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Abstract 

Epilepsy is one of the most common chronic neurological conditions worldwide. The current 

poor understanding and lack of reliable biomarkers of the epileptogenic process are the 

major limitations in the development of anti-epileptic drugs that are able to prevent or 

modify the underlying disease. The rapid progress in advanced imaging technologies has 

expanded our opportunities to study the disease in animal models of epilepsy by means of 

non-invasive research tools.  

Here we review the advances of different in vivo imaging techniques, including magnetic 

resonance-based and nuclear imaging-based modalities, in animal models of epilepsy. 

Together these techniques can be applied to visualize and quantify structural, metabolic, 

functional and molecular changes in longitudinal study designs to provide unique 

information about early pathophysiological changes and their interplay involved in 

epileptogenesis, monitoring the disease progression, assessing the effectiveness of possible 

therapies, and potentially identify translatable biomarkers for clinical use.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

Abbreviations 

MRI = magnetic resonance imaging  

PET = positron emission tomography  

SPECT = single-photon emission computed tomography 

NMR = nuclear magnetic resonance 

RF = radio frequency  

SE = status epilepticus 

KA = kainic acid 

TBI = traumatic brain injury 

Na+ = sodium 

ADC = apparent diffusion coefficient 

ADCav = averaged ADC 

Dav = averaged diffusion constant  

MD = mean diffusivity 

DTI = diffusion tensor imaging 

FA = fractional anisotropy 

DII = axial diffusivity 

D⊥= radial diffusivity 

DEC = directionally encoded 

3D = three-dimensional 

fMRI = functional MRI 

BOLD = blood oxygenation level dependent 

EEG = electroencephalogram 

rsfMRI = resting state fMRI 

MEMRI = manganese-enhanced MRI 

Mn2+ = manganese 

Ca2+ = calcium 

BBB = blood-brain barrier 

CBF = cerebral blood flow  

CBV = cerebral blood volume 

DCE = dynamic contrast enhanced 



  

MTT = mean transmit time 

KASE = kainic acid-induced SE 

ASL = arterial spin labeling 

MRS = magnetic resonance spectroscopy 

1H-MRS = proton MRS 

NAA = N-acetyl aspartate  

mIns = myo-Inositol 

GSH = glutathione 

GABA = gamma-aminobutyric acid 

FDG = 2-fluoro-2-deoxy-D-glucose 

PTZ = pentylenetetrazole 

2-DG = 2-deoxy-D-glucose 

SRS = spontaneous recurrent seizures 

TLE = temporal lobe epilepsy 

cBZ = central benzodiazepine 

FMZ = flumazenil 

CA = cornu ammonis 

Bmax = receptor density 

Kd = affinity 

D2/3R = dopamine receptor 2 and 3 

mGluR5 = metabotropic glutamate receptor 5 

NMDA = N-methyl-D-aspartate 

TSPO = translocator protein 

P-gp = P-glycoprotein 
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INTRODUCTION 

Epilepsy is a common neurologic disease affecting more than 50 million people worldwide 

(WHO, 2016). It is characterized by the occurrence of spontaneous recurrent seizures and 

high prevalence of comorbid medical disorders, such as depression and anxiety, resulting in 

a devastating impact on patient’s daily life (Keezer et al., 2016). 

Currently, epilepsy can only be treated by anti-epileptic medication or surgery upon 

diagnosis. However, these anti-epileptic drugs often have adverse side-effects, are 

ineffective in about 30% of patients and they do not stop or interfere the underlying 

epileptogenic process (Shultz et al., 2014). Hence, therapies capable of preventing or halting 

epileptogenesis are needed. However, the lack of reliable biomarkers and the limited 

understanding of the epileptogenic process are the major limitations in the development 

and implementation of such therapies (Pitkanen et al., 2016).  

The use of animal models offers the advantage to investigate different stages of 

epileptogenesis before the manifestation of the disease, something that is unfeasible to 

obtain in patients. Neuroimaging technologies are not limited to structural imaging, but 

molecular and functional imaging techniques allow us to investigate alterations in receptors, 

metabolism, and activity in the brain undergoing degenerative or plastic changes during 

epileptogenesis. Neuroimaging in animal models provides non-invasive tools capable to 

identify early biomarkers involved in epileptogenesis, longitudinally monitor disease 

progression, and assess effectiveness of epileptogenic therapies (Dedeurwaerdere et al., 

2007; Goffin et al., 2008) . 

