  
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3 Aims of the study 

The objective of this study ÞÈÚɯ ÛÖɯ ÐÕÝÌÚÛÐÎÈÛÌɯ ÛÏÌɯÙÌÓÈÛÐÖÕÚÏÐ×ɯÉÌÛÞÌÌÕɯ ϕɯ×ÈÛÏÖÓÖÎàɯÈÕËɯ
Ì×ÐÓÌ×Úàɯ ÈÕËɯ ÚÜÎÎÌÚÛɯ ÛÙÌÈÛÔÌÕÛɯ ÚÛÙÈÛÌÎÐÌÚɯ ÛÏÈÛɯ ÞÖÜÓËɯ ÉÌɯ ÏÌÓ×ÍÜÓɯ ÛÖɯ ÈÉÖÓÐÚÏɯ  ϕɯ ÐÕËÜÊÌËɯ
changes in AD brain excitability. More specifically, we wanted to get answers to the 
following questions: 
 
 

1. Does familiar AD linked APParc mutation increase seizures susceptibility and lower 
seizure threshold in mouse model? 

 
2. Will the commonly used sodium channel blocking AEDs be effective against 

epileptiform activity in APdE9 mice? 
 

3. Can VPA suppress EDs and accumÜÓÈÛÐÖÕɯÖÍɯ ϕɯÐÕɯ /Ë$ƝɯÔÐÊÌɯwith a long-lasting 
effect? 

 
4. Can supplementary energy sources to glucose reduce epileptiform activity in APdE9 

mice?  
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4 Materials and methods 

4.1 ANIMALS 

All animal experiments were conducted according to the Council of Europe (Directive 
86/609) and Finnish guidelines, and approved by the State Provincial Office of Eastern 
Finland (license 08-05812).  

During the experiments, animals were housed in a control environment (temperature 22 
Ƿɯ ƕɯ ɢ"Ȯɯ ÓÐÎÏÛÚɯ ÖÕɯ ƔƛȯƔƔ-19:00 hours) with free access to food, water and aspen bedding 
material. Before operation, mice were group-housed in standard laboratory cages with a 
plastic shelter. After the electrode operation, the mice were housed individually, and the 
plastic shelter has to be removed to avoid damage to the electrodes.  

4.1.1 Transgenic mice expressing APParc mutation (I) 
The Arctic APP mutation (E693G) was introduced into a human cDNA of APP (695 
isoform) and the construct was cloned into the mouse Thy1.2 expression cassette (gift from 
Dr. La Ferla, University of California, Irvine, CA, USA). The APParc mice were generated 
on a mixed CBA/C57BL/6 background, then backcrossed for three generations to C57BL/6 
mice. Finally homozygous animals having transgenic or wild-type genotype were bred for 
two generations (Rönnbäck et al., 2012, 2011).  

4.1.2 Transgenic mice expressing APPswe and presenilin-1 mutations (APPswe/PS1dE9, 
APdE9, II-IV) 

APdE9 colony founders were obtained from D. Borchelt and J. Jankowsky (Johns 
Hopkins University, Baltimore, MD, USA). Mice were created by coinjection of chimeric 
mouse/human APPswe and human PS1-dE9 (deletion of exon 9) vectors controlled by 
independent mouse prion protein promoter elements. The two transgenes cointegrated and 
cosegregated as a single locus (Jankowsky et al., 2004). The line was originally maintained 
in a C3HeJxC57BL/6J hybrid background. By the time of the present work, the breeder mice 
were backcrossed to C57BL/6J for 13 generations.  
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4.2 TREATMENTS 

Study design is summarized in Figure 3. All therapeutic interventions were performed 
under continuous 24/7 video-EEG monitoring. Recordings from baseline, treatment and 
wash-out periods were obtained for each animal and each treatment. 

4.2.1 Antiepileptic drugs (Carbamazepine, Phenytoin and Valproic acid) (II, III) 
���•�ž�•�¢�1�����ï�1���¡�™�Ž�›�’�–�Ž�—�•�1�W�1�û���•�˜� �1�•�˜�œ�Ž���ü�ï�110 APdE9 mice were included in the study at the age 
17-18 wk. First, the vehicle treatment was applied for two days. On day 1 mice were 
injected i.p. with 1% Tween 80 in dH2O (3 times/daily, at 8 h intervals), the next day mice 
received 0.9% NaCl, 2 times/daily, i.p. Then, mice were treated with CBZ (10 mg/kg, i.p., 3 
times/day, at 8 h intervals) or DPH (10 mg/kg, i.p., 3 times/day, at 8 h intervals) during 
three days. The treatment period was followed by a 3-day wash-out period without any 
treatment. After the wash-out, the mice treated with CBZ were switched to DPH and vice 
versa for the next three days. Thereafter, after a 3-day wash-out, all animals were treated 
with VPA (260 mg/kg, i.p., 2 times/day, at 12 h intervals for three days) (See Fig. 3). 

���¡�™�Ž�›�’�–�Ž�—�•�1�X�1�û���‘�’�•�‘�1�•�˜�œ�Ž���ü�ï�1.ÕÌɯÔÖÕÛÏɯÈÍÛÌÙɯÛÏÌɯɁÓÖÞɯËÖÚÌɂɯÛÙÐÈÓȮɯÛÏÌɯÚÈÔÌɯÈÕÐÔÈÓÚɯȹƖƙ- 
to 26-week old, n=8) were included ÐÕɯ ÛÏÌɯ ɁÏÐÎÏɯËÖÚÌɂɯ ÛÙÐÈÓȭ The treatment protocol was 
modified as follows to abolish the effect of baseline fluctuation in epileptiform activity: 
Baseline recording (5 days) �:�� 1% Tween 80 in distilled H2O (3 times/day, at 8 h intervals; 3 
days) �:    CBZ (40 mg/kg, 3 times/day; 5 days) �:  1% Tween 80 in distilled H2O (3 
times/day, 3 days) �:  DPH (40 mg/kg, 3 times/day; 3 days) �:  0.9% NaCl (2 times/day; 3 
days �:  VPA (400 mg/kg, 2 times/day; 5 days). Each AED treatment was followed by 3-day 
wash-out; for DPH treatment wash-out was prolonged to 9 days due to adverse effects of 
the drug (See Fig. 3). 

Study III. 18 APdE9 mice were included in the study at the age 14 wk.  First, baseline 
video-EEG was recorded for 1 week.  Then, the mice were randomly divided into VPA 
(n=12) and vehicle (n=6) groups. To assess the effect of VPA on epileptiform activity and 
amyloidogenesis, APdE9 mice (15-week-old) received daily intraperitoneal injections of 30 
ÔÎɤÒÎɯ5/ ɯÍÖÙɯƕɯÞÌÌÒɯȹɁ+ÖÞɯËÖÚÌɂɯÛÙÐÈÓȺȭɯ ÍÛÌÙɯÈɯƗ-week wash-out period, the same mice, 
now 20-week-ÖÓËȮɯ ÙÌÊÌÐÝÌËɯ ËÈÐÓàɯ ÐÕÑÌÊÛÐÖÕÚɯ ÖÍɯ ƗƔƔɯ ÔÎɤÒÎɯ 5/ ɯ ÍÖÙɯ ƕɯ ÞÌÌÒɯ ȹɁ'ÐÎÏɯ ËÖÚÌɂɯ
trial). In a parallel, the vehicle group received 0.9% NaCl according to the same protocol 
(See Fig. 3). 

Carbamazepine (CBZ, C4024, Sigma-Aldrich, Germany) and 5,5-diphenylhydantoin 
sodium salt (DPH, D4505, Sigma-Aldrich, Germany) were dissolved in 1% Tween 80 
(SigmaɬAldrich) in distilled H2O. Valproic acid sodium salt (VPA, P4543) was dissolved in 
0.9% NaCl. In the DPH and CBZ trials, the vehicle treated animals received 1% Tween 80 in 
distilled H2O and in the VPA trial 0.9% NaCl. All drugs were injected i.p. in a volume of 
5 ml/kg body weight.  
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Figure 3. Schematic diagram of study design. Abbreviations: PTZ, Pentylenetetrazol, DPH, phenytoin; CBZ, 

carbamazepine; VPA, Valproic acid; Each rectangle indicates weeks (study I, III and IV) or days (study II). 

Vertical rectangles indicate wash-out periods lasted for 3 days each; * marks a wash-out period, 

prolonged to 9 days. Video-EEG recording sessions are underlined.  



42 
 

 

4.2.2 Diet (IV) 
APdE9 mice (12ɬ13 week old, n=9) were treated with pyruvate and 3-ϕ-hydroxybutyrate 
(BHB)-enriched chow for 5 weeks (RM1 + 0.33% Sodium Pyruvate + 0.33% BHB; Special 
Diets Services, Nova SCB AB, Sollentuna, Sweden). The average daily consumption of 
substrates was about 26 mg. Before and after the dietary intervention, mice were fed with 
regular chow (RM1). The control group (n = 8) received regular food/chow (RM1) 
throughout the experiment. Pyruvate ɬ BHB-enriched diets were available ad libitum and 
replaced twice a week. 

4.3 VIDEO-EEG MONITORING AND ANALYSES 

4.3.1 Electrode implantation (I-IV) 
Anaesthesia. For implantation of electrodes mice were anaesthetized with sodium 
pentobarbital (60 mg/kg, in distilled H2O, 0.108 ml/10 g i.p.) (study I-III) or isoflurane 
(induction 4.5%, maintenance at 2.1%, studies I and IV). Sodium pentobarbital was used to 
keep our study comparable with previous results obtained in our laboratory (Minkeviciene 
et al., 2009; Nissinen et al., 2000). While ApdE9 mice tolerated the sodium pentobarbital 
anaesthesia well, APParc mice showed low tolerance to sodium pentobarbital, indicated by 
30% mortality during surgery. Therefore, after 16 mice (11 APParc and 5 wild-type) were 
implanted under sodium pentobarbital and additional 5 APParc mice lost, anesthesia was 
changed to isoflurane for remaining 16 mice animals (10 transgenic and 6 wild-type, I).  

Surgery.  Under general anaesthesia, mice were placed into stereotaxic frame. Two 
stainless steel screw electrodes (diameter 1 mm, Microbiotech/se AB, Sweden) were fixed 
bilaterally into the skull above the frontal cortex (AP 2.7; ML ± 2) to serve as recording 
electrodes. Two other screw electrodes fixed bilaterally into the occipital bone above the 
cerebellum served as reference and ground electrodes. A miniature connector (Plastics One, 
Roanoke, VA, USA) was fixed to the screw and skull with acrylic cement (Selectaplus CN, 
Dentsply De Trey GmbH, Dreieich, Germany).  

Postoperative care. After the operation, mice received carprofen (5 mg/kg, s.c. 
Rimadyl®, Vericore, Dundee, UK) for postoperative analgesia. Mice were warmed up with 
electric pad under the cage for overnight after surgery. Mice were allowed to recover for 9ɬ
12 days after implantation before baseline recording started. 

4.3.2 Video-EEG monitoring  
During recording, mice were housed individually in plexiglas cages where they could 
move freely. Animals were connected to a Nervus EEG Recording System connected to a 
Nervus Magnus 32/8 amplifier (Taugagreining, Iceland).  The sampling rate was 256 Hz, 
filtering between 0.5 -100 Hz. To evaluate severity of seizures, the behavior of the animals 
was recorded using a video-camera (WV-BP330/GE, Panasonic) positioned in front of the 
cages. A wide-angle lens permitted simultaneous videotaping of up to eight animals. To 
obtain video recording during dark time (19:00-7:00), a WFL-II/LED15W infrared light 
(Videor Technical, GmbH, Germany) was used (Nissinen et al., 2000). 

Study I. To investigate suspected epilepsy phenotype of APParc mice, three 2-week 
video-EEG recording sessions (24/7) were performed for 21 APParc tg and 11 wt mice at the 
age of 15-20 weeks, 23-24 weeks and 32-35 weeks.  

Study II. (Õɯ $ß×ÌÙÐÔÌÕÛɯ ƕɯ ȹɁÓÖÞɯ ËÖÚÌɂȺȮɯ ÊÖÕÛÐÕÜÖÜÚɯ ȹƖƘɯ ÏɤËȺɯ ÝÐËÌÖ-EEG monitoring 
started one day before the vehicle treatment and ended 3 days after finishing the 
administration of the last AED (total duration of video-EEG monitoring was 21 d, Fig. 3). In 
$ß×ÌÙÐÔÌÕÛɯƖɯȹɁ'ÐÎÏɯËÖÚÌɂȺȮɯÔÐÊÌɯÞÌÙÌɯÊÖÕÛÐÕÜÖÜÚÓàɯÔÖÕÐÛÖÙÌËɯÚÛÈÙÛÐÕÎɯƙɯËÈàÚɯÉÌfore the 
initiation of vehicle treatment and ending 3 days after finishing the last AED treatment 
(total duration of video-EEG monitoring was 42 days) (Fig. 3). 
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Study III. Before treatment initiation all mice underwent continuous (24/7) baseline 
video-EEG monitoring for 1 week. Thereafter, a one-week low-dose VPA treatment (30 
mg/kg) was started and video-EEG recordings were obtained during the treatment period 
and for one week after discontinuing treatment. Three weeks later, the high-dose VPA trial 
(300 mg/kg) was performed using a similar monitoring protocol. To assess whether the 
antiepileptic effect of VPA was long-lasting, additional one-week video-EEG session was 
performed three weeks after discontinuing the high-dose treatment (Fig. 3). 

Study IV. Continuous (24/7) video-EEG recording was performed for one week before 
the diet, during the last two weeks of a 5-week dietary intervention, and for two weeks 
after returning to regular food. 

4.3.3 Analysis of video-EEG (seizures, epileptiform discharges, spikes definition (studies 
I-IV), Fourier analysis (studies I and II) 
EEG analysis was performed to investigate epilepsy phenotype of the model (I) and to 
evaluate the effectiveness of antiepileptic treatments (II-IV).  

Each EEG file was assessed visually by scanning through the EEG recording on the 
computer screen. An electrographic spontaneous seizure was defined as a high-amplitude 
(>2x baseline) rhythmic discharge clearly representing an abnormal EEG pattern (repetitive 
spikes, spikes-and-wave discharges, ÈÕËɯ ÚÓÖÞɯ ÞÈÝÌÚȺɯ ÛÏÈÛɯ ÓÈÚÛÌËɯ ÍÖÙɯ ȁɯ ƙɯ Úȭɯ !ÌÏÈÝÐÖÙÈÓɯ
severity of seizures was scored according to (Racine, 1972): score 0 = electrographic seizure 
without any detectable motor manifestation; score 1 = mouse and face clonus, head 
nodding; score 2 = clonic jerks of one forelimb; score 3 = bilateral forelimb clonus; score 4 = 
forelimb clonus with rearing; and score 5 = forelimb clonus with rearing and falling. Total 
number of seizures per recorded session was obtained, and seizure duration and frequency 
were evaluated.  

ED ÞÈÚɯËÌÍÐÕÌËɯÈÚɯÙÏàÛÏÔÐÊɯ ÛÙÈÕÚÐÌÕÛÚɯ ȹȁɯƕɯÚȮɯÉÜÛɯǾɯƙɯÚȺɯÊÖÕÛÈÐÕÐÕÎɯÚ×ÐÒÌÚɯÈÕËɯÜÕÐÍÖÙÔɯ
sharp-waves. For Study I, a total number of EDs per two weeks was counted for each 
animal. Also, the number of similarly looking patterns lasting from 0.5 to 1 s was 
determined for 2-week sessions for each animal. For Studies III and IV, the number of EDs 
per week was calculated for each animal for each experimental condition. In Study II, the 
mean number of EDs per day 2 and 3 on the treatment was counted. For each therapeutic 
intervention, the response to AED/diet was calculated as the [frequency of EDs on 
treatment/diet vs. baseline] x 100%. A "responder" was defined as a mouse with 50% or 
fewer EDs during therapy compared to baseline. An epileptiform spike was defined as a 
high-amplitude (twice the baseline) sharply contoured waveform with a duration of 20ɬ
70 ms. Number of spikes was counted manually under high-dose AEDs treatment and 
corresponding vehicle (II) and under the diet/reference food (IV). 