This article focuses on in vivo imaging modalities, including magnetic resonance imaging 

(MRI), and nuclear imaging-based modalities, namely positron emission tomography (PET) 

and single-photon emission computed tomography (SPECT), non-invasive imaging tools that 

can also be used in patients. The first section reviews the application of MR approaches and 

the second section, PET and SPECT in animal models of epilepsy.  

 

 

 

 

 

 



  

SMALL ANIMAL MRI IN EPILEPSY RESEARCH  

MRI is based on nuclear magnetic resonance (NMR) phenomenon that can be measured 

when certain biologically important nuclei, such as 1H, 13C and 31P are placed in a high 

magnetic field. As many of these nuclei form an essential part of the biological systems, 

being building blocks for water and organic molecules, MRI signal can be measured without 

any external tracers or radioactive irradiation. As MRI signal is in the radiofrequency (RF) 

part of the electromagnetic spectrum, it has excellent tissue penetration and minimal 

interaction with tissue which makes MRI a non-invasive and safe imaging technique. 

An MR image is formed by combining RF-pulses and pulsed magnetic field gradients in time 

dependent manner in so-called pulse-sequence. The manipulation of the MRI signal during 

the pulse-sequence can be done in number of different ways leading to different MRI 

contrast that can be sensitized to tissue composition, microstructure, brain function, or 

metabolism. Furthermore, MRI has full brain coverage, excellent spatial resolution and good 

temporal resolution. Considering the large variety of MRI approaches currently available, 

MRI should be considered an armamentarium of imaging techniques instead of a single 

modality. Altogether, it is not surprising that MRI has been increasingly used in in vivo 

assessment of epileptogenesis and epilepsy both in animal models and in clinical settings.  

MRI techniques translate extremely well from experimental settings in small animals to 

human studies and clinical settings.  The major challenge for translation is the small size of 

the mice and rats, which are most often used in animal models of epilepsy. In order to 

achieve similar anatomical resolution as in humans, voxel size of 100-200 µm (in-plane) is 

needed. As acquired signal (and signal to noise ratio) is directly proportional to voxel size, 

high magnetic field and dedicated sensitive RF-coils have to be used in small animal MRI. 

Currently, strength of the main magnetic field in small animal MRI systems varies typically 

between 4.7 T – 11.75 T, while >20 T microimaging systems exists. Operation in high 

magnetic field does not come without problems: magnetic field distortions caused by 

different magnetic susceptibilities are higher and relaxation times are different. Therefore, 

techniques cannot be directly adopted from clinical MRI, however, with proper adjustment 

similar MRI data can in most cases be acquired both from humans and animal models. 

Several MRI studies have been performed in animal models of epilepsy as summarized in 

Appendix A.  



  

 

Anatomical MRI and relaxation-time mapping 

Anatomical imaging is the cornerstone of practically all MRI protocols. Basic anatomical 

contrast in MRI is created by different T1 and T2 relaxation times that are characteristic for 

different tissues or pathologies. T2 weighting is most often used to obtain an anatomic 

contrast in small animal MRI, while T1 weighting is typically used to achieve anatomic 

contrast in human imaging. This is because relaxation times are magnetic field-dependent 

and higher magnetic field strengths (major or equal to 4.7T) are used in small animal MRI 

compared to clinical MRI (1.5T – 3T).  

 By adjusting the timing parameters in the pulse sequence MRI can be sensitized to either T1 

or T2 relaxation and corresponding image is said to be either T1 or T2 weighted. T1 and T2 

relaxation times in tissue are largely determined by the amount of water, macromolecular 

content and presence of paramagnetic substances such as iron. Therefore, for example high 

grey/white matter contrast can be produced due to high myelin content in white matter, 

edema can be visualized because of high water content and hemorrhages are highly visible 

because of iron. However, it should be noted that as relaxation based contrast is sensitive to 

number of different changes in tissue it is not very specific, and interpretation of signal 

intensity changes in T1 or T2 weighted images is often ambiguous.  

Apart from sufficient image contrast between the tissue types, another requirement for 

anatomical imaging is high enough spatial resolution compared to size of the area of 

interest.  The typical in-plane spatial resolution easily achievable with a dedicated small 

animal MRI system is on the order of 100 µm2, while slice thickness is typically larger, on the 

order of 0.5-1.0 mm. Increasing the measurement time and using advanced hardware such 

as a very high magnetic field  (≥ 9.4T) and/or cryogenic RF-coils, can lead to an isotropic 

resolution in the order of 50-100 µm3 (Baltes et al., 2009), which provides excellent 

separation of many anatomic structures of interest for epilepsy studies.  However, for very 

high resolution scanning time ranges between 0.5 and 2 hours and achieving the similar 

anatomical resolution in clinical settings is currently very difficult due to technical limitations 

and the introduction of motion artifacts by the subject.  

In epilepsy models, anatomic T1- or T2-weighted imaging is usually used to detect initial 

edema or microhemorrhages caused by status epilepticus (SE), or other epileptogenic brain 



  

insults or tissue atrophy. In SE models (e.g., systemic injection of kainic acid (KA) or 

pilocarpine), the typical finding is high signal intensity on T2-weighted images in the 

amygdala and the piriform and entorhinal cortices beginning 2 h after SE, and peaking 12-24 

h after SE (Roch et al., 2002b; Fabene et al., 2003; Fabene et al., 2006), followed by 

normalization of the contrast over subsequent days and weeks (Roch et al., 2002a) when the 

water has been reabsorbed from the edematous lesion. Progressive development of atrophy 

can be seen as an increase in the ventricle size, a decrease in the size of the hippocampus, 

and cortical thinning within weeks to months after SE (Wolf et al., 2002; Nairismagi et al., 

2004; Polli et al., 2014). Similar changes (acute edema – reabsorption – atrophy) with a 

delayed time-course can be observed with other brain damaging epileptogenic insults such 

as stroke or traumatic brain injury (TBI), in which hemorrhage from microbleeds is also often 

detected (Immonen et al., 2009a). In addition, structural atrophy has been reported to relate 

with functional performances (Niessen et al., 2005; Immonen et al., 2009b). 

T1 and T2 relaxation times are physical quantities that can be reproducibly quantified. 

Therefore, progression of pathology can be also followed by quantitative mapping of 

relaxation times rather than signal intensity in T2- or T1-weighted images (Bouilleret et al., 

2000; Nairismagi et al., 2004). Relaxation times are magnetic field dependent and to certain 

extend they depend on pulse sequence parameters. Still, with proper harmonization, 

relaxation times can provide comparable absolute values between laboratories, and 

therefore have high value as potential biomarkers of tissue damage in the context of 

epileptogenesis. Indeed, recent work demonstrated an excellent predictive value of T1 

relaxation time (rotating frame variant of T1 relaxation) measured in the perilesional cortex 

after TBI in rats for increased seizure susceptibility (Immonen et al., 2013). Also, after 

hyperthermia-induced SE in the rat on postnatal day 11, reduced T2 relaxation time in the 

amygdala, likely associated with deoxygenated blood, was a prognostic biomarker for 

epileptogenesis (Choy et al., 2014). In addition, T2 relaxation time in the amygdala in rats 30 

days following pilocarpine-induced SE correlated with hyperactivity behavior during open 

field test (Suleymanova et al., 2016). Finally, Dietrich and colleagues reported correlations 

between T2 relaxation time with the number and duration of hippocampal paroxysmal 

discharges measured during epileptogenesis in the intrahippocampal KA mouse model of 

epilepsy (Dietrich et al., 2016).  



  

 

 

Diffusion MRI 

Amount and direction of self-diffusion of water can be utilized as MRI contrast. Diffusion of 

water is restricted by cellular structures such as myelin sheets and cell membranes, and 

therefore water diffusion relays information about the microstructure of the tissue and 

water distribution within different cellular compartments.  

The most commonly used diffusion MRI parameter is the apparent diffusion coefficient 

(ADC), which gives the magnitude of the restricted diffusion and can be either orientation-

invariant or orientation-dependent. In the early diffusion work, diffusion sensitizing 

gradients were often applied in only one physical direction, giving ADC values that are 

sensitive not only to the magnitude of the diffusion but also to the orientation of the 

structures, while more recent studies have exploited almost entirely orientation-invariant 

approaches, and corresponding diffusion metrics is called averaged ADC (ADCav), averaged 

diffusion constant (Dav), mean diffusivity (MD), or diffusion trace (more accurately 1/3 of the 

trace of the diffusion tensor).  