Power spectral analyses. To further investigate possible EEG changes related to 
neuronal hyperexcitability (I) and to drug effects, select epochs of EEG were subjected to 
Fast-Fourier Transformation (FFT). The analysis was done by Dr. K. Gurevicius using 
MATLAB (Mathworks, Natick, MA, USA) software. 

Study 1. One-hour EEG recording epochs (between 9:00 ɬ 13:00, ictal free) from the 3rd 
recording session were selected for power spectral density analysis. All signals were 
normalized to amplification and the 60 min epoch was further divided into 4-s sweeps 
assigned to one of four behavioral states (movement, quiet waking, non-rapid eye 
movement (NREM) sleep, or REM sleep) based on the EEG and video data. The behavioral 
states were determined based on the following variables: (1) alpha (10ɬ16 Hz) to gamma 
(30ɬ80 Hz) power ratio (alpha/gamma), (2) theta (7ɬ9 Hz) to delta (1ɬ4 Hz) power ratio 
(theta/delta), and (3) the video scoring. Quiet wakefulness was defined as alpha/gamma 
ÙÈÛÐÖɯÉÌÓÖÞɯÛÏÌɯÔÌÈÕɯÈÕËɯÊÖÕÍÐÙÔÌËɯȿÕÖÕ-ÔÖÝÌÔÌÕÛɀɯÐÕɯÝÐËÌÖ-recording. An alpha/gamma 
ratio above the mean characterized NREM sleep. If between two NREM epochs the ratio 
remained above 25% of smallest values, those epochs were merged together. A theta/delta 
ratio above the mean by 2 SDs characterized REM sleep (or movement if confirmed by 
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video). Again two REM epochs were merged together if the ratio remained above the mean 
in between. In addition, the preceding 4-s sweep had to be classified as NREM sleep; 
otherwise, sweeps with high theta/delta ratios were assigned to wakefulness. The 
automated scoring was further verified by visual inspection of the resulting hypnogram, 
raw local field potential data, and video (especially for REM episodes) and corrected if 
necessary. An averaged power spectral density for each behavioral state was calculated.  

Study 2. The analysis included the last day of the vehicle period and a continuous 24-h 
period sampled from the second and third days of the treatment period. The FFT power 
spectrum was calculated for each 1 min epoch. To remove artifacts related to bad contact, 
jerky movements, or drug injection, the epochs with the power spectrum around 80 Hz 
above 100 mV2 were rejected from the grand average. The mean difference in the FFT 
spectrum was calculated between the treatment period and corresponding vehicle period. 
FFT-values vs frequencies were presented as a plot using Microsoft Excel 2007 software.  
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4.4 ASSESSMENT OF SEIZURES SUSCEPTIBILITY (PENTYLENETETRAZOL 
TEST, STUDY I) 

After the third recording session, we performed a pentylenetetrazol (PTZ) test to verify 
whether seizure susceptibility was increased in APParc mice as compare to wild-type mice. 
By the time of test, mice were 34 to 36 weeks old. Based on preliminary experiment the PTZ 
dose of 35 mg/kg was selected. Video-EEG recording was continued for 60 min after the 
PTZ injection.  As the outcome we measured the latencies to the first spike, to the first ED, 
to the first seizure, and duration of induced seizures. Due to high mortality after the PTZ-
induced seizure, the total number of spikes and total number of EDs within one hour after 
PTZ injection were not assessed. The behavioral severity of the seizures during the first 60 
min after the injection was scored according to (Erickson et al., 1996): 0 = no sign of motor 
seizure activity, 1 = isolated twitches, 2 = tonic-clonic convulsion, 3 = tonic extension or 
death.  

4.5 HISTOLOGY (I) 

Histological investigation was required in Study I to verify whether APParc mice with 
seizures and higher number of EDs show increased amyloid pathology. Tissue collection 
and sectioning was done in Kuopio, stainings described below were performed by Dr. A.  
Rönnbäck at Karolinska Institutet, Huddinge, Sweden.   
Tissue collection and sectioning. Tissue collection was performed one week after the PTZ 
ÛÌÚÛɯÛÖɯÙÌËÜÊÌɯ×ÖÚÚÐÉÓÌɯÌÍÍÌÊÛɯÖÍɯÈÊÜÛÌɯÚÌÐáÜÙÌÚɯÐÕËÜÊÌËɯÉàɯ/39ɯÖÕɯ ϕɯÓÌÝÌÓÚɯÖÕɯÖÜÙɯÙÌÚÜÓÛÚȭɯɯ
The animals were deeply anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and 
transcardially perfused with ice-cold saline for 5 min to rinse blood from the brain 
circulation. For animals that died after seizure induced by PTZ injection, perfusion was 
done immediately after death, and brains were processed according to the same protocol. 
The brain was cut at the midline, the left hemibrain was snap frozen in liquid nitrogen and 
stored in ɬ 70 ƲC. For immunocytochemistry, the brains were sectioned with cryostat (ɬ 20 
Ʋ"ȺɯÐÕÛÖɯƖƔɯϟÔɯÊÖÙÖÕÈÓɯÚÌÊÛÐÖÕÚɯÈÛɯÛÏÌɯÍÖÓÓÖÞÐÕÎɯ×ÓÈÕÌÚɯÍÙÖÔɯÉÙÌÎÔÈȯɯǶɯƕȭƘƖȮɯɯɯɬ 0.22, ɬ 1.58,  
ɬ 3.08, ɬ 3.30 (Franklin and Paxinos, 2008) and the sections were thaw-mounted onto 
Superfrost Plus microscope slides (Menzel-Gläser, Braunschweig, Germany), two sections 
per slide, making in total 11 series. The levels were selected to obtain the best possible 
representation of brain areas known to have amyloid pathology, including motor cortex, 
somatosensory cortex, amygdala, hippocampus, thalamus, subiculum, entorhinal cortex 
and retrosplenial cortex  (Rönnbäck et al., 2012). 
 
82E1, OC and MOAB-2 immunostainings and analyses 3Öɯ ÐÕÝÌÚÛÐÎÈÛÌɯ  ϕɯ ×ÙÖÊÌÚÚÐÕÎɯ
pathology in APParc mice brain, the following primary antibodies were used: 82E1 that 
detects the N-ÛÌÙÔÐÕÜÚɯÖÍɯÏÜÔÈÕɯ ϕɯÈÕËɯ"ƝƝɯÞÐÛÏɯÕÖɯÊÙÖÚÚ-reactivity to non-cleaved APP, 
ƜƖ$ƕɯ ÙÌÈÊÛÚɯÞÐÛÏɯ ÉÖÛÏɯ ÚÖÓÜÉÓÌɯ ÈÕËɯ ÍÐÉÙÐÓÓÈÙɯ  ϕȺȰɯ ."Ȯɯ that recognizes a generic epitope in 
amyloid fibrils and soluble fibrillar oligomers (Kayed et al., 2007), and MOAB-2 that 
recognize residue 1-ƘɯÖÍɯÏÜÔÈÕɯ ϕȮɯÉÜÛɯËÖÌÚɯÕÖÛɯËÌÛÌÊÛɯ //Ⱥȭ 

First, frozen brain sections were briefly washed in Tris-buffered saline (TBS) prior to 
fixation in 4% paraformaldehyde solution for 5 min, followed by blocking in Rodent Block 
M (Biocare Medical, Concord, CA, USA). Sections were incubated overnight at 4 ƲC with 
the following primary antibodies: 82E1 (IBL-International, Hamburg, Germany; 1:7500), OC 
(gift from C Glabe; 1:500), or MOAB-2 (Novus Biologicals, Cambridge, UK; 1:500). At the 
following day, sections were washed with TBS, and incubated with secondary biotinylated 
goat anti-rabbit IgG (Vector Laboratories) at 1:300 for 30 min at room temperature followed 
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by incubation with streptavidin ABC (Vectastain Elite ABC kit; Vector Laboratories), or 
alternatively processed with Mouse-on-Mouse HRP-Polymer kit according to 
ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ ÐÕÚÛÙÜÊÛÐÖÕÚɯ ȹ!ÐÖÊÈÙÌɯ,ÌËÐÊÈÓȮɯ "ÖÕÊÖÙËȮɯ " Ȯɯ42 Ⱥȭɯ %ÐÕÈÓÓàȮɯ ÚÌÊÛÐÖÕÚɯÞÌÙÌɯ
incubated with DAB substrate kit (Vector Laboratories), counterstained with hematoxylin, 
and mounted with Pertex (Histolab Products, Gothenburg, Sweden). 

The presence of 82E1, OC and MOAB-2 immunopositive cells in different brain areas 
was evaluated visually using a Nikon Eclipse E800M-microscope. Also, the percent area 
covered by OC staining was evaluated in the dorsal subiculum, retrosplenial cortex and 
thalamus using Image J software. All image analysis was performed by the same person 
who was blinded with respect to the genotype of the animals. 

4.6 BIOCHEMICAL AND MOLECULAR ANALYSES (II-IV) 

4.6.1 Tissue processing (II-IV) 
After completing the experiments, mice were killed by decapitation, the brains were 
removed from the skull and rinsed in ice-cold 0.9% NaCl for 1 min. The brains were split at 
the midline, the right hemisphere was immersion-fixed in 4% paraformaldehyde for 4 h, 
cryoprotected in 30% sucrose solution overnight (4°C), and stored in an antifreeze solution 
(0.04% sodium azide, 30% sucrose, 60% ethylene glycol in 0.05 M phosphate buffer) at -20°C 
until cutting. The left hemisphere was dissected on ice into five tissue blocks: thalamus, 
hippocampus, frontal cortex, parietal cortex, and temporal cortex, which were snap-frozen 
in dry ice and stored at -70°C.  

4.6.2 Enzyme-linked immunosorbent assay for amyloid-�†�1�•�Ž�Ÿ�Ž�•�œ�1�û��II, IV)  
3ÏÌɯ  ϕƘƔɯ ÈÕËɯ  ϕƘƖɯ ÓÌÝÌÓÚɯ ÞÌÙÌɯ ÌÚÛÐÔÈÛÌËɯ ÜÚÐÕÎɯ ÌÕáàÔÌ-linked immunosorbent assay 
(ELISA) kits (Invitrogen (Study III)/ Biosource International, Grand Island, NY, USA (IV) in 
ÈÊÊÖÙËÈÕÊÌɯ ÞÐÛÏɯ ÛÏÌɯ ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ ÐÕÚÛÙÜÊÛÐÖÕÚȭɯ 3ÏÌɯ  ϕƘƔɯ ÈÕËɯ  ϕƘƖɯ ÓÌÝÌÓÚɯ were 
ÚÛÈÕËÈÙËÐáÌËɯÛÖɯÉÙÈÐÕɯÛÐÚÚÜÌɯÞÌÐÎÏÛɯÈÕËɯÌß×ÙÌÚÚÌËɯÈÚɯ×ÎɯÖÍɯ ϕɯ×ÌÙɯÎɯǷɯ2$,ȭɯ3ÏÌɯÞÖÙÒɯÞÈÚɯ
done by L. Kaskela, laboratory technician.  

4.6.3 Epigenetic analyses (Assessment of histone H3 and histone H4 acetylation, III) 
Epigenetic analyses were performed by Dr. J. Visvanathan at Institute of Clinical Medicine-
Neurology, University of Eastern Finland. 

Histone extraction. Histone extraction was done one month after discontinuing the high-
dose VPA treatment from the frontal cortex of APdE9 mice (n=5 saline treated, n=11 VPA 
ÛÙÌÈÛÌËȺɯÜÚÐÕÎɯ ÛÏÌɯ$×Ð0ÜÐÒɚɯ3ÖÛÈÓɯ'ÐÚÛÖÕÌɯ$ßÛÙÈÊÛÐÖÕɯ*ÐÛȭɯ3ÏÌɯ ÊÖÕÊÌÕÛÙÈÛÐÖÕɯÖÍɯ ÌßÛÙÈÊÛÌËɯ
histone protein was measured using a BCA Protein Assay Reagent kit (Pierce Chemical, 
Thermo Scientific, Rockford, IL). 

Analysis of total histone H3 and histone H4 acetylation. Total histone H3 and H4 
ÈÊÌÛàÓÈÛÐÖÕɯ ÓÌÝÌÓÚɯ ÞÌÙÌɯ ÔÌÈÚÜÙÌËɯ ÜÚÐÕÎɯ ÛÏÌɯ $×Ð0ÜÐÒɚɯ 3ÖÛÈÓɯ 'ÐÚÛÖÕÌɯ 'Ɨɯ  ÊÌÛàÓÈÛÐÖÕɯ
#ÌÛÌÊÛÐÖÕɯ %ÈÚÛɯ*ÐÛɯ ȹ%ÓÜÖÙÖÔÌÛÙÐÊȺɯ ÈÕËɯ$×Ð0ÜÐÒɚɯ3ÖÛÈÓɯ'ÐÚÛÖÕÌɯ'Ƙɯ ÊÌÛàÓÈÛÐÖÕɯ#ÌÛÌÊÛÐÖÕɯ
Fast Kit (Fluorometric) according to the manufacturer's instructions (Epigentek, Brooklyn, 
NY, USA). 50 to 200 ng histone protein was added to assay wells already coated with high-
affinity anti-acetylated H3 or H4 antibodies. The wells were incubated with a labeled 
secondary antibody, followed by addition of the detection reagent. Fluorescence was 
measured using an Envision® multilabel reader (Perkin Elmer, Waltham, MA, USA) at an 
excitation of 530 nm and emission of 590 nm. 

Analysis of the effect of valproic acid on histone binding at promoters of genes 
involved in memory and synaptic plasticity. A separate set of adult male C57BL/6mice 
(Jackson Laboratories, Bar Harbor, ME, USA) were treated with 200 mg/kg VPA or saline 
(n=3 in each group) twice daily for 3 d. Thereafter, mice were decapitated and samples 
collected as described above (see 4.6.1). 
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To shear chromatin from samples, the cortex was first homogenized using the Cell 
"ÙÜÚÏÌÙɚɯ ÛÐÚÚÜÌɯ ×ÜÓÝÌÙÐáÌÙȭɯ /!2ɯ ÚÜ××ÓÌÔÌÕÛÌËɯÞÐÛÏɯ ×ÙÖÛÌÈÚÌɯ ÐÕÏÐÉÐÛÖÙÚɯ ȹ1ÖÊÏÌȰɯ /!2Ƕ/(Ⱥɯ
was added to the crushed tissue and dissociated by passing through a 24G needle 10 times. 
Thereafter, the tissue was cross-linked by adding paraformaldehyde to a final concentration 
of 1% and incubating for 10 min at RT. The tissue was centrifuged at 1000x g for 5 min and 
the supernatant discarded. The tissue was resuspended in PBS+PI and centrifuged at 1000x 
g for 5 min at +4°C. The pellet was resuspended in Farnham Lysis Buffer (5 mM PIPES pH 
8.0, 85 mM KCl, 0.5% NP40) supplemented with protease inhibitors and passed through a 
24G needle 10 times for nuclear extraction. The tissue was centrifuged at 1000x g for 5 min 
at +4°C. The pellet was resuspended in 400 µl RIPA buffer (25 mM Tris-HCl pH 7.6, 150 
mM NaCl, 1% NP40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate) 
supplemented with protease inhibitors and sonicated using the SONICS vibra cell VCX750 
sonicator (Sonics & Materials Inc., Newton, CT, USA). Finally, the sheared chromatin was 
centrifuged at 12,500x g for 5 min at +4°C.  