After brain insults leading to epilepsy, the ADC can be either decreased or increased. During 

the first hours after insult, a rapid diffusion drop down to about 60-80% of normal value can 

be detected. This initial diffusion drop has been detected both in status epilepticus and focal 

lesion models including traumatic brain injury and stroke (Zhong et al., 1993; Kharatishvili et 

al., 2007). Initial diffusion decrease is associated with so-called cytotoxic edema and it has 

been best characterized in acute stroke (Moseley et al., 1990). Cytotoxic edema is defined as 

a condition where energy failure in the tissue leads to the inability of cells to maintain a high 

extracellular and low intracellular sodium (Na+) concentration. This is followed by 

osmolarity-driven water shifts from the extracellular to the intracellular space, leading to cell 

swelling without a net increase in the tissue water content. This acute ADC decrease is 

followed by gradual increase of ADC when cytotoxic edema is resolved and cellular 

structures start to degrade leading first to pseudo normalization within a day or few days, 

and to increased ADC on mature lesion after several weeks to months. When biphasic 

temporal profile of ADC changes is combined with typical temporal profile of relaxation time 

changes, the severitity of the initial damage  and progression of  lesion can be estimated 



  

(Nairismagi et al., 2004; Grohn et al., 2011) and potentially used as biomarker for 

hyperexcitability and epilepsy. Indeed, it was recently shown that ADC changes in 

hippocampus both in acute and in chronic time-points correlated with chronic 

hyperexcitability in fluid percussion post-traumatic epilepsy model (Kharatishvili et al., 

2007). Similar finding was obtained in the pilocarpine mouse model of epilepsy (Kharatishvili 

et al., 2014). Furthermore, in a recent study using hippocampal electrical stimulation model 

specific T2 and diffusion changes were observed only in rats that developed spontaneous 

limbic seizures (Parekh et al., 2010).  

Diffusion MRI can also measure orientation of the tissue restricting structures when it is 

measured in at least six orthogonal directions. The anisotropy of the diffusion (diffusion 

tensor) is the basis for diffusion tensor imaging (DTI), which can be used to detect 

microstructural changes caused by epileptogenic insults. The simplest and most often used 

parameter derived from diffusion tensor is fractional anisotropy (FA) which indicates how 

much diffusion behavior deviates from isotropic diffusion.  Other commonly used scalar DTI 

metrics include axial and radial diffusivity (DII, D⊥), giving the average amount of diffusion in 

the principle diffusion direction and perpendicular to that, respectively.  

FA, DII, and D⊥ are used to characterize white matter changes in many epilepsy models. 

Decrease in FA is often used as a nonspecific marker related to the degradation of oriented 

structures, while changes in DII have been explained by axonal damage and an increase in D⊥ 

by demyelination (Song et al., 2002). Even though this relatively widely spread view can be 

used as a good starting point in interpretation of DTI results, there is growing awarness that 

multiple factors may affect all commonly used scalar DTI metrics.  Recently, DTI was applied 

to visualize differences in white matter during chronic epilepsy between epileptic rats with 

distinctive seizure susceptibility (Sharma et al., 2017). Furthermore, DTI in combination with 

contrast agent MRI (see below) has also been used to determine both microstructural and 

diffusion changes during ictal state (Mizoguchi et al., 2017) and postictal state (Hamamoto 

et al., 2017) in cats with familial spontaneous epilepsy. 

Very high-resolution DTI has been used to characterize layer-specific changes in the 

hippocampus after various epileptogenic brain insults (Sierra et al., 2015). Interestingly, 

increased FA in the rat dentate gyrus several months after SE is associated with mossy fiber 

sprouting and reorganization of axons in the outer molecular layer, indicating that DTI has 

the potential to visualize structural plasticity at the axonal level during epileptogenesis (Kuo 



  

et al., 2008; Laitinen et al., 2010; Sierra et al., 2015) (Fig. 1) as well as chronic effects of 

seizures during early development (Sayin et al., 2015). Furthermore, astrocyte processes 

may significantly contribute to orientation of water diffusion in epileptogenic hippocampus 

(Salo et al., 2017). It should be noted, that these very high-resolution approaches require 

typically very long scanning time making translation of the results to human studies 

challenging.    

 

Combining orientation information from multiple voxels in three-dimensional (3D) MRI data 

allows for tracing of white matter tracts. The modern DTI tractography approaches rely on 

data acquisition and reconstruction strategies that go beyond classical DTI and can also 

separate crossing fiber populations.  The use of tractography in animal studies is much more 

limited than in human studies due to technical difficulties in obtaining high-resolution 3D 

data with sufficient resolution to reliably resolve white matter tracts. Another  issue is 

directionality, which may be anterograde or retrograde as we are observing motion of water 

molecules, and it cannot be differentiated in axons (Mori and Zhang, 2006).  In spite of  

these limitations the feasibility of tractography in small animals has been demonstrated (Kim 

et al., 2012), however, it has not yet been widely applied to animal models of epilepsy. 

Overall, this approach holds great promise for assessing the network level reorganization 

associated with epilepsy, especially when used together with functional connectivity analysis 

(see below). 

 

Functional MRI and resting state fMRI 

Functional MRI (fMRI) measures brain activity indirectly through hemodynamic changes that 

are associated with brain activity through neurovascular coupling. Neurovascular coupling 

model states that there is a functional hyperemia in the short vicinity (200-250 µm) of the 

activated brain area. This hyperemia overcompensates increased oxygen consumption in the 

activated area leading excess amount of deoxyhemoglobin. As deoxyhemoglobin is 

paramagnetic and oxyhemoglobin diamagnetic, T2 and T2* relaxation time increases in the 

activated brain area. This can be measured by so-called blood oxygenation level dependent 

(BOLD) contrast, which is the most common approach for fMRI (Jonckers et al., 2015). As 

BOLD fMRI response is result of complex cascade relying neuronal activation to 



  

hemodynamic response, fMRI experiment in epileptic animals requires careful control of the 

animal physiology and an understanding of the effects of anesthesia on basal blood flow 

level, neurovascular coupling, and seizures.  

Classical way of doing fMRI is to use a stimulation protocol with known resting and 

activation periods. In data analysis, signal intensity in acquired BOLD time series is 

statistically compared with expected signal time course obtained by convoluting stimulation 

paradigm with hemodynamic response function. Therefore, time when brain activation takes 

place is required as a starting point in most fMRI data analysis approaches, although data-

driven approaches also exist. In epilepsy models, the timing information of the abnormal 

brain activity can be obtained from simultaneously recorded electroencephalogram (EEG) or 

local field potential data. Even though simultaneous fMRI/EEG is a demanding technique, 

especially in high magnetic field used in small animal MRI, it is feasible and has been applied 

to study spatiotemporal progression of both spontaneous and induced seizures in various 

animal models (Blumenfeld, 2007; Englot et al., 2009; Motelow et al., 2015; Cleeren et al., 

2016). Furthermore, fMRI/EEG has been used to investigate involvement of the different 

brain regions and networks on spike-wave seizures in WAG/Rij rats and  impaired 

consciousness during the seizures (Englot et al., 2009; Motelow et al., 2015).  

Resting state fMRI (rsfMRI) measures the temporal variation of the fMRI signal without an 

external stimulus or presence of seizure activity. When the resting-state fMRI signal 

timecourses correlate between two brain regions, the brain regions are considered to be 

functionally connected. As epilepsy is increasingly recognized to be a network-level disease, 

this kind of approach has a great promise for detecting large scale network level alterations 

in epileptogenic brain. Resting-state analyses are increasingly used in human epilepsy 

studies, and are also feasible in rodents (Gozzi and Schwarz, 2016). In a recent study, rats 

with increased seizure susceptibility following lateral fluid percussion injury, a traumatic 

brain injury model, were used (Mishra et al., 2014).  The group statistics revealed decreased 

connectivity between the ipsilateral and contralateral parietal cortex and between the 

parietal cortex and hippocampus on the side of injury as compared to sham-operated 

animals. Injured animals also had abnormal negative connectivity between the ipsilateral 

and contralateral parietal cortex and other regions. Another work utilized graph theory 

analysis of functional connectivity data in a rat model of mild facial seziures caused by 

injection of tetanus toxin into the right primary motor cortex. The results indicated that, 



  

despite the locality of the epileptogenic area, epileptic brains exhibit a different global 

network topology, connectivity, and structural integrity than healthy brains (Otte et al., 

2012). Consistently, a recent study investigated the graph topological properties of brain 

networks during chronic epilepsy in KASE rats. The authors reported extensive disruptions in 

the functional brain networks of epileptic rats compared to control animals (Gill et al., 2017). 