Chromatin immunoprecipitation was done using the ChromÈÛÈ"Ï(/ɚɯ *ÐÛɯ ȹ-ÖÝÜÚɯ
Biologicals, Littleton, CO, USA). Briefly, the sheared chromatin was incubated overnight 
with AcH3, AcH4, AcH4K12, and HDAC2 antibodies (EMD Millipore, Billerica, MA, USA). 
The antibody complexes were precipitated using magnetic beads (Novus Biologicals) and 
the cross-linking was reversed. The DNA was purified and analyzed using quantitative 
polymerase chain reaction (qPCR) with the following primers. RPL30 - ribosomal protein 
ƗƔȯɯƙɀɯɬ  &"  ""  "3 ""&" & "ɯÈÕËɯƙɀɯɬ TCTAGGCCGACAGAGGATTG; BDNF - 
brain-ËÌÙÐÝÌËɯ ÕÌÜÙÖÛÙÖ×ÏÐÊɯ ÍÈÊÛÖÙȯɯ ƙɀɯ ɬ &"&"&&  33"3& 33"3&&3  3ɯ ÈÕËɯ ƙɀɯ ɬ 
GAGAGGGCTCCACGCTGCCTTGACG; CDK5 - cyclin dependent kinÈÚÌɯ ƙȯɯ ƙɀɯ ɬ 
"&" &""3&33&& "333&3ɯ ÈÕËɯ ƙɀɯ ɬ GCGTTGCAGAGGAGGTGGTA; NR2A - N-
methyl D-aspartate receptor subtype 2 isoform A: ƙɀɯɬ TCGGCTTGGACTGATACGTG and 
ƙɀɯ ɬ  && 3 & "3&""""3&" "Ȱɯ ϕ-TUB - ϕ-ÛÜÉÜÓÐÕȯɯ ƙɀɯ ɬ 
3"" &&& 3&  &  3& &&ɯÈÕËɯƙɀɯɬ TGAGCACTGGTAGGGAGCTT. The signal was 
calculated relative to the input.  

4.6.4 Western blotting to assess sodium channel subunit expression (II) 
To assess whether APdE9 mice had altered level of pore-forming sodium channel subunit 
Nav1.1, we assessed its level in hippocampus and temporo-occipital cortex by Western 
blotting (performed by laboratory biochemist, Dr. N. Kutchiashvili).  

Sample preparation. Ten APdE9 transgenic (4 males, 6 females) and 10 wild-type mice 
(4 males, 6 females) were included in the experiment at the age of 5 months. Mice were 
deeply anesthetized with pentobarbitalɬchloralhydrate cocktail (60 mg/kg each, i.p.) and 
perfused with 50 ml heparinized ice-cold 0.9% saline (10 ml/min). The brains were removed 
and dissected on the ice; frontal, parieto-occipital, temporo-occipital cortices and the 
hippocampus were selected. Samples were snap frozen in liquid nitrogen and stored aÛɯǸƛƔ 
°C. 

The hippocampus and the temporo-occipital cortex were further analyzed. Tissue was 
homogenized in 20 mM TrisɬHCl buffer (pH 7.4). After centrifugation at 1000 × g for 10 min 
supernatants were collected. Total protein concentration was measured according to the 
BCA (Bicinchoninic Acid Protein Assay) procedure (23223, Pierce), using bovine serum 
albumin (A3059, Sigma) as standard. 

Western blotting. Samples were heated in SDS sample buffer for 5 min at 90 °C, 
thereafter proteins were separated on a 10% BisTrisɬpolyacrylamide by electrophoresis and 
transferred to a membrane. The membranes were cut according to the molecular weight 
standards into two parts to carry out separate immunostainings for Nav1.1 and actin. Non-
specific binding was blocked by incubating the membranes in 5% nonfat milk in TBS for 
overnight. The upper part of the membrane was incubated with rabbit polyclonal anti-
Nav1.1 (1:200, AB5204-50UL, Chemicon). The lower part of the membrane was incubated 
with mouse monoclonal anti-ϕ-actin (1:10 000, A5441, Sigma). Thereafter, membranes were 
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incubated with secondary HRP-conjugated goat anti-rabbit IgG (1:10 000, 81-6120, Zymed) 
for Nav1.1. or HRP-conjugated anti-mouse IgG (1:5000, NA931, Amersham) for actin. For 
visualization, membranes were labeled with SuperSignal West Pico chemiluminescent 
substrate (32106, Pierce). The blots were then exposed to X-ray films (50902, Fuji Medical) 
for 3 min and quantified using Quantity One software (Bio-Rad). 

4.7 IN VITRO  EXPERIMENTS (IV) 

To deeper understand the action of energy sources additional to glucose on brain activity, a 
series of experiments was performed in vitro. The work was done by our collaborating team 
led by Dr. Y. Zilberter INSERM UMR 1106, Institut de neurosciences des systems Marseille, 
France. All animal protocols conformed to the French Public Health Service policy and the 
INSERM guidelines on the use of laboratory animals. 

Tissue slice preparation. Brain slices were prepared from Swiss mice of both sexes of 
different ages (from 3 to 25 weeks). The mouse was killed, rapidly decapitated and the 
brain was removed from the skull and placed in the ice-cold artificial cerebrospinal fluid 
(ACSF) ÖßàÎÌÕÈÛÌËɯÞÐÛÏɯƝƙǔɯ.Ɩɤƙǔɯ".Ɩȭɯ2ÈÎÎÐÛÈÓɯÚÓÐÊÌÚɯȹƗƙƔɯϟÔȺɯÞÌÙÌɯÊÜÛɯÜÚÐÕÎɯÈɯÛÐÚÚÜÌɯ
slicer (Leica VT 1200s; Leica Microsystem Vertrieb GmbH, Wetzlar, Germany). During 
cutting slices were submerged in an ice-cold (< 6°C) cutting solution consisting of (in 
mmol/L): K-gluconate 140, HEPES 10, Na-gluconate 15, EGTA 0.2, NaCl 4, pH adjusted to 
7.2 with KOH. Slices were transferred immediately to an oxygenated holding chamber 
maintained at 22°C, and allowed to recover for 2 h. For recording, slices were then 
transferred to a recording chamber and submerged in ACSF buffer, which was 
continuously superfused (10ɬ15 mL/min) and oxygenated with 95% O2/5% CO2. 

Acute amyloid-�†�1 �Š�™�™�•�’�Œ�Š�•�’�˜�—�ï�13Öɯ ÐÕÝÌÚÛÐÎÈÛÌɯ ËÐÙÌÊÛɯ ÈÊÛÐÖÕɯ ÖÍɯ ϕɯ ÖÕɯ ÕÌÜÙÖÕÈÓɯ ÈÊÛÐÝÐÛàȮɯ
ÚÓÐÊÌÚɯÞÌÙÌɯ×ÙÌÛÙÌÈÛÌËɯÞÐÛÏɯ×ÙÖÛÖÍÐÉÙÐÓÓÈÙɯ ϕɯƕɬƘƖȭɯ ɯ/ÙÖÛÖÍÐÉÙÐÓÓÈÙɯ ϕɯƕɬ42 was synthesized 
as described previously (Minkeviciene et al., 2009) and suspended in ACSF or in energy 
substrate-enriched artificial cerebrospinal fluid (eACSF, ACSF supplemented with pyruvate 
and BHB), sonicated for 1 min, and applied within 60 min at a final coÕÊÌÕÛÙÈÛÐÖÕɯÖÍɯƕȭƔɯϟ,ȭ 

Synaptic stimulation and field potential recordings. Shaffer collateral/commissural 
pathway was stimulated using the DS2A stimulator (Digitimer Ltd, Welwyn Garden City, 
UK) with a bipolar nichrome electrode situated in stratum radiatum of CA1 hippocampal 
region. Stimulus current was adjusted using single pulses (170ɬƖƘƔɯϟ ȮɯƖƔƔɯϟÚȮɯƔȭƕƙɯ'áȺɯÛÖɯ
produce a local field potential (LFP) of nearly 50% of maximal amplitude. LFPs were 
recorded using glass microelectrodes filled with ASCF, placed in stratum pyramidal, and 
connected to the DAM-80 amplifier (WPI, Sarasota, FL, USA). To generate autofluorescence 
reduced pyridine nucleotide response, an extended synaptic stimulation was used (10-s or 
20-s stimulus train of 200-ϟÚɯ×ÜÓÚÌÚɯÈÛɯƕƔɯ'áȺȭɯ+ong-term potentiation (LTP) was induced 
by two 100-Hz, 1-s stimulations separated by 1-min interval of Schaffer collaterals and 
measured as a slope of field potentials recorded in stratum radiatum. The stimulation 
intensity was chosen to be at least 50% smaller than that inducing a population spike. 

Gramicidin patch recordings. To investigate changes in neuronal excitability at single 
cell level, membrane potential and GABA currents were measured in dentate granule cells 
by gramicidin patch recording. Gramicidin (Sigma, St. Louis, MO, USA) was dissolved in 
dimethylsulfoxide (DMSO; 50 mg/mL). After seal formation, the progress of perforation 
was monitored by the current transient in response to a 5-mV step in holding potential. 
GABA currents were induced by a brief 10-ÔÚɯ×ÜÍÍɯÖÍɯƕƔƔɯϟ,ɯ& ! -containing ACSF onto 
the somatic region of the neuron at a range of membrane holding potentials. Both peak 
GABA current and membrane current amplitudes were measured and plotted on the IV 
curve with a linear fit to determine their respective reversal potentials.  

NAD(P)H fluorescence imaging To investigate changes in energy metabolism, 
NAD(P)H fluorescence imaging was applied. Changes in NAD(P)H fluorescence in 
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hippocampal slices were monitored using a 290- to 370-nm excitation filter and a 420-nm-
long pass filter for the emission (Omega Optical, Brattleboro, VT, USA). The light source 
was the Intensilight C-HGFI illuminator (Nikon Instruments Europe B.V., Amstelveen, The 
Netherlands) equipped with a mercury arc lamp. Slices were epi-illuminated and imaged 
through a Nikon upright microscope (FN1, Eclipse) with 4x/0.10 Nikon Plan objective. 
Images were acquired using a linear, cooled 12-bit CCD camera (Sensicam, PCO AG, 
Germany) with a 640 × 480 digital spatial resolution. Because of a low level of fluorescence 
emission for this fluorophore, NAD(P)H images were acquired every 500ɬ600 ms as 8 × 8 
binned images (effective spatial resolution of 80 × 60 pixels). The exposure time was 
adjusted to obtain fluorescence intensity between 2000 and 3000 optical intensity levels. The 
images were stored on a computer as 12-bit files (0ɬ4096 dynamic range). Fluorescence 
intensity changes in stratum radiatum near sites of LFP and O2 recordings were measured in 
three to five regions of interest using ImageJ software (developed by Wayne Rasband, NIH, 
Bethesda, Maryland, USA). Data were expressed as the percentage changes in fluorescence 
ÖÝÌÙɯ Èɯ ÉÈÚÌÓÐÕÌɯ Ȼȹͅ%ɤ%Ⱥɯ ƕƔƔȼȭɯ 2ÐÎÕÈÓɯ ÈÕÈÓàÚÐÚɯ ÞÈÚɯ ×ÌÙÍÖÙÔÌËɯ ÜÚÐÕÎɯ (ÎÖÙ/ÙÖɯ ÚÖÍÛÞÈÙÌɯ
(WaveMetrics, Inc., Lake Oswego, OR, USA). 

Oxygen measurements A Clark-style oxygen microelectrode (OX-10, tip diameter 10 
ϟÔȰɯ4ÕÐÚÌÕÚÌɯ+ÛËȮɯ@ÙÏÜÚȮɯ#ÌÕÔÈÙÒȺɯÞÈÚɯÜÚÌËɯ ÛÖɯÔÌÈÚÜÙÌɯ ÚÓÐÊÌɯ ÛÐÚÚÜÌɯ/.2. The electrode 
was connected to a picoammeter (PA2000, Unisense Ltd) and the cathode was polarized at 
800 mV in normal saline at 22°C for up to 12 h before the first use. A two-point calibration 
(in pA) was performed following polarization by inserting the electrode in normal saline 
solution (at 33°C) equilibrated with either 95% O2 5% CO2 or ambient air. Calibrations were 
repeated after each experiment to determine the PO2 values. The oxygen electrode was 
positioned using motorized micromanipulator (Scientifica Ltd, Uckfield, UK) in the 
proximity to the field potential recording electrode. 

4.8 STATISTICAL ANALYSES 

Data were analyzed using SPSS 14.0 (II-IV) and 19.00 (study I, IBM Software, New York, 
NY, USA) Graf Pad Prism 5.03 and Excel (Redmond, WA, USA). The difference in the 
number of mice with seizures/EDs between genotypes (I) and between treatment and 
control groups (III-IV) was assessed using chi-square test. Within each experimental group, 
the effect of treatment on ED frequency was evaluated using Wilcoxon signed-rank test. 
Intergroup differences in ED frequency was assessed using Mann-Whitney U-test. In 
addition, number of responders between different groups was compared using chi-square 
test (II-IV). The power spectral densities from the two genotypes (I) or between AEDs and 
vehicle (IIȺɯÞÌÙÌɯÊÖÔ×ÈÙÌËɯÜÚÐÕÎɯ2ÛÜËÌÕÛɀÚɯÛ-test.   

Difference between treated and non-treated animals in A�> levels was assessed using 
Mann-Whitney U-test (III and IV). The difference between APParc mice with and without 
seizures in amyloid burden indicated by 82E1 and OC staining was evaluated using Mann-
Whitney U-ÛÌÚÛɯ ÈÕËɯ 2ÛÜËÌÕÛɀÚɯ Û-test (I). The correlation analyses of different 
electrophysiological measurements of hyperexcitability, such as number of spontaneous 
seizures and epileptiform discharges, and measures obtained in PTZ test was done using 
ÕÖÕ×ÈÙÈÔÌÛÙÐÊɯ2ÛÜËÌÕÛɀÚɯÛ-test (I). Chromatin immunoprecipitation qPCR results and total 
histone measurements were also assessed using the Mann-Whitney U-test (III).  A p value 
less than 0.05 was considered statistically significant.  
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5 Results 

5.1 EPILEPSY PHENOTYPE IN APParc MICE AND IN APdE9 MICE (I-IV) 

Epilepsy phenotype in two different mouse models of AD was assessed with long-term 
video-EEG monitoring. Observations are summarized in Table 3.  
 
Table 3 �(�S�L�O�H�S�V�\���S�K�H�Q�R�W�\�S�H���L�Q���$�3�3�D�U�F���D�Q�G���$�3�G�(�����P�R�X�V�H���P�R�G�H�O�V���R�I���$�O�]�K�H�L�P�H�U�¶�V���G�L�V�H�D�V�H. Data 
are expressed as mean ± SEM. 
 
 

AD model, age Proportion 
of mice with 
seizures  

Frequency/ 
wk (range) 

Duration, 
sec (range) 

Behavioural 
score, 
Racine 
(range) 

Proportion 
of mice with 
�(�'�V�•���V  

Frequency/ 
wk (range) 

 

APParc, 15-20 wk 6/21 (29%) 0.6±0.1 17.5±3.6 3±0.7   

(3.5-4.5 mo) 

 

(0.5-1) (5-31) (1-5)   

Study I 

    

  

 

APParc, 23-24 wk   6/20 (30%) 0.6±0.1 32.3±6.7 4±0.4   

(5.5 mo) 

 

(0.5-1) (17-51) (3-5)   

Study I       

 

APParc, 32-35 wk 0/19 n/a n/a n/a 9/19 (47%) 1.5±0.6 

(7.5-8 mo)      (1-11) 

Study I       

 

APdE9, 11-12 wk 3/17 (18%) 2.3±1.3 26±5.8 2±1.3 14/17 24±16 

(2.5 mo)  (1-5) (19-38) (1-5) (82%) (1-245) 

Study IV       

 

APdE9, 14 wk 6/18 (33%) 1.8±0.5 32±5.3 no data 15/18 43±26 

(3 mo)  (1-4) (15-52)  (83%) (3-379) 

Study III       
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APParc mice underwent three video-EEG recording sessions, each lasting for two weeks. 
At the age of 15 ɬ 20 weeks, spontaneous seizures were observed in 6/21 (29%) APParc 
mice. Seizures were rare (0.6 ± 0.1 per week), the seizure duration was 17.5 ± 3.6 s, and 
behavioral score 3 ± 0.7. At the age of 23-24 weeks, spontaneous seizures were observed in 
6/20 (30%) APParc mice, two of which had no seizures during first recording session at the 
age 15-20 wk. Seizure frequency was the same (0.6 ± 0.1 per week), but seizure duration 
was increased to 32.3 ± 6.7 s, and the behavioral score to 4 ± 0.4. At the age of 32-35 weeks, 
none of the 19 observed APParc mice showed seizures. EDs were observed in 9/19 (47%) 
mice, but their frequency was very low (1.5 ± 0.6 per week).  