While longitudinal studies have been challenging, especially when combining EEG and fMRI, 

recent work demonstrated both EEG and resting state connectivity changes  after status 

epilepticus utilizing implatable RF-coil and electrodes (Fig. 2) (Pirttimaki et al., 2016). 

 

MRI with contrast agents 

Manganese-enhanced MRI 

Inherent properties of manganese (Mn2+) ion make possible different manganese-enhanced 

MRI (MEMRI) approaches in animal models (Silva et al., 2004). Mn2+ is paramagnetic, and as 

it shortens T1 relaxation time it can be detected by conventional T1 imaging. What makes 

Mn2+ interesting as a contrast agent is that it has approximately the same radius and charge 

as calcium (Ca2+) acting as a Ca2+ analogue in the brain. It accumulates into cells as it can 

enter cells through Ca2+-channels and is stored in Ca2+ storing organelles and vesicles. Part of 

the Mn2+ accumulation depends on activity of Ca2+-channels and Mn2+ is also transported in 

axons similarly to Ca2+. Therefore, MEMRI can be utilized as structural, functional, and tract-

tracing contrast agent, thus highlighting different aspects of epileptogenic processes and 

epilepsy.   

Unique structural contrast can be achieved by systemic Mn2+ injection as Mn2+ does not 

accumulate evenly in all cell types. This allows for example visualization of cortical layers and 

hippocampal subfields in normal brain (Silva et al., 2008). Multiple factors influence the 

accumulation speed and final concentration of Mn2+ in the tissue including blood-brain 

barrier (BBB) permeability, basal functional activity and Ca2+ storing capacity of cells. MEMRI 

after systemic injection has been applied to several different animal models of epilepsy and 

variable results have been obtained depending on type of the model, and time-point after 

induction of epileptogenesis. This could be related to a possible confounding effect of 

manganese as contrast agent given its toxicity with long-term structural and functional 

consequences (Bouilleret et al., 2011). Toxicity severely limits its clinical application and 



  

represents the major drawback of this technique (Malheiros et al., 2015). Indeed, chronic 

exposure to Mn2+ leads to manganism, a progressive neurodegenerative condition similar to 

Parkinson’s Disease (Mena et al., 1967), while the exposure to manganese following acute 

systemic administration of contrast agent, may result in hepatic failure, cardiac toxicity, and 

death (O'Neal and Zheng, 2015).  

MEMRI changes in epilepsy models have been associated with glial cells, mossy fiber 

sprouting, BBB leakage and altered brain activity (Nairismagi et al., 2006; Alvestad et al., 

2007; Hsu et al., 2007; Immonen et al., 2008; Dedeurwaerdere et al., 2013). This diversity is 

understandable considering the mechanism behind Mn2+ accumulation and complexity of 

the pathophysiology of epileptogenesis and epilepsy.  

MEMRI can be used also as functional imaging approach, as Mn2+ enters cells through 

activity dependent calcium channels. In most brain areas, penetration of Mn2+ through BBB 

is the rate-limiting step for Mn2+ accumulation. For example, SE induced by either kainic acid 

or pilocarpine injection does not lead to increased hippocampal MEMRI contrast despite 

high cellular activity (Immonen et al., 2008; Malheiros et al., 2014).  Therefore, in functional 

MEMRI studies BBB permeability is typically increased by administering mannitol. Recent 

studies demonstrated that activity-dependent accumulation of Mn2+ in the brain can also be 

detected with an intact BBB, but this appears to be brain region-dependent and may require 

extended Mn2+ administration by subcutaneous mini pump approach (Eschenko et al., 2010), 

which may open interesting new study designs also for experimental epilepsy studies. 

MEMRI can be used also for in vivo track tracing after intracranial injection as Mn2+ is 

actively transported in axons, similar to Ca2+. This approach was exploited to specifically 

label a certain cell population in hippocampus (Nairismagi et al., 2006).  Mn2+ was injected 

into the entorhinal cortex, from which it was transported via the perforant pathway to 

granule cells in the hippocampus leading to specific labeling of the mossy fiber pathway. This 

approach allowed visualization of mossy fiber sprouting, which is one of the hallmark 

features in temporal lobe epilepsy, three weeks after induction of SE, and highlights unique 

ability of MEMRI to detect cell-specific plasticity during epileptogenesis in the brain. 

 

Gadolinium and iron oxide contrast MRI 



  

Gadolinium and superparamagnetic iron oxide based contrast agents are often used to 

measure hemodynamic parameters (cerebral blood flow (CBF) or cerebral blood volume 

(CBV)) and blood brain barrier integrity in epilepsy models. Gadolinium is most often 

detected through a T1 shortening effect, while superparamagnetic iron oxide contrast 

agents provide very strong T2 and T2* contrast. Gadolinium has been commonly thought to 

be risk-free, however, recent clinical studies revealed higher risk of nephrogenic systemic 

fibrosis (risk of 2.4% per gadolinium exposure (Deo et al., 2007)), which can cause systemic 

fibrosis and even death (Penfield and Reilly, 2007), limiting its application in patients. In 

addition, gadolinium administration causes acute kidney injury, which advises extreme 

caution when considering patients with renal dysfunction (Penfield and Reilly, 2007).  

CBF and CBV mapping can be performed using a dynamic contrast enhanced (DCE, also 

called bolus tracking) approach, which is comparable to DCE methods used in clinical 

settings. In this approach, signal intensity changes during first pass bolus of contrast agent 

can be measured using rapid imaging sequences with temporal resolution of 0.5-1 s. Relative 

CBV, CBF and mean transmit time (MTT) can be calculated after fitting the data to gamma 

variate function. Another approach is to use intravascular contrast agents, typically 

superparamagnetic T2/T2* contrast agents. As this kind of contrast agents stay in the 

intravascular space for extended period, signal intensity difference before and after contrast 

agent injection reflects the amount of blood in the imaging voxel. As there is no need to 

follow dynamics of the contrast agent induced changes, more time can be used for imaging 

and high resolution CBV maps can be obtained. An example of hemodynamic imaging in 

status epilepticus model, shows increased CBF and CBV in amygdala. This was associated 

with increased vessel density, indicating that epileptogenesis may involve hemodynamic 

changes that are associated with vascular reorganization during post-SE remodeling 

(Hayward et al., 2010). 

Contrast agents remain mainly inside blood vessels in the healthy brain with an intact BBB. 

Therefore the leakage of the contrast agent outside the vessels can be used as a marker of 

damaged BBB. As BBB damage has been recognized to play a role in epileptogenesis, imaging 

of BBB has attracted increasing amount of attention in the epilepsy field. In the conventional 

approach T1-weighted images are measured before and after gadolinium-bolus injection. A 

recent improvement of the technique that incorporates step-down infusion of gadolinium 

instead of bolus injection and quantitative relaxation mapping can detect markedly more 



  

subtle BBB damage and has indeed been shown to detect BBB damage in specific brain 

regions for up to 6 weeks after kainic acid-induced SE (KASE) in rat (van Vliet et al., 2014). 

Interestingly, the same approach was recently used as biomarker for monitoring the effect 

of rapamycin treatment in a rat SE model (van Vliet et al., 2016) as well as to evaluate the 

efficacy of isoflurane treatment during induction of SE on BBB impairment 2 days after SE 

(Bar-Klein et al., 2016). In addition, Breuer and colleagues reported higher sensitivity of 

gadolinium-enhanced T1-weighted MRI compared to 68Ga-DTPA PET and 99mTc-DTPA SPECT 

in detecting BBB impairment following SE in rats (Breuer et al., 2017). Another approach 

recently described involves the employment of iron-filled nanoparticles as contrast agent to 

monitor brain distribution of iron-labeled transplanted bone marrow stem cells in rats (Long 

et al., 2015) or brain uptake by myeloid cells in pilocarpine SE-induced mice (Portnoy et al., 

2016).  