Epilepsy phenotype of APdE9 mice has been investigated previously in our laboratory 
(Minkeviciene et al., 2009). The present data confirmed previous observations. At the age of 
11-12 wk, 3/17 (18%) mice had spontaneous seizures. Seizure frequency was 2.3 ± 1.3 per 
week, seizure duration 26 ± 5.8 s, and behavior score 2 ± 1.3. EDs were observed in 14/17 
(82%) mice, EDs frequency was 24 ± 16 per week (IV). At the age of 14 wk, 6/18 (33%) 
APdE9 mice had spontaneous seizures with a frequency of 1.8 ± 0.5 seizures per week and 
duration 32 ± 5.3 s. EDs were observed in 15/18 (83%) mice, EDs frequency was 43 ± 26 per 
week (III).  

Despite of an older age, seizure frequency was lower in APParc mice than in APdE9 
mice while seizure duration was about the same. Also, the prevalence and frequency of EDs 
were lower in APParc mice. Due to low number of seizures in both mouse strains and very 
ÓÖÞɯÕÜÔÉÌÙɯÖÍɯ$#ÚɯÓÈÚÛÐÕÎɯÍÖÙɯȁɯƕɯÚɯÐÕɯ //ÈÙÊɯÔÐÊÌȮɯÈɯÚÛÈÛÐÚÛÐÊÈÓɯÌÝÈÓÜÈÛÐÖÕɯÖÍɯÛÏÌɯËÈÛÈɯÞÈÚɯ
not possible. Both strains showed high individual variability in severity of seizures and 
frequency of spontaneous EDs, with the number of EDs varying greatly from day to day. 
The majority of EDs were only 1 s in duration (which was set as the minimum duration by 
the definition of ED used in the study). 

Furthermore, PTZ test (35 mg/kg) showed increased seizure susceptibility in APParc 
mice. They showed shorter latency to the first spike in PTZ test, as compare to wild type 
mice (p<0.05, Mann-Whitney U-test, I, Fig. 6). In APParc mice, seizures induced by PTZ test 
progressed very fast (in 1-2 sec) to very high severity, often with a lethal outcome. It was 
unnecessary to perform PTZ test in APdE9 mice, because seizure threshold is obviously 
increased in this mouse strain as indicated by spontaneous seizures and epileptiform EEG 
abnormalities. 
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5.2 ANTIEPILEPTIC DRUGS TREATMENT EFFECTS O�1���$�/�=�+�(�,�0�(�5�¶�6��
DISEASE-RELATED EPILEPSY IN THE APDE9 MOUSE MODEL  

The results of AEDs treatment experiments and the dietary supplementation experiment 
are summarized in Table 4. 

5.2.1 The effects of phenytoin on epileptic activity in APdE9 mice (II) 
Low dose. After 3 days of baseline and vehicle recordings, DPH was administered at a dose 
of 10 mg/kg 3 times daily for 3 days. Under the treatment, seizures were observed in 1/9 
mice (this mouse (#226) had seizures during CBZ treatment and on the day of DPH 
treatment when another aÕÐÔÈÓɯ ÞÈÚɯ ÐÕÑÌÊÛÌËȺȭɯ $#Úɯ ÞÌÙÌɯ ÚÜ××ÙÌÚÚÌËɯ ÛÖɯ Ȁɯ ƙƔǔɯ ÖÍɯ ÛÏÈÛɯ ÈÛɯ
baseline (the number of EDs during corresponding vehicle treatment was used) in 2/8 (25%) 
animals (II, Fig. 3 C). Power spectra analyses at days 2-3 showed a moderate increase of 
delta and theta frequency bands compared to vehicle treatment (II, Fig. 4 C).  

High dose. Mice were treated with 40 mg/kg of DPH three times daily for 3 days. Due to 
severe cerebellar adverse effects (mainly decreased coordination and ataxia), the treatment 
was discontinued after the third day. During treatment, a seizure occurred in 1/8 mice 
(different from those in the low-dose trial, i.e. a new-onset seizure).  Four out of five mice 
responded to the treatment, with EDs absent in 2/5 (40%ȺɯÔÐÊÌɯ ÈÕËɯ ÙÌËÜÊÌËɯ ÛÖɯ Ȁɯ ƙƔɯǔɯÖÍɯ
that at baseline in 2/5 (40%) mice, while 1/5 mice (20%) had increased EDs (II, Fig. 3 D). On 
the first treatment day, epileptic spiking dramatically increased (the number of spikes was 
ȁɯƕƙ0% of that at baseline) in 4/8 (50%) animals. One mouse had spiking increased to 60% of 
that at baseline, other three animals showed no changes.  The number of spikes was higher 
during the first day of the high-dose DPH treatment than in any other experimental 
condition (Fig.4 G). This was followed by decreased spiking activity on the second 

ÛÙÌÈÛÔÌÕÛɯËÈàɯÛÖɯÕÜÔÉÌÙɯÖÍɯÚ×ÐÒÌÚɯȀɯƙƔǔɯÖÍɯÛÏÈÛɯÈÛɯÉÈÚÌÓÐÕÌɯÐÕɯƘɤƜɯȹƙƔǔȺɯÈÕÐÔÈÓÚɯȹƗɯÖÍɯÛÏÖÚÌɯ
mice had EDs blocked or suppressed as well, and one mouse had no EDs at baseline before 
the high-dose DPH treatment). However, 4/8 (50%) animals remain nonresponders, with 
spiking reduced to < 50% in two animals, moderately increased in one animal and 
ÔÈÐÕÛÈÐÕÌËɯȁɯƕƙƔǔɯÖÍɯÛÏÈÛɯÈÛɯÉÈÚÌÓÐÕÌɯÐÕɯÖÕÌɯÈÕÐÔÈÓɯȹ%ÐÎȭɯƘɯ Ȯɯ!ƕÈÕËɯ!ƖȺȭɯ 

Power spectra analyses revealed increased delta frequency, while theta, alpha, lower 
beta and higher gamma were decreased (II, Fig. 4 D). The changes in EEG power spectra 
were associated with severe cerebellar adverse effect on the day of DPH administration. 
Notably, there were no adverse effects observed during any other treatments investigated.  

5.2.2 The effects of carbamazepine on epileptic activity in APdE9 mice (II)   
Low dose. Mice were treated with 10 mg/kg of CBZ three times daily for 3 days. Seizures 
were observed in 2/10 (20%) mice (one of those mice had seizures also at baseline). By our 
ËÌÍÐÕÐÛÐÖÕȮɯ ƙɤƝɯ ȹƙƚǔȺɯ ÔÐÊÌɯ ÞÌÙÌɯ ÙÌÚ×ÖÕËÌÙÚȮɯ ÞÐÛÏɯ $#Úɯ ÚÜ××ÙÌÚÚÌËɯ ÛÖɯ Ȁɯ ƙƔǔɯ ÖÍɯ ÛÏÈÛɯ ÈÛɯ
baseline (II, Fig. 3 A). One mouse with a low number of EDs at baseline showed > 100% 
increase in EDs. The treatment did not cause alterations on power spectra as compared to 
vehicle (II, Fig. 4 A). 
High dose. Mice received 40 mg/kg of CBZ three daily for times 5 days. No seizures were 
observed under the treatment (two mice had seizures at baseline before treatment). During 
the treatment, EDs were absent in 2/6 (33%) animÈÓÚɯ ÈÕËɯ ÙÌËÜÊÌËɯ ÛÖɯ Ȁɯ ƙƔǔɯ ÖÍɯ ÛÏÈÛɯ ÈÛɯ
baseline in 1/6 animal (this mouse had EDs also suppressed by low dose CBZ treatment) (II, 
Fig. 3 D). In one mouse with spontaneous seizures EDs were increased dramatically. 
Treatment induced no changes on frequency of epileptic spikes in 6/8 (75%) animals. 
'ÖÞÌÝÌÙȮɯ ÖÕÌɯÔÖÜÚÌɯ ÚÏÖÞÌËɯ ÐÕÊÙÌÈÚÌËɯ ÕÜÔÉÌÙɯ ÖÍɯ Ú×ÐÒÌÚɯ ÛÖɯ ȁɯ ƕƔƔǔɯ ÖÍɯ ÛÏÈÛɯ ÈÛɯ ÉÈÚÌÓÐÕÌȮɯ
ÞÏÐÓÌɯÖÕÓàɯÖÕÌɯÔÖÜÚÌɯÞÈÚɯÙÌÚ×ÖÕËÌÙɯÞÐÛÏɯÕÜÔÉÌÙɯÖÍɯÚ×ÐÒÌÚɯËÌÊÙÌÈÚÌËɯÛÖɯȀɯƙƔǔɯÖÍɯÛÏÈÛɯÈÛɯ
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baseline (Fig. 4. C,D). The high-dose CBZ treatment reduced the power of beta and gamma 
frequencies (II, Fig.4 D).  

5.2.3 The effects of valproic acid on epileptic activity in APdE9 mice (II, III)   
VPA 260 mg/kg (II). Mice were treated with 260 mg/kg of VPA twice daily for 3 days. No 
seizures were obsÌÙÝÌËɯÞÏÌÕɯÔÐÊÌɯÞÌÙÌɯ ÜÕËÌÙɯ ÛÏÌɯ ÛÙÌÈÛÔÌÕÛȭɯ$#ÚɯÞÌÙÌɯ ÚÜ××ÙÌÚÚÌËɯ ÛÖɯ Ȁɯ
50% of that at baseline in 6/8 (75%) animals (II, Fig. 3 E). The power of alpha-rhythm was 
reduced (II, Fig.4 E).  

VPA 400 mg/kg (II). Mice were treated with 400 mg/kg of VPA twice daily for 5 days. 
-ÖɯÚÌÐáÜÙÌÚɯÞÌÙÌɯÖÉÚÌÙÝÌËɯÞÏÌÕɯÔÐÊÌɯÞÌÙÌɯÜÕËÌÙɯÛÏÌɯÛÙÌÈÛÔÌÕÛȭɯ$#ÚɯÞÌÙÌɯÚÜ××ÙÌÚÚÌËɯÛÖɯȀɯ
50% of that at baseline in 1/2 (50%) animals (II, Fig. 3 F). Spikes were reduced in 2/5 (40%) 
animals (Fig. 4 E-F). The number of spikes was the lowest during high dose of the VPA 
treatment as compared to any other experimental condition for which number of spikes 
was assessed thus confirming strong suppressive effect of VPA on epileptiform activity in 
AD mice (Fig.4 G). 

The power of delta, theta and alpha oscillations was decreased (II, Fig. 4 F). 
Based on results described above and report by Qing et al. (Qing et al., 2008), showing 

that VPA could reduce formation of A�>, an even lower dose of VPA was selected for a 
further study (III). In addition to acute treatment effects, we payed attention to persistence 
of VPA effects after the treatment discontinuation. 

 
VPA 30 mg/kg (III). Mice were treated with 30 mg/kg of VPA once a day for one week. 

Although 4/12 (33%) mice had seizures at baseline before treatment, only 1/12 (9%) mice 
had seizures during the treatment week (III, supplementary Table 1). The number of 
seizures observed during follow-up was too low for statistical evaluations. EDs were 
suppressed to ȀɯƙƔǔɯÖÍɯÛÏÈÛɯÈÛɯÉÈÚÌÓÐÕÌɯÐÕɯƖɤƕƕɯȹƕƜǔȺɯÔÐÊÌɯÞÐÛÏɯ$#ÚɯȹIII, Fig. 3B).  

During one week after the treatment discontinuation, 2/12 mice had seizures (one with 
ÚÌÐáÜÙÌÚɯÈÛɯÉÈÚÌÓÐÕÌɯÈÕËɯÈÕÖÛÏÌÙɯÖÕÌɯÈɯÕÌÞÓàɯÖÕÚÌÛɯÚÌÐáÜÙÌȺȭɯ$#ÚɯÞÌÙÌɯÚÜ××ÙÌÚÚÌËɯÛÖɯȀɯƙƔǔɯ
of that at baseline in 2/11 (18%) animals, notably in other animals than those with 
suppressed EDs under the treatment (III, Fig. 3 C).  

VPA 300 mg/kg (III). Mice were injected with 300 mg/kg of VPA once a day for one 
week. Although 3/11 (27%) mice had seizures at baseline before treatment, no seizures 
occurred while mice were under the treatment (III, supplementary Table 1). EDs were 
suppressed to ȀɯƙƔǔɯÖÍɯÛÏÈÛɯÈÛɯÉÈÚÌÓÐÕÌɯÐÕɯƙɤƕƔɯȹƙƔǔȺɯÔÐÊÌɯȹIII, Fig. 4B). 

Furthermore, during one week after treatment discontinuation, no seizures occurred in 
any of the 11 ÔÐÊÌȭɯ3ÏÌɯ$#ÚɯÞÌÙÌɯÚÜ××ÙÌÚÚÌËɯÛÖɯȀɯƙƔǔɯÖÍɯÛÏÈÛɯÈÛɯÉÈÚÌÓÐÕÌɯÐÕɯƛɤƕƔɯȹƛƔǔȺɯÔÐÊÌɯ
with EDs (III, Fig. 4C). However, the ED suppressing effect was not present 3 weeks after 
treatment discontinuation (III, Fig. 4D), and in two mice seizures reappeared (III, 
supplementary Table 1). Unfortunately, there were no seizures in the saline group either, so 
we cannot make strong conclusion based on this result. 
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Figure 4. The effects of AEDs on epileptiform spiking . Spike count was performed for 24 h epochs on 

day 1 of the treatment (CBZ, VPA), or for 48 h (day 1 and 2, DPH). Figures show number of spikes (per h) 

in individual APdE9 mice during A) Tween before DPH; B) DPH 40 mg/kg 3 times/day, day 1 (B1) and day 

2 (B2); C) Tween before CBZ; D) CBZ 40 mg/kg 3 times/day; E) Saline before VPA; F) VPA 400 mg/kg 2 

times/day; G) Mean number of spikes at different experimental conditions. 
 

To determine whether VPA treatment caused a long-lasting suppression on A�>42 
formation, the levels of soluble and insoluble A�>42 were measured with an ELISA assay in 
parietal cortical samples taken after the last video-EEG session. We found no difference 
between saline and VPA treated animals on A�>��levels one month after treatment 
discontinuation suggesting no long-term effect of VPA treatment on A�>��accumulation.  

Since VPA is characterized as a potential HDAC inhibitor, we also assessed whether 
VPA treatment induced long-term changes in global acetylation of histones 3 and 4. Our 
results showed no difference between saline and VPA treated groups on global acetylation 
of histones 3 and 4 (except a slight increase in H3 acetylation that was too low to reflect  
biologically significant changes), indicating no long-term changes on genomic organization 
and on gene expression associated with VPA treatment (III, Fig. 5).  We investigated the 
effect of VPA treatment on acetylation of specific histones at promoters of genes that are 
important for memory and synaptic plasticity, including CDK5, BDNF4 and NR2A. For this 
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5.3 THE EFFECTS OF OXIDATIVE ENERGY SUBSTRATES-ENRICHED DIET 
ON EPILEPTIC ACTIVITY IN APDE9 MICE (IV)   

As alternative to traditional pharmacological approaches, we investigated the effects of 
dietary supplementation as a treatment for epilepsy in the APdE9 mouse model of AD. 
Regular diet was supplemented with additional energy sources to glucose to compensate 
for impaired glucose metabolism.  

Mice were fed with diet supplemented with 0.33% Na-pyruvate and 0.33% 3-�>-
hydroxybutyrate (BHB) for 5 weeks. Control group received regular mouse chow. The 
acute antiepileptic effect of the treatment was evaluated based on video-EEG data, obtained 
during the last 2 weeks on the diet. Long-lasting and potentially disease modifying effects 
were evaluated based on video-EEG recorded for 2 weeks after the diet discontinuation.  

The number of observed spontaneous seizures appeared too low to evaluate the effect of 
the diet on seizures. Our results confirmed that during the last 2 weeks of the diet, 5/8 (63%) 
ÔÐÊÌɯÏÈËɯ$#ÚɯÙÌËÜÊÌËɯÛÖɯȀɯƙƔǔɯÖÍɯÛÏÈÛɯÈÛɯÉÈÚÌÓÐÕÌȭɯ-ÖÛÈÉÓàȮɯÛÏÌɯÌÍÍÌÊÛɯ×ÌÙÚÐÚÛÌËɯÛÏÙÖÜÎÏÖÜÛɯ
ƖɯÞÌÌÒÚɯÈÍÛÌÙɯÛÏÌɯËÐÌÛɯËÐÚÊÖÕÛÐÕÜÈÛÐÖÕɯȹ×ǾƔȭƔƙȺȮɯÈÕËɯ$#ÚɯÙÌÔÈÐÕɯÚÜ××ÙÌÚÚÌËɯÛÖɯȀɯƙƔǔɯÖÍɯÛÏÈÛɯ
at baseline in 6/8 (75%) mice (IV, Fig. 6 C and Supplementary Figure S1 B, C). 

The diet also reduced the number of epileptiform spikes: 6/7 (86%) mice had spiking 
ÙÌËÜÊÌËɯÛÖɯȀɯƙƔǔɯÖÍɯÛÏÈÛɯÈÛɯÉÈÚÌÓÐÕÌɯȹIV, Fig. 6 D and Supplementary Figure S1 E). After the 
diet discontinuation, 3/7 (43%) of mice fed with OES diet showed reduced frequency of 
spikes, while none of the mice fed with regular chow displayed any substantial decrease in 
spike frequency (IV, Fig. S1 F). 

OES diet effects on neuronal activity were examined also in vitro. First, we evaluated the 
effects of A�>��in the absence of additional oxidative energy substrates. In line with our 
previous study, incubation of hippocampal slices of WT mice with protofibrillar A�>�Y-42 
induced spontaneous interictal-like discharges (IV, Fig. 1 a) and depolarized EGABA and 
resting membrane potential (IV, Fig. 4). Upon prolonged stimulation, LFPs showed faster 
decay (IV, Fig. 2 Ac.), indicating impaired capacity of synapses to maintain their function 
during prolonged period of activity. Maintenance, but not induction of LTP was decreased 
(IV, Fig. 3), consistent with impaired long-term synaptic plasticity, which is neuronal basis 
for memory. Furthermore, NAD(P)H fluorescence imaging showed that A�> incubation 
reduced NAD(P)H overshoot area and amplitude (IV, Fig. 2 Aa), confirming altered 
metabolic parameters, primarily reduced glycolysis in astrocytes (Kasischke et al., 2004). 
Consequently, neurons may not be able to get energy they need to maintain their activity.  
After confirming effects of A�>��on neuronal excitability, function and metabolism, additional 
energy sources, similar to that used in diet (pyruvate and BHB), were added to the ACSF to 
get eACSF, in which the slices were perfused. The OES supplementation helped abolish A�> 
induced hyperexcitability. Our results showed that in the presence of pyruvate and BHB no 
spontaneous discharges occurred, and EGABA and resting membrane potential were the same 
as in slices of WT mice (IV, Fig. 1b and IV Fig. 4). Also, in the presence of pyruvate and 
BHB, slices preincubated with A�> showed no changes in LFP upon prolonged stimulation 
and LTP (IV, Fig. 2 Bc and IV, Fig. 3).  NAD(P)H signal in slices preincubated with A�>, 
pyruvate and BHB containing ACSF showed no difference to ACSF incubated slices in any 
parameters evaluated (IV, Fig. 2 Ba), suggesting that energy metabolism was unaltered.  In 
line with the last observation, APdE9 mice fed with the OES diet showed two-fold higher 
levels of brain glycogen as compared with APdE9 mice fed with the standard chow, 
suggesting that OES diet normalized energy metabolism.  

We found no difference in soluble and insoluble A�>�\�Z��between standard and OES-diet 
fed groups as indicated by ELISA assay. Altogether, our results suggested that diet did not 
ÏÌÓ×ɯ ÙÌËÜÊÌɯ ÈÔàÓÖÐËɯ ×ÙÖËÜÊÛÐÖÕȮɯ ÉÜÛɯ ÏÌÓ×ÌËɯ ÈÉÖÓÐÚÏɯ  ϕɯ ÐÕËÜÊÌËɯ ÊÏÈÕÎÌÚɯ ÐÕɯ ÕÌÜÙÖÕÈÓɯ
excitability and function, and that the effect of the diet was due improved energy 
metabolism.  
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6 Discussion  

The main aim of this thesis work was to increase our understating of the relationship 
ÉÌÛÞÌÌÕɯ ϕɯ×ÈÛÏÖÓÖÎàɯÈÕËɯÌ×ÐÓÌ×ÚàɯÐÕɯ #ɯÈÕËɯÛÖɯÐÕÝÌÚÛÐÎÈÛÌɯÛÙÌÈÛÔÌÕÛɯÈ××ÙÖÈÊÏÌÚɯÈÎÈÐÕÚÛɯ
epilepsy in AD.  

In the first part of this thesis we addressed the question whether APParc mutation 
(causing early onset autosomal dominant dementia in human carriers) increase seizure 
susceptibility and reduce seizure threshold in a mouse model. Our results confirmed 
increased epileptiform activity and reduced seizure threshold, and also occurrence of 
spontaneous seizures in the APParc mouse model of AD. The occurrence of electrographic 
epileptiform events in this model was too low to use this model for screening antiepileptic 
treatments. However, this model provided important information about disease 
mechanisms. 

In the second part, we evaluated two different treatment approaches against epilepsy in 
AD in amyloid plaques forming APdE9 mice. We selected this model because its brain 
pathology is well described and it has a previously confirmed epilepsy phenotype. Our 
results demonstrated that opposite to the prevailing hypothesis in the field, sodium-
channel blockers including DPH, CBZ and VPA suppress spontaneous EDs in APdE9 mice.  
Further, we were able to demonstrate that the ED suppressing effect of VPA lasted at least 
one week after discontinuation of VPA treatment.  Three weeks after the VPA treatment, 
ÛÏÌɯÌÍÍÌÊÛɯÏÈËɯËÐÚÈ××ÌÈÙÌËȮɯÈÕËɯÈÓÚÖɯÛÏÌɯÉÙÈÐÕɯ ϕɯÓÌÝÌÓÚɯÞÌÙÌɯÛÏÌɯÚÈÔÌ as in saline-treated 
animals. Supplementation of the diet with additional energy sources to glucose, pyruvate 
and BHB reduced epileptiform activity. Comparable to effect of VPA, EDs remain 
suppressed for 1 week after the discontinuation of the diet.  

6.1 METHODOLOGICAL CONSIDERATIONS  

6.1.1 Mouse models (I-IV) 
The APParc mouse model of AD was created by our collaborators to investigate basic 
mechanisms of AD. Briefly, FAD APParc mutation (E693G) isolated form human carriers 
was introduced into CBA/C57BL/6 mouse background (Rönnbäck et al., 2011). The APParc 
mice show an age-ËÌ×ÌÕËÌÕÛɯ ÈÔàÓÖÐËɯ ×ÈÛÏÖÓÖÎàɯ ÛÏÈÛɯ ÚÛÈÙÛÚɯ ÞÐÛÏɯ ÐÕÛÙÈÊÌÓÓÜÓÈÙɯ  ϕɯ
accumulation and progresses ÛÖɯ ËÐÍÍÜÚÌɯ ÌßÛÙÈÊÌÓÓÜÓÈÙɯ  ϕɯ ËÌ×ÖÚÐÛÚɯ ȹÉÜÛɯ ÕÖɯ ×ÓÈØÜÌÚȺɯ ÐÕɯ
subiculum and interconnected brain regions including thalamus, and mammillary bodies 
and hippocampus. Aged APParc mice also have deficit in hippocampus-dependent 
learning and memory (Rönnbäck et al., 2012, 2011). Seizures in APParc mice were suspected 
ÉÈÚÌËɯ ÖÕɯ ÛÏÌɯ ÐÕÝÌÚÛÐÎÈÛÖÙɀÚɯ ÖÉÚÌÙÝÈÛÐÖÕɯ ÖÍɯ ÈÉÕÖÙÔÈÓɯ ÉÌÏÈÝÐÖÙɯ ÖÍɯ ÛÏÖÚÌɯ ÔÐÊÌȮɯ ÈÕËɯ ÖÕɯ
evidence of spontaneous seizures and epileptiform activity in other mouse models of AD 
(Minkeviciene et al., 2009; Palop et al., 2007).  

For treatment experiments, we used the APdE9 mouse, a well described mouse model of 
AD that overexpresses mutant APP and recapitulates many features of AD. APdE9 mice 
ÚÏÖÞɯÐÕÊÙÌÈÚÌËɯ×ÙÖËÜÊÛÐÖÕɯÖÍɯ ϕȮɯÈmyloid plaques, age-dependent cognitive impairment, 
dystrophy of neurites, structural synaptic deficits, reduced synaptic plasticity, and 
neuroinflammation (Garcia-Alloza et al., 2006; Jankowsky et al., 2004; Minkeviciene et al., 
2008; Savonenko et al., 2005). The epilepsy phenotype of this model was previously 
documented with long-term video-EEG in our laboratory (Minkeviciene et al., 2009). 
Within recorded group of 20 APdE9 mice, 65% mice have at least one electrographic 
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seizure, by the age of 4.5 months. Most mice show only one seizure during 3 weeks of 
recording, but one mouse had more than 20 seizures. Also, APdE9 mice have epileptic 
spikes (Minkeviciene et al., 2009).  

 
The challenge of study I was that one of two background strains (CBA) is very seizure 

prone, while the other strain (C57BL6) is seizure resistant. It is known that different mouse 
strains show different seizure susceptibility varying from seizure resistant to seizure 
sensitive (Ferraro et al., 2002; Frankel et al., 2001). In one comparative study, CBA was the 
only known inbred strain in which spontaneous convulsions were reported by several 
caretakers under stress conditions, when mice were transferred from the shipping container 
to their home cages (Frankel et al., 2001). However, no long-term video-EEG was 
performed in that study. Subsequent video-EEG recording demonstrated that CBA mice 
have spontaneous spike-and-wave discharges (SWDs) (Letts et al., 2014). However, the 
detection of possible spontaneous seizures was not the aim of that study, and therefore, 
neither the duration of performed recording (24 h) nor the number of mice recorded (2 for 
each strain) were sufficient to confirm or reject the occurrence of spontaneous seizures in 
CBA mice. It should be noted that many mouse strains have SWDs (Bortolato et al. 2010, 
Ellens et al. 2009, Letts et al. 2014). 

APdE9 mice have C57BL/6J background that is one of the most seizure resistant mouse 
strains (Frankel et al., 2001; McLin and Steward, 2006; Zhuk et al., 2001),  C57BL/6J do not 
have SWDs (Letts et al., 2014).  

6.1.2 Video-EEG (I-IV) 
In this thesis work, we used long-term continuous video-EEG recordings (24/7) for 
phenotyping APParc mice and for evaluation of treatment effects in APdE9 mice. Without 
continuous video-EEG monitoring it is not possible to document seizures and epileptiform 
EEG abnormalities properly and accurately, and to evaluate the effect of treatment in vivo.  
Short-term monitoring for a few hours can evaluate acute treatment effects, but it is not 
enough to answer the question whether the effect is persistent. Long-term video-EEG 
monitoring remains thus the gold standard for epilepsy research.   

For the purpose of this thesis work, cortical screw electrodes were enough to detect the 
presence or absence of epileptiform activity. However, cortical screw electrodes do not 
provide information about other than cortical structures involved in the generation of 
epileptiform activity, and this needs to be investigated in separate studies using deep 
electrodes.  

This thesis project was the first attempt to use the APdE9 mouse model for preclinical 
evaluation of treatments against epilepsy in AD.  The limitation of this model that came out 
during our studies was that the number of spontaneous seizures is too low for statistical 
evaluation of treatment effects: most mice show 1-4 seizures, if any, per recorded week, and 
not in every animal, seizures could be recorded even with a few video-EEG sessions. This 
correspond very well to data from clinical studies: in most of AD patients with seizures, 
seizures are infrequent, and there are many cases of AD with one documented seizure per 
life (Friedman et al., 2012; Pandis and Scarmeas, 2012; Scarmeas et al., 2009). The low 
frequency of seizures creates a challenge for the evaluation of treatment effects. To 
overcome this challenge, we focused our analyses on spontaneous epileptiform discharges 
(EDs).  

ED is an epileptiform pattern that contains spikes and uniform sharp waves with no 
recovery to baseline EEG activity between single spikes. Some researches call this pattern 
SWDs (Coenen et al., 1992; Coenen and Van Luijtelaar, 2003; Ellens et al., 2009; Kandel and 
Buzsáki, 1997; Letts et al., 2014; Marescaux et al., 1992; McCormick and Contreras, 2001; 
Papale et al., 2009; Pearce et al., 2014; Petrou and Reid, 2012; Sitnikova et al., 2009; Wagnon 
et al., 2015), some high-voltage spindles (Jäkälä et al., 1996; Puoliväli et al., 1998; Riekkinen 
et al., 1997) or high voltage spike-and-wave spindles (Kandel and Buzsáki, 1993), and some 
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miniseizures (Holmes and Lenck-Santini, 2006).  There remains some uncertainly regarding 
what EDs observed in mouse exactly are.  Some authors suggest they are the model for 
human absence seizure or for interictal epileptiform activity, they also could be even 
oscillations very close to normal in rodents  (Kelly, 2004; Letts et al., 2014; Pearce et al., 
2014). Generalized EDs (SWDs) were considered a model of absence seizures in mice and 
rats (Coenen and Van Luijtelaar, 2003; Frankel et al., 2005; Marescaux et al., 1992). EDs in 
mouse models that show generalized seizures with convulsions could likely be considered 
a model for interictal EDs. Currently our laboratory continues investigation in that 
direction. As suggested by literature (Blumenfeld, 2005; Kandel and Buzsáki, 1997; 
McCormick and Contreras, 2001; Meeren et al., 2002; Riekkinen et al., 1997) and our 
unpublished observations the thalamocortical network is involved in the generation of EDs.   

 

6.1.3 The testing of antiepileptic drugs (II, III)   
Selection of drugs and their doses. We focused our investigation on CBZ, DPH and VPA, 
sodium channel blocking AEDs, because these drugs are most commonly used to treat 
epilepsy in elderly patients, including patients with AD (Bruun et al., 2015; Friedman et al., 
2012; Leppik, 2006; Perucca et al., 2006; Rao et al., 2009). Importantly, observations in the 
hAPPJ20 transgenic mouse model of AD with epileptiform activity showed that sodium 
channel blockers exacerbated epileptiform activity (Sanchez et al., 2012; Verret et al., 2012).  
We examined the effect of low and high doses of the selected AEDs on epileptiform activity 
to exclude the possibility that exacerbation of epileptiform activity could be caused by high 
doses of AED.  The low doses used in our experiment were comparable to the median 
effective dose (ED50) in the maximal electroshock test (Bialer et al., 2004; Luszczki et al., 
2006) whereas the high doses selected were close to the median toxic dose (TD50) (II) 
(Luszczki et al., 2009, 2005; Masereel et al., 1998). In study III, we first investigated the effect 
of very low dose of VPA that is clearly below ED50 for VPA, but shown to be 
antiamyloidogenic (Qing et al., 2008). We continued the study with an anticonvulsive dose 
of VPA (Bialer et al., 2004; Luszczki et al., 2006) (III).    

CBZ and DPH were dissolved in 1% Tween 80, since those drugs are poorly solvable in 
saline, while VPA was dissolved in 0.9% NaCl. Accordingly, as a placebo treatment for CBZ 
and DPH we used 1% Tween 80, and for VPA we used 0.9% NaCl to distinguish the effect 
of the AED from possible contribution of the solvent.  

To extend our investigation from studying acute effects only, in our first experiment we 
selected treatment duration of 3 days and in the following experiments we prolonged the 
treatment to 5 days (II) and to 1 week (III and IV). Longer treatment duration also helped 
us minimize the effect of baseline fluctuation on EDs.  

To minimize the number of animals used in the experiments and to optimize study costs, 
we used the same animals for testing different AEDs (II) and different doses of AEDs (II, 
III). Using the same animals was also motivated because animals were implanted with EEG 
electrodes for chronic recording. We randomized animals so one sub-group received CBZ 
first, and another DPH first. VPA is known to affect multiple pathways and we were aware 
of long-lasting effects of VPA. Therefore, this drug was administered only after 
investigation of other drugs was completed (II). Initially we used 3 days wash-out period, 
since this is clearly above the drug half-life (Perucca, 2002), and no long-term effects of CBZ 
and DPH on epileptiform activity were reported so far. After the high-dose DPH treatment, 
the wash-out period was prolonged due to observed adverse effects (II). Before starting the 
baseline recordings for high dose experiments, long-lasting wash-out was applied (1 month 
(II) and 3 weeks (III)).  To clarify whether the wash-out periods were sufficient, we 
compared the mean number of EDs at baseline (5 days) and different vehicles (3 days each) 
in study II (high dose experiment) (Table 5). There was no difference in number of EDs 
between baseline as compared to Tween 80 applied before treatments (p = 0.63, paired t-
test), as well as no difference between Tween 80 applied before treatments and Tween 80 
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applied 3 days post-CBZ (p = 0.79, paired t-test). Based on this observation, we could 
conclude that we did not found carry-over effects of the treatment after wash-out periods. 
Also, Tween 80 applied 3 days post-CBZ did not differ from saline 9 days post-DPH. 
However, since three mice died after the high-dose DPH treatment, the number of cases did 
not allow a statistical comparison.  Further, our data show that there was no effect of VPA 
on EDs 3 weeks after treatment discontinuation, although there were small changes in total 
histone acetylation (III). 
 

Table 5. Mean number of EDs per 24 hours at baseline (5 days analyzed) and during different 
vehicle treatments (3 days analyzed for each). Study II, high -dose.  
 

 Baseline 

Tween 80 
before 
treatments 

Tween 80, 
3 days 
post-CBZ 

Saline,      
9 days 
post-DPH 

27 0.2 0.33 0 0 

270 0 0 0  * 

25 1.6 0.67 0.33 0 

31 0.8 0.33 0 0 

245 2.4 3 3.67  * 

39 48.8 83.33 52.67  * 

226 1 0.33 0.67 6 

224 83.8 136.67 114.67 33 

* mouse dead after DPH treatment.  

6.2 ARCTIC APP MUTATION INCREASES SEIZURE SUSCEPTIBILITY IN A 
MOUSE MODEL 

Spontaneous seizures have been found in different mouse models of AD with APP 
mutation, including APPLon and APPswe, APP23 (APP Swedish), Tg2576 (APP Swedish), 
hAPPJ20 (APP Swedish and Indiana mutations), APdE9 (APP Swedish and presenilin-1 
mutations) (Minkeviciene et al., 2009; Moechars et al., 1999; Palop et al., 2007; Sturchler-
Pierrat et al., 1997; Westmark et al., 2008). The particular interest to look at the possible 
occurrence of seizure in APParc mice was the special nature of the mutation as an AD 
ÔÖËÌÓȭɯ(ÕɯÊÖÕÛÙÈÚÛɯÛÖɯÛÏÌɯ2ÞÌËÐÚÏɯÔÜÛÈÛÐÖÕȮɯÓÖÊÈÛÌËɯÕÌÈÙɯÛÏÌɯϕ-secretase cleaving site, and 
+ÖÕËÖÕɯÈÕËɯ(ÕËÐÈÕÈɯÔÜÛÈÛÐÖÕÚȮɯÓÖÊÈÛÌËɯÕÌÈÙɯÛÏÌɯϖɬsecretase cleaving site, APParc mutation 
ÐÚɯÓÖÊÈÛÌËɯÞÐÛÏÐÕɯÛÏÌɯ ϕɯ×Ì×ÛÐËÌȭɯ(ÛɯÐÕÊÙÌÈÚÌÚɯ ÍÖÙÔÈÛÐÖÕɯÖÍɯ ϕɯ×ÙÖÛÖÍÐÉÙÐÓÚɯÞÐÛÏÖÜÛɯÈÓÛÌÙÐÕÎɯ
ÛÏÌɯÈÊÛÐÝÐÛàɯÖÍɯϕ- ÈÕËɯϖ-secretases (Nilsberth et al., 2001). In human patients, although no 
systematic monitoring has been done, one episode of generalized seizure was reported in 
one patient with Arctic APP mutation at the age 65 (Basun et al., 2008).  
Our recordings demonstrated that the occurrence of spontaneous seizures and epileptiform 
events was very low in APParc mice. The epilepsy phenotype in APParc mice was milder 
than in APdE9 mice both in terms of the occurrence of spontaneous seizures and of EDs.  
APParc mice aged 15-20 weeks had 1-2 seizures per 2 weeks, while APdE9 mice (14 weeks 
old) had 1-4 spontaneous seizures per week. However, the percentage of mice with seizures 
was the same in the two strains (about 30%).  



63 
 

 

Of APParc mice at the age of 15-20 weeks old 47% displayed 1-11 EDs per 2 weeks, while 
of APdE9 mice 80% had 43±26 (3-379) EDs per week at comparable age (14 weeks old). A 
statistical verification of this observation was not possible due to the low number of 
spontaneous seizures in both strains and the very ÓÖÞɯÕÜÔÉÌÙɯÖÍɯ$#ÚɯÞÐÛÏɯÈɯËÜÙÈÛÐÖÕɯȁɯƕɯÚɯ
in APParc mice. Furthermore, because of different background strains and the co-
occurrence of a presenilin mutation in APdE9 mice we cannot directly compare the effect of 
APParc mutation with the effect of APPswe mutation on neuronal excitability in vivo. With 
the more seizure-susceptible hybrid background the APdE9 mice would probably have 
more seizures than on a pure seizure-resistant C57BL/6J background. It is known from 
previous studies that AD pathology develops much more slowly in APParc mice than in 
APdE9 mice (Minkeviciene et al., 2009; Rönnbäck et al., 2012, 2011). Whereas first plaques 
occur in APdE9 mice at the age of 4 months, APParc homozygous mice never develop 
typical amyloid plaques, although extracellular dense amyloid deposits can be detected in 
several brain structures at 12-15 months of age (Rönnbäck A et al., 2012). Spatial memory 
impairment can be detected in APdE9 mice starting from 10 months (Minkeviciene et al., 
2009), and in APParc females but not in males at 15 months of age (Rönnbäck et al., 2011).  

In addition to evaluating the occurrence of spontaneous seizures and EDs in APParc 
mice, seizure susceptibility was assessed with PTZ test.  Our data demonstrate that APParc 
mice show reduced seizure threshold as indicated by a shorter latency to the first spike in 
PTZ test compared to their wild-type controls.  This is in line with other studies, 
demonstrating reduced threshold to PTZ-induced seizures in different mouse models of 
AD with APP mutation, including lines Tg2576 (Swedish mutation), hAPPJ20 (Swedish 
mutation), TgCRN8 (Swedish and Indiana mutation) (Del Vecchio et al., 2004; Palop et al., 
2007; Westmark et al., 2008). 

Why APParc mutation leads to reduced seizure threshold remains an open question, but 
in vitro ÚÛÜËÐÌÚɯ ÚÜ××ÖÙÛɯ ÛÏÌɯ ÐËÌÈɯ ÛÏÈÛɯ ÍÐÉÙÐÓÓÈÙɯ  ϕ could be a potential cause of 
hyperexcitability. In vitro studies including our own show that fibrillar (but ÚÛÐÓÓɯÚÖÓÜÉÓÌȺɯ ϕɯ
altered resting membrane potential, making neurons more excitable, while small oligomeric 
 ϕɯËÐËɯÕÖÛɯ ÐÕÍÓÜÌÕÊÌɯ ÐÛ (Minkeviciene et al., 2009). Our observations in APParc mice with 
known iÕÛÙÈÊÌÓÓÜÓÈÙɯ ÈÊÊÜÔÜÓÈÛÐÖÕɯ ÖÍɯ ÍÐÉÙÐÓÓÈÙɯ  ϕɯ (Rönnbäck et al., 2012, 2011) provide a 
ÕÌÞɯ ÈÙÎÜÔÌÕÛɯ ÚÜ××ÖÙÛÐÕÎɯ ÛÏÌɯ Ïà×ÖÛÏÌÚÐÚɯ ÛÏÈÛɯ ÍÐÉÙÐÓÓÈÙɯ ÚÖÓÜÉÓÌɯ  ϕɯ ÊÈÜÚÌÚɯ ÕÌÜÙÖÕÈÓɯ
hyperexcitability in vivo. 

6.3 SODIUM-CHANNEL BLOCKERS REDUCE EPILEPTIFORM DISCHARGES 
IN APdE9 MICE 

6.3.1 The effect of sodium channel blockers observed during treatment 
So far, no controlled studies have been reported on the efficacy of AEDs on epilepsy in AD 
patients and only few studies have been published on animal models of epilepsy in AD  
(Corbett et al., 2013; Sanchez et al., 2012; Verret et al., 2012) (and none when I started this 
PhD project). Since sodium channel blocking drugs DPH, CBZ and VPA are among the 
most commonly used AEDs in demented patients we focused on those drugs in our study. 
More recent evidence from animal studies suggests that sodium channel levels are reduced 
in hAPPJ20 mice and also in some AD patients (Verret et al., 2012). Although recent studies 
indicate that sodium channel blocking AEDs usually do not act on inhibitory neurons 
(Pothmann et al., 2014), in some conditions such as interneuron pathology those drugs may 
exacerbate seizures (Yu et al., 2013). Furthermore, activity of AD-ÙÌÓÈÛÌËɯϕ- ÈÕËɯϖ-secretases 
alters membrane trafficking of sodium channels, thereby impairing normal function of 
sodium channels (Corbett et al., 2013; Kim et al., 2007, 2005). Contrary to our results, which 
demonstrated that sodium channel blocking AEDs suppressed EDs in APdE9 mice, 
observations by Palop and colleagues suggest that sodium channel blocking AEDs 
exacerbate epileptiform activity in hAPPJ20 mice (Sanchez et al., 2012; Verret et al., 2012). 
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However, in those studies, the acute effect of sodium channel blockers was tested within 24 
hour (Verret et al., 2012) or 6 hours (Sanchez et al., 2012) after the injection, whereas longer 
lasting effects of sodium channel blockers on EDs (up to 24 h - few days) were not 
investigated. Importantly, chronic exposure to phenytoin also improved contextual 
memory deficits in hAPPJ20 mice (Verret 2012). We prolonged the observation period from 
5-6 hours to 3-5 days (II) and further to one week (III).  

 
DPH. For elderly patients, it is generally recommended to use low doses of AEDs 

(Shorvon et al., 2016).  However, we found that in mice a low and well-tolerated DPH dose 
had no effect on EDs (II). Our results show that a high dose of DPH (40 mg/kg t.i.d.) was 
required to suppress EDs in APdE9 mice to below 50% of baseline in 80% of the animals, 
but that the high dose was also associated with severe adverse effects and mortality. In 
hAPPJ20 mice, besides already mentioned increase of epileptiform activity, such a high 
dose of DPH impaired habituation and enhanced forgetting (Verret et al., 2012). 
Furthermore, a recent study confirmed that a low dose of DPH (20 mg/kg) moderately 
increased SWDs in APP/PS1 mice (Nygaard et al., 2015) 0-5 h after the injection.  Further, 
consistent with our observation in mice, a recent study (Vossel et al., 2013) points out that 
DPH was not the most effective drug to suppress seizures in patients with AD or MCI, 
having a response in 3/6 (50%) patients. Altogether, our data and more recent observation 
by other investigators support the conclusion that DPH is not the drug-of-choice for 
epilepsy in AD.  

CBZ. In our experiments, the low-dose CBZ and high-dose CBZ treatments blocked or 
reduced EDs to below 50% of baseline in 50-56% of the animals (II). A recent report 
ÚÜÎÎÌÚÛÚɯ ÛÏÈÛɯ"!9ɯ ÙÌËÜÊÌËɯ ÈÔàÓÖÐËɯ ×ÓÈØÜÌÚɯ ÓÖÈËɯ ÈÕËɯ ϕƘƔɯ ÈÕËɯ ϕƘƖɯ ÓÌÝÌÓÚ in APP/PS1 
mice, and improved memory, but due to a low number of animals in the study this 
promising observation needs to be verified by future studies (Li et al., 2013).  At present, 
there are no specific reports about CBZ effect on seizures or epileptiform activity in AD 
patients, but data in elderly patients suggest that it has similar efficacy to that of VPA and 
DPH (Mendez and Lim, 2003). 

VPA. Our results show that VPA at a dose 260-300 mg/kg suppressed EDs in 60-75% of 
the animals (II, III), thus showing best responses among the treatments tested. Our results 
are closely comparable with the clinical report by Vossel in which 7/9 (78% patients) 
responded to VPA (Vossel et al., 2013). One possible explanation for the superior effect of 
VPA compared to DPH and CBZ may be its multiple mechanisms of action that go far 
beyond sodium-channel inhibition (Chateauvieux et al., 2010; Monti et al., 2009; Perucca, 
2002; Phiel et al., 2001; Shorvon et al., 2016). VPA increases GABA synthesis and release, 
thereby increasing GABA concentrations and enhancing GABAergic system (Chateauvieux 
et al., 2010; Perucca, 2002; Shorvon et al., 2016). GABAergic system is impaired in AD as 
indicated by the loss of inhibitory neurons, functional deficit in inhibitory neurons and 
altered balance between excitation and inhibition (Baglietto-Vargas et al., 2010; Krantic et 
al., 2012; Palop et al., 2007, 2006; Ramos et al., 2006; Roberson et al., 2007; Takahashi et al., 
2010; Verdaguer et al., 2015). Consequently, enhancing GABAergic system could be an 
effective treatment strategy against AD (Lanctôt et al., 2004; Li et al., 2016; Solas et al., 2015) 
and AD-related epilepsy. In addition, VPA has been shown to induce apoptosis in 
microglial cells or modulate microglial cell function, thereby reducing inflammation (Chen 
et al., 2007; Gibbons et al., 2011). Inflammation is very strong in the AD brain and could 
contribute to hyperexcitability and brain dysfunction (Heppner et al., 2015; Wyss-Coray 
and Rogers, 2012). Thus, suppressing inflammation can help reduce excitability, although 
inflammation rather sÌÌÔÚɯ ÛÖɯ ÉÌɯ Èɯ ÊÖÕÚÌØÜÌÕÊÌɯ ÖÍɯ ÐÕÊÙÌÈÚÌËɯ ×ÙÖËÜÊÛÐÖÕɯ ÖÍɯ  ϕɯ ÈÕËɯ
neurodegeneration and not a primary cause of seizures and epileptiform activity in AD. 
Furthermore, VPA showed neuroprotective effects (Long et al., 2013; Monti et al., 2009; 
Zhang et al., 2010).  
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Several reasons could account for the discrepancy between our findings and 
observations by Palop and co-workers (Sanchez et al., 2012; Verret et al., 2012). First, it is 
possible that our APdE9 mouse does not have similar interneuron pathology as the 
hAPPJ20 mouse, making causes of epilepsy and network alterations involved different in 
those otherwise relatively similar mouse models. So far, there is a single study suggesting 
loss of GABA-terminals around cortical principal neurons in the APdE9 mouse, but there 
are no data on Nav1.1 density on interneurons in this model (Garcia-Marin et al., 2009). In 
our study, total Nav1.1. channel protein levels were normal in the parietal cortex, but as 
this observation is based on western blotting we cannot say anything about the distribution 
of the channels between principal neurons and interneurons. Because our results did not 
show increased epileptiform activity after administration of a large dose of sodium-channel 
blockers, we saw no reason to continue with detailed assessment of sodium channels in 
inhibitory interneurons. Second, the difference between the results can also derive from 
methodological differences. Palop and co-workers counted the number of cortical spikes 
(Sanchez et al., 2012; Verret et al., 2012)  whereas we counted EDs. It is possible that 
sodium-channel blockers have different effects on spiking and EDs. Finally, different 
results can also arise from differences in doses and duration of treatments (acute effect 
within 5-6 h after a single injection vs. in 3-5 days and multiple injections) and the way the 
drug was administrated. Notably, while assessing the effect of DPH on memory function, 
hAPPJ20 mice tolerated the treatment to 85 mg/kg/day (in drinking water) 10 days, whereas 
we were not able to keep our mice on the high-dose DPH for more than 3 days due to 
strong adverse effects. In the Verret et al. study the effect of DPH on EEG was tested at 
even a higher dose of DPH (100 mg/kg) (Verret et al., 2012), while TD50 for DPH in mice 
reported 65.5 mg/kg (Masereel et al., 1998). So, it is highly possible that different mouse 
models react differently to the drug. 

 

6.3.2 Long-lasting effects of VPA 
In addition to acute effects of VPA, our data demonstrated that EDs remain suppressed 

in 70% of the animals for at least one week after discontinuation of the high-dose (300 
mg/kg) VPA treatment. Delayed effects of AEDs treatment usually are not assessed and 
there is no information considering how long the effect of the treatment can persist after 
treatment discontinuation, whereas the rebound phenomenon (exacerbation of seizures 
after treatment discontinuation) is well known in clinical practice. Reduction of EDs during 
the time that clearly extended the elimination of the drug from the animal (9-18 h) (Löscher 
and Esenwein, 1978; Perucca, 2002) may be a specific feature of VPA due to its unique 
mechanisms of action. One possibility is that VPA lowered the brain levels of soluble 
ÍÐÉÙÐÓÓÈÙɯ ϕɯ Ú×ÌÊÐÌÚȮɯ ÛÏÜÚɯ ÙÌËÜÊÐÕÎɯ ÛÏÌɯ ÐÙÙÐÛating agent. In one study, mice treated with 30 
mg/kg VPA during 4 weeks showed reduced Aϕ40 and 42 levels, reduced plaque formation 
and improved memory (Qing et al., 2008). One possible underlying mechanism was 
inhibition of glycogen  synthase kinase-3ϕɯȹ&2*-ƗϕȺɯÛÏÈÛɯ×ÙÖÔÖÛÌÚɯϖ-secretase cleavage of 
APP, and subsequent inhibition of ϖ-secretase cleavage (Qing et al., 2008). In our study, 1 
month after VPA discontinuation brain AϕɯÓÌÝÌÓÚɯÞÌÙÌɯÛÏÌɯÚÈÔÌɯÐÕɯ5/ - and saline-treated 
mice. However, we cannot exclude the possibility that during the time when the EDs were 
ÚÛÐÓÓɯ ÚÜ××ÙÌÚÚÌËɯ ȹƕɯ ÞÌÌÒɯ ÈÍÛÌÙɯ ËÐÚÊÖÕÛÐÕÜÈÛÐÖÕȺɯ  ϕɯ ÓÌÝÌÓÚɯ ÞÌÙÌɯ ÈÓÚÖɯ ÓÖÞÌÙȭɯ  ÓÚÖȮɯ ÈÉÖÝÌɯ
mentioned anti-inflammatory and neuroprotective effects of VPA could contribute to the 
long-lasting ED suppression, but these were not assessed in our study. 

Another possibility for the long-lasting effect of VPA is its epigenetic action as a HDAC 
inhibitor (Göttlicher et al., 2001; Krämer et al., 2003; Phiel et al., 2001; Shorvon et al., 2016). 
We addressed this possibility by assessing total acetylation of histones H3 and H4 one 
month after discontinuation of VPA treatment. Our data implied a slight increase in global 
histone H4 acetylation. We also found in an additional experiment that short-term VPA 
treatment increased acetylation of genes involved in memory and synaptic plasticity. Our 
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data indicate that there are no substantial long-term effects of VPA on acetylation of 
histones. However, we cannot rule out the possibility that VPA was inhibiting HDAC 
during the treatment, but the effect disappeared by the time of measurement (1 month after 
treatment). It is also possible that the effect was limited to a few specific genes, which did 
not show up in total histone acetylation level. To reduce hyperexcitability it would be 
important to enhance expression of genes involved in regulation of excitation and 
inhibition, and in ideal case the effect should be persistent after the treatment 
discontinuation. One study provides evidence that VPA regulates expression of genes 
involved in regulation of neuronal excitation and inhibition and the action is achieved at 
least partly through the HDAC inhibiting feature of VPA (Fukuchi et al., 2009).  

6.3.3 Would VPA or LEV be better treatment for AD-related epilepsy? 
While our studies on VPA were ongoing, other research groups found beneficial effects 

of LEV in AD patients and in hAPPJ20 mouse model of AD (Bakker et al., 2015, 2012; 
Cumbo and Ligori, 2010; Sanchez et al., 2012). Bakker et al. showed that a low dose of LEV 
reduced hippocampal hyperactivity and improved cognitive performance in patients with 
MCI (Bakker et al., 2015, 2012). In line with human observations, Sanchez et al. found that 
LEV reduced abnormal spike activity, memory deficits and behavioural abnormalities in 
hAPPJ20 mice.  Both VPA and LEV effectively suppressed seizures in AD patients in two 
recent studies (Cumbo and Ligori, 2010; Vossel et al., 2013). However, the number of 
treated patients were small. Since comparative study of VPA and LEV in patients with AD 
and epilepsy or in AD model mice has not been conducted, it remains open whether VPA 
or LEV should be recommended for treating AD patients with epilepsy.  

A low dose of VPA (30 mg/kg) improved memory deficits in APP23 AD mouse model 
(Qing et al., 2008). Notably, this dose is way below the anticonvulsive dose. According to 
our results, 30 mg/kg suppressed EDs to below 50% of that at baseline only in 20% of mice, 
260 mg/kg in 75% of mice, and 300 mg/kg in 50% of mice. In humans, the usual effective 
dose of VPA against seizures varies between 500 and 2500 mg/day, and the high doses are 
associated with adverse effects such as body tremor and gastrointestinal symptoms 
(Perucca, 2002; Shorvon et al., 2016). 

The cognitive enhancing effect of LEV in hAPPJ20 mice was achieved at a dose of 75 
mg/kg/day. This dose was suboptimal for spike suppression (reduced spikes to about 50% 
that at baseline), but higher doses were associated with sedative side effects, and 
development of tolerance to the antiepileptic effect masked the potential beneficial action 
(Sanchez et al., 2012). The corresponding optimal dose in human studies was found to be 
125 mg/kg. This low dose of LEV reduced hippocampal hyperactivation and improved 
memory function in MCI patients, whereas higher doses showed no benefits (Bakker et al., 
2015, 2012). However, for seizure control, some patients with AD and epilepsy require 
much higher dose of LEV (although some patients became seizure free already at a low 
dose (Cumbo and Ligori, 2010). 

 
The antiamyloidogenic action of VPA has been confirmed only by one study so far.  A 

ÓÖÞɯËÖÚÌɯÖÍɯ5/ ɯÙÌËÜÊÌËɯ×ÓÈØÜÌɯ ÓÖÈËɯÈÕËɯ ϕƘƔɯÈÕËɯ ϕƘƖɯÓÌÝÌÓÚɯÐÕɯ //ƖƗɯÔÐÊÌɯ (Qing et 
al., 2008). In contrast, we found no long-ÓÈÚÛÐÕÎɯÌÍÍÌÊÛɯÖÍɯ5/ ɯÛÙÌÈÛÔÌÕÛÚɯÖÕɯ ϕɯÓÌÝÌÓÚȭɯ3ÏÌɯ
possible reasons for the different results between our study and Qing et al. could be a 
different mouse model, difference in VPA dose and duration of the treatment. It remains 
ÜÕÊÓÌÈÙɯÞÏÌÛÏÌÙɯ+$5ɯÚÜ××ÙÌÚÚÌÚɯÍÖÙÔÈÛÐÖÕɯÖÍɯ ϕɯÈÕËɯÈÔàÓÖÐËɯ×ÓÈØÜÌÚȭɯ ɯÙÌÊÌÕÛɯÚÛÜËàɯÐÕɯ
APPswe/PS1dE9 showed that a treatment with 50 mg/kg LEV during 30 days reduced 
ÈÔàÓÖÐËɯ ×ÓÈØÜÌÚɯ ÈÕËɯ ÉÖÛÏɯ ÎÌÕÌÙÈÛÐÖÕɯ ÈÕËɯ ÊÓÌÈÙÈÕÊÌɯ ÖÍɯ  ϕɯ (Shi et al., 2013). By contrast, 
treating hAPPJ20 mice with 75 mg/kg LEV during 20 days did not reduce levels and 
ËÌ×ÖÚÐÛÐÖÕɯ ÖÍɯ  ϕɯ ÐÕɯ ÈÕÖÛÏÌÙɯ ÚÛÜËàɯ (Sanchez et al., 2012). Antiamyloidogenic potential of 
LEV and VPA has not been verified in patients yet. To conclude, it is not possible at the 
moment to recommend VPA or LEV based on their antiamyloidogenic action. 



67 
 

 

With regard to adverse effects, VPA and LEV do not differ clearly, either. In general, the 
most common CNS adverse effect of VPA is fatigue, while both VPA and LEV can cause 
dizziness and sleepiness, and LEV can cause headaches 
(http://www.terveysportti.fi/terveysportti/laake.dlr_laake.koti; Shorvon et al., 2016).  

Based on several clinical studies, VPA is usually considered as a drug with minimal 
impairing effect on cognitive functions (Eddy et al., 2011; Mula and Trimble, 2009; Perucca, 
2002)). Notably, studies in elderly patients found VPA effect on cognitive function being 
minimal in this vulnerable category of patients (Craig and Tallis, 1994; Prevey et al., 1996; 
Read et al., 1998); reviewed by Stephen, 2003). However, cognitive decline ȹ1ÐÚÛÐîɯ ÌÛɯ ÈÓȭȮɯ
2006) (combined with neurodegeneration (Fleisher et al., 2011) has been reported in 
individual patients on chronic VPA therapy. This  contradict with  studies that confirmed 
neuroprotective effects of VPA in vitro and in vivo (Long et al., 2013; Monti et al., 2009; 
Zhang et al., 2010).  Due to conflicting results, more studies would be needed to clarify the 
effects of chronic VPA treatment on cognitive function in AD patients. It is possible that the 
effects of VPA on AD brain differ from that in elderly without AD.  

In contrast to VPA, LEV (at relatively low doses) has not been reported to cause 
cognitive adverse effects and even could improve cognitive functions in AD and MCI 
(Bakker et al., 2015, 2012; Cumbo and Ligori, 2010; Eddy et al., 2011; Mula and Trimble, 
2009; Sanchez et al., 2012). Similarly to VPA, LEV showed neuroprotective effects in 
preclinical studies (Shetty, 2013). However, LEV has common psychiatric adverse effects 
including insomnia, aggression and irritability, whereas psychiatric adverse effects of VPA 
are very uncommon (http://www.terveysportti.fi/terveysportti/laake.dlr_laake.koti; 
Shorvon et al., 2016). Psychiatric adverse effects are the main disadvantage of LEV and can 
be a special challenge for AD patients, because personality is affected by the disease. 
Fortunately, according to one study in 38 AD patients with seizures on LEV therapy, 
adverse effects of LEV were mild and did not require discontinuation of the treatment, and 
aggression or irritability were not reported (Cumbo and Ligori, 2010). To conclude, whether 
LEV or VPA is really safer and associated with fewer adverse effects will be hopefully 
clarified by future studies. 
Any AED treatment has adverse effects, and most of currently available treatments have 
symptomatic effects only. Therefore, we investigated dietary approach as an alternative 
treatment option. 

6.4 DIETARY OXIDATIVE ENERGY SUBSTRATES SUPPRESSED 
EPILEPTIFORM DISCHARGES AND SPIKES  

Ketogenic diet (KD) was one of the first treatments that proved effective in epilepsy, and 
has become a clinical routine in treating certain childhood epilepsies (Kossoff et al., 2009b; 
Kossoff and Wang, 2013). Recent studies have demonstrated that ketogenic diet could be 
effective treatment against seizures in adults as well (Klein et al., 2014, 2010). New data 
from both clinical studies and basic research suggest that KD could be valuable treatment 
for neurodegenerative disorders including AD (Balietti et al., 2010; Gasior et al., 2006; 
Hallböök et al., 2012; Henderson, 2008; Van der Auwera et al., 2005). However, no 
controlled trials have been conducted to investigate the effect of KD on epilepsy in adults 
(Martin et al., 2016), AD patients, or mouse models. The exact mechanism of action of KD is 
not yet known. One intriguing possibility is that ketone bodies formed during KD can 
provide additional energy sources to neurons with an energy crisis. 
PET studies have demonstrated that impaired energy metabolism occurs very early in AD 
(Herholz, 2003; Mosconi, 2005; Mosconi et al., 2009). This observation is consistent with 
data from animal studies (Macdonald et al., 2014; Nicholson et al., 2010) and provided the 
basis for the idea that impaired energy metabolism contributes to disease progression in 
AD (Kapogiannis and Mattson, 2011). We hypothesized that impaired energy metabolism 
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ÔÈÒÌÚɯ ÕÌÜÙÖÕÚɯ ÈÕËɯ ÛÏÌɯ ÌÕÛÐÙÌɯ ÉÙÈÐÕɯ ÔÖÙÌɯ ÝÜÓÕÌÙÈÉÓÌɯ ÛÖɯ ÛÖßÐÊɯ ÈÊÛÐÖÕÚɯ ÖÍɯ  ϕɯ ÈÕËɯ ÊÖÜÓËɯ
contribute to hyperexcitability. Reduced energy metabolism alters basic properties of 
neurons, since maintaining resting membrane potential requires activity of ion pumps that 
need energy in the form of ATP. On the other hand, compensation for impaired energy 
metabolism at an early stage of pathology could reduce network pathology and restore 
neuronal function, and thereby have antiepileptogenic potential. Indeed, recordings in 
brain slices by our French collaborators demonstrate that when slices were incubated with 
solution containing pyruvate and BHB, the negative effects of  ϕɯÖÕɯÕÌÜÙÖÕÈÓɯÌßÊÐÛÈÉÐÓÐÛàɯ
were abolished.  This suppression of epileptiform activity was paralleled by improvement 
in energy metabolism (Study IV).  

Our results showed that a diet enriched with pyruvate and BHB (abbreviated as OES) 
maintained for 5 weeks suppressed EDs and spikes in APdE9 mice as compared to APdE9 
mice on regular chow. Importantly, after OES discontinuation, EDs remain suppressed for 
at least two weeks, although the beneficial effect on spikes disappeared soon after 
treatment discontinuation. The effect of OES on EDs is comparable with the effect of VPA 
that we observed in Study III. Dietary treatment thus successfully competed with potential 
antiepileptic drug in acute effect and produced significant delayed effect that probably 
extend delayed effect of VPA treatment.  

The possible mechanisms behind ED suppressing effects of the OES diet can be several. 
However, there is some experimental evidence for an acute anticonvulsant action of BHB in 
the literature (Reviewed by (Bough and Rho, 2007; Hartman et al., 2007; Masino and Rho, 
2012; McNally and Hartman, 2012; Yum et al., 2012)). Our brain glucose measurements 
confirmed that impaired brain (astrocytic) glycogen levels in APdE9 mice were restored by 
the OES diet at least for 2 weeks after the diet. Also, since long-term dietary changes are 
commonly associated with epigenetic changes (Dauncey, 2014; Landgrave-Gómez et al., 
2015; Pal and Tyler, 2016; Szarc vel Szic et al., 2015), it is possible that epigenetic changes 
contribute to the effect on excitability. The exact mechanisms on how epigenetic changes 
contribute to reducing hyperexcitability remain a challenge for a future research.  

A recent study from our laboratory also demonstrated the effect of long-term dietary 
supplementation with pyruvate on memory and several other behavioral measures in the 
APdE9 mouse model of AD (Koivisto et al., 2016). Although the pyruvate diet did not 
directly improve memory, it increased active exploration of the environment and novel 
objects in it. Such an effect may be desired in individual with AD who suffer from apathy 
and loss of interest toward their environment. Such dietary supplementation have been 
shown to be well-tolerated in humans (Dijkstra et al., 1984; Egras et al., 2011; Votto et al., 
2008), although a recent meta-analysis of available studies emphasized the need for more 
studies (Onakpoya et al., 2014).  

Further studies would be needed to investigate whether OES diet or one of its 
components (BHB or pyruvate) could be used as antiepileptogenic treatment against 
epilepsy in AD.  Since brain energy homeostasis and metabolism are altered in epilepsy 
(Greene et al., 2003; Scharfman, 2015), perhaps supplementation with additional  energy 
substrates to glucose can have disease modifying and antiepileptogenic effect also in other 
forms of epilepsy.  
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6.5 GENERAL DISCUSSION 

As our statistical evaluation of AED efficacy was largely based on EDs, a relevant question 
is to which extent EDs predict the occurrence of spontaneous seizures. In humans, the 
occurrence of EDs have prognostic value after a new-onset seizure and after epilepsy 
surgery (Rathore and Radhakrishnan, 2010; Wirrell, 2010). However, specific data 
regarding this question in AD patients are limited, since only some of the studies focusing 
on seizures in AD patients reported EEG findings, and often even routine EEG was not 
performed for all patients  (Amatniek et al., 2006; Bernardi et al., 2010; Friedman et al., 2012; 
Pandis and Scarmeas, 2012; Scarmeas et al., 2009). Amatniek et al. found focal epileptiform 
EEG alterations being strongly predictive for unprovoked seizures (Amatniek et al., 2006). 
Also, Vossel et al. found epileptiform EEG activity in 62% of patients with MCI or AD with 
seizures but only in 6% of patients without observed seizures (Vossel et al., 2013), although 
the report did not discuss predictive value of EDs. This is in line with a recent report by 
Cumbo et al. that evaluated treatment effect in AD patients with epileptic seizures using 
video-EEG, and found EDs in 55% of patients, and normal interictal EEG in 23% of AD 
patients with epileptic seizures (Cumbo and Ligori, 2010). In contrast, Scarmeas et al. found 
no association between seizure risk and epileptiform EEG findings (Scarmeas et al., 2009). 
However, in this study, EEG was assessed only for a small percentage of the patients 
(21/453 (5%) vs 136/233 (60%) in the study by Amatniek et al. (Amatniek et al., 2006) and 
nonconvulsive seizures very likely remained underdiagnosed. Similarly, one study in a 
large cohort of elderly patients from memory clinic suggested very low occurrence of EDs 
in demented patients and low value of EDs predicting the occurrence of seizures in elderly 
demented patients (Liedorp et al., 2010). However, as serial or long-term video-EEG 
monitoring is needed to accurately detect epileptiform activity (Vossel et al., 2013), EDs 
were likely underdiagnosed in the study of Liedorp and co-workers since it was based on 
routine EEG (Liedorp et al., 2010).  To conclude, it is possible that epileptiform EEG 
abnormalities predict the occurrence of spontaneous seizures in AD patients, but more 
studies are needed to prove that.  

In preclinical studies, due to the mixed nature and loose definitions of EDs, there is no 
clear answer to this question, either. In our study APdE9 mice had generalized EDs and 
spontaneous seizures, and some mice developed convulsions.  Based on our own limited 
data (II), there appears to be some relationship between the occurrence of EDs and 
Ú×ÖÕÛÈÕÌÖÜÚɯÚÌÐáÜÙÌÚȭɯɯ ÛɯÉÈÚÌÓÐÕÌȮɯÛÞÖɯÖÜÛɯÖÍɯÍÖÜÙɯ /Ë$ƝɯÔÐÊÌɯÐÕɯÛÏÌɯɁÏÐÎÏɯ$#ɯÍÙÌØÜÌÕÊàɂɯ
group but only one ouÛɯ ÖÍɯ ÚÐßɯ  /Ë$Ɲɯ ÔÐÊÌɯ ÐÕɯ ÛÏÌɯ ɁÓÖÞɯ $#ɯ ÍÙÌØÜÌÕÊàɂɯ ÎÙÖÜ×ɯ ÏÈËɯ
spontaneous seizures. Of course, with so low number of animals and low seizure 
occurrence in general such a relationship can easily arise by chance and needs to be 
confirmed in a systematic study.  

Importantly, EDs may cause transitory cognitive impairment and dysfunction of the 
affected brain area (Binnie, 2003; Drane et al., 2016; Holmes and Lenck-Santini, 2006; 
Sánchez Fernández et al., 2015). Notably, epileptiform activity is often found in brain 
regions supporting functions that are impaired in AD and MCI patients (Vossel et al., 2013).  
In AD patients with epilepsy, EDs contribute to fluctuations in cognitive functions and can 
be associated with episodes of amnestic wondering and getting lost in a familiar 
environment (Palop and Mucke, 2009; Rabinowicz et al., 2000). Treatment with AEDs 
resolved such episodes (Palop and Mucke, 2009; Rabinowicz et al., 2000). Observations in 
patients is supported by evidence from animal models. Spontaneous SWDs disturb sensory 
information processing in rat (Drinkenburg et al., 2003; Meeren et al., 2001). Also, the 
frequency of SWDs correlates with memory impairment in APP/PS1 and 3xTg mouse 
model of AD and epilepsy (Nygaard et al., 2015). Interestingly, the observation by Nygaard 
et al. argues that suppression of SWDs is necessary but not sufficient to improve memory in 
APP/PS1 mice, since brivaracetam and ethosuximide similarly reduced SWDs, but memory 
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was improved only on brivaracetam treatment (Nygaard et al., 2015). Explanation 
suggested by the authors of the study was that reduction of SWDs is not sufficient to 
reverse memory impairment in APP/PS1 mice (Nygaard et al., 2015). In other words, SWDs 
occurring when mice were trained for the memory test or during memory consolidation 
worsen their learning, but this was not a single cause for their poor learning. Other 
contributor could be, for example, synapse loss. Of note, these two drugs indeed have 
different mechanisms of action. Brivaracetam interacts with the synaptic vesicle protein 
SV2A (Nygaard et al., 2015), whereas ethosuximide acts through inhibition of T-type 
calcium currents in thalamic neurons (Shorvon et al., 2016).   

 

6.6 FUTURE PERSPECTIVES   

A lot remains unknown regarding the nature of epilepsy in AD and many questions 
regarding the treatment remain unresolved.  
In AD patients, generalized tonic-clonic seizures are usually rare, but complex partial 
seizures could be largely underdiagnosed (Mendez et al., 1994; Pandis and Scarmeas, 2012; 
Scarmeas et al., 2009; Vossel et al., 2013). Most of currently available reports are based on 
routine EEG or do not include EEG examination at all.  Notably, the reports including 
video-EEG found EDs in about 50% of AD patients (Cumbo and Ligori, 2010) and 
subclinical epileptiform activity in 42% of AD patients (Vossel et al., 2016), which is much 
higher prevalence than reported previously. In the future, the occurrence of complex partial 
seizures and EDs in AD patients should be verified better. Long-term video-EEG should be 
used for diagnosis of epilepsy in AD, and particular attention should be payed to sleep 
recordings when, according to pilot observation, most of epileptiform activity occurs in AD 
patients (Horváth, 2016; Horváth et al., 2017).  

Seizures and subclinical epileptiform activity contribute to neurodegeneration and 
progression of dementia (Förstl et al., 1992; McAreavey et al., 1992; Volicer et al., 1995; 
Vossel et al., 2013, 2016). Furthermore, recent study using PET imaging confirmed that 
adults with history of childhood-onset epilepsy have increased brain amyloid load at late 
middle age (Joutsa et al., 2017). Epileptiform EEG abnormalities, both discharges and 
spiking, could be a special challenge for AD patients because they may disturb cognitive 
functions (Binnie, 2003; Drane et al., 2016; Holmes and Lenck-Santini, 2006; Nygaard et al., 
2015; Palop and Mucke, 2009; Rabinowicz et al., 2000). Taking into account possible impact 
of subclinical seizures and EDs on cognitive functions, they should be investigated further.  

Since epileptiform EEG abnormalities, seizures or altered seizure threshold were already 
found in most common APP transgenic mouse models of AD it is possible that remaining 
other mouse models with amyloid plaque also have it, but this has gone unnoticed because 
mice were not video-EEG monitored. Therefore, video-EEG monitoring of other mouse 
models of AD could be considered. Careful comparison of the transgenic mouse models of 
AD with confirmed epileptiform abnormalities or seizures with models without such 
abnormalities verified with long-term video-EEG could provide new insights into the cause 
of epilepsy and neuronal hyperexcitability in AD. Currently such comparison is 
complicated by different recording protocols and other methodological differences between 
laboratories, such as different background strains used to create transgenic mice.  

There are no perfect treatments yet against epilepsy in AD. AD patients are especially 
prone to adverse drug effects, and several questions need to be considered when selecting 
AEDs for AD patient with seizures or epileptiform EEG activity.  How the AED treatment 
would affect cognitive functions that are already compromised in AD? How the selected 
AED would interact with anti-AD medication and other medications the patient has (for 
example, blood pressure treatment, diabetes treatment)? Since elderly people are likely to 
have more health problems and more medication than younger population, these questions 
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require special attention from researchers. Would the known effect of AEDs on seizures in 
AD patients be the same as in patients without AD? It is obvious that AD brain differs 
greatly from brain of a person without AD, so that a similar drug response would be 
unlikely?  

Investigators looking for treatments against epilepsy in AD face many methodological 
questions. How to evaluate the efficacy of the treatment, if frequency of generalized 
seizures is very low and subclinical seizures are often underdiagnosed? Proper diagnostics 
of seizures requires long-term video-EEG that is a challenge in AD patients. How to then 
evaluate efficacy of the treatment? Answer to those questions cannot be provided without 
special research.  

Since any AED has adverse effects, including either cognitive or psychiatric, this could 
be special challenge for AD patients and even for elderly patients without AD.  Some other 
possible adverse effects were outside our attention in this work, but could be a special 
challenge for elderly (liver toxicity, hyponatremia). Dietary treatment such as pyruvate can 
be a safe alternative worth to consider especially in an early stage of AD. The effects of 
pyruvate in advanced AD have not been investigated yet. However, obviously, more hopes 
for successful therapeutic intervention present at early AD and even MCI.  

Future research is needed to find the way to suppress long-lasting accumulation of  ϕɯÐÕɯ
AD. It would be worth confirming the claimed antiamyloidogenic potential of VPA, as well 
as to search for other antiamyloidogenic treatments. Another strategy could be to find a 
treatment that make neurons less sensitive to toxic effects ÖÍɯ ϕȭɯ.ÜÙɯ Ùesults support the 
idea that compensating for impaired energy metabolism could be a feasible approach 
towards this goal.  

To conclude, many open questions remain in the field. The causes of AD and epilepsy in 
AD, and also mechanisms of action of AEDs and ketogenic diet remain incompletely 
understood despite decades of research. Better understanding of mechanisms of the 
diseases and mechanisms of action of treatments would help to find appropriate treatment 
and hopefully combat the disease in the future. The most promising treatment approach 
tested in this thesis project appears to be dietary supplementation with additional energy 
sources to glucose. This can be beneficial both against epilepsy and cognitive impairment in 
AD. Further investigation is needed to develop a treatment strategy for patients based on 
our experimental observations in Study IV. 
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7 Summary and conclusions  

1. APParc transgene increases seizure susceptibility and incidence of short EDs in 
mice. However, the epilepsy phenotype was much less severe than in APdE9 
mice, an established model of ADɬrelated epilepsy. Therefore, the APParc model 
is not recommended for screening antiepileptic drugs in AD, but it is important 
for understanding mechanisms of AD pathogenesis and epilepsy in AD, because 
ÐÛɯÙÌ×ÙÌÚÌÕÛÚɯÈÕɯÈÓÛÌÙÕÈÛÐÝÌɯÔÌÊÏÈÕÐÚÔɯÖÍɯ ϕɯÈÊÊÜÔÜÓÈÛÐÖÕɯȹI).  

2. Sodium-channel blockers, including CBZ, DPH and VPA reduced spontaneous 
EDs in APdE9 mice. DPH required a high dose to be effective, and such a high 
dose was associated with adverse effects; therefore, our observations do not 
support DPH as a drug-of-choice in AD-related epilepsy. VPA was the most 
potent of the screened drugs, and reduced EDs already at a moderate dose (II). 

3. The effect of VPA suppressing spontaneous EDs persisted for at least one week 
after treatment discontinuation, but disappeared 3 weeks after the treatment. 
2Ü××ÙÌÚÚÐÖÕɯÖÍɯÈÊÊÜÔÜÓÈÛÐÖÕɯÖÍɯ ϕ by VPA was not long-lasting (III). 

4. A diet supplemented with pyruvate and BHB, energy sources in addition to 
glucose, reduced spontaneous EDs and epileptic spiking in APdE9 mice at the age 
when amyloid plaques start to form. The effect was also confirmed in vitro: when 
ÉÙÈÐÕɯ ÚÓÐÊÌÚɯ ÞÌÙÌɯ ÐÕÊÜÉÈÛÌËɯ ÞÐÛÏɯ ×àÙÜÝÈÛÌɯ ÈÕËɯ !'!Ȯɯ  ϕ-induced neuronal 
Ïà×ÌÙÌßÊÐÛÈÉÐÓÐÛàɯÞÈÚɯ ÈÉÖÓÐÚÏÌËȭɯ 3ÏÌɯ ËÐÌÛɯ ËÐËɯ ÕÖÛɯ ÚÜ××ÙÌÚÚɯ ÈÊÊÜÔÜÓÈÛÐÖÕɯ ÖÍɯ ϕȮɯ
but normalized brain glycogen stores (IV).  

 
In summary, the epileptiform activity in an AD mouse model with brain amyloidosis can 

be suppressed with sodium channel blocking AEDs or with diet supplemented with 
pyruvate and BHB.  Especially the dietary approach is attractive due to lack of sedative side 
effects. Since frequent epileptic spiking and short discharges may contribute to cognitive 
impairment, the present animal model may prove an important tool in screening for drugs 
that are not only antiepileptic but also enhance cognition in AD patients.  
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