 

Arterial spin labeling  

CBF can also be measured without an external contrast agent using arterial spin labeling 

(ASL). In this technique, RF-pulses are used to label inflowing blood by saturating or labeling 

the inflowing blood, typically at the level of the neck. Control image with non-labeling RF-

pulse is subtracted from the labeled image and the small difference in signal intensity caused 

by the inflow of the magnetically labeled blood is proportional to the blood flow. The 

advantage of this approach is that CBF can be quantified in absolute units, and follow-up 

studies do not require repetitive cannulation and administration of contrast agents but the 

approach has an inherently lower contrast-to-noise ratio and thus requires a longer 

acquisition time than the CDE approach with contrast agent. ASL has been used to assess 

contribution of insufficient blood flow to hippocampal damage caused by pilocarpine 

induced seizures in rat (Choy et al., 2010), to investigate changes during KASE in rats (Sakurai 

et al., 2015), and for longitudinal characterization of CBF changes in post-traumatic epilepsy 

model (Hayward et al., 2011). 

 

Magnetic resonance spectroscopy  

As MRI is basically just another NMR technique, it can be used to analyze chemical 

composition of tissue in the similar manner as NMR spectroscopy is used to analyze chemical 



  

composition in a test tube. In the context of in vivo imaging, this approach is called magnetic 

resonance spectroscopy (MRS). In practice, only signal coming from small molecules in tissue 

with long enough T2 relaxation time can be measured, limiting the use of in vivo proton (1H-) 

MRS for detection of approximately 20-30 metabolites, which are present with high enough 

(mM) concentration, in the brain. As 1H-MRS detects small metabolite signal in the presence 

of much higher water or fat signal, even relatively small methodological imperfections may 

lead severely compromised quality of 1H-MR spectra and large errors in quantification of the 

metabolite concentration. Therefore, it is essential that experts who understand the 

requirements for sensitivity of RF-coils, magnetic field shimming, and details of pulse 

sequence (including water suppression, outer volume suppression, pulse bandwidths, and 

similar) will participate in implementation of the method.  

In spite of technical challenges, 1H-MRS has been actively used in combination with epilepsy 

models. This is as several metabolites detectable by 1H-MRS contain complementary 

information about processes that have been associated with epileptogenesis or epilepsy 

both in animal and in human brains. N-acetyl aspartate (NAA) is present mostly in neurons 

and is considered marker of neuronal viability (Rigotti et al., 2007). While acute NAA changes 

may occur after status epilepticus before neuronal death (Ebisu et al., 1996) and can be 

reversible, NAA decrease in chronic phase is associated with neuronal injury (Simister et al., 

2002) and has been used in lateralization in humans. Accordingly, a decrease in NAA was 

reported in status epilepticus rat models during acute stage (Tokumitsu et al., 1997; van 

Eijsden et al., 2004; Gomes et al., 2007; Filibian et al., 2012; Lee et al., 2012; Wu et al., 2015) 

as well as chronic phase of disease (Tokumitsu et al., 1997; Filibian et al., 2012; Lee et al., 

2012). Lactate is elevated in tissue during and after seizures as a consequence of 

compromised energy homeostasis. Myo-Inositol (mIns) participates osmoregulation in the 

brain. It is often considered as metabolic marker for glial cells and is found to be elevated in 

several animal models before onset of spontaneous seizures, and during epilepsy. As glial 

cell activation has been recently recognized to play an important role in epileptogenesis, 

quantitation of mIns by in vivo MRS may provide a biomarker for epileptogenesis (Vezzani et 

al., 2017). An increase in mIns levels during epileptogenesis in SE models has been reported 

(Filibian et al., 2012; Lee et al., 2012). In addition, Filibian and colleagues found that mIns 

and glutathione (GSH) increases negatively correlate with the extent of neurodegeneration 

in the hippocampus (Filibian et al., 2012). This was supported by a recent study in a 



  

pilocarpine status epilepticus model in 21-day old rats, where 60–70% of animals develop 

spontaneous seizures after around 70 days. Notably, authors found that increased mIns 

levels before the onset of epilepsy could predict with high accuracy which animals develop 

the disease (Pascente et al., 2016). Additionally, Van der Hel and colleagues reported a 

reduction in gamma-aminobutyric acid (GABA) and glutamate in the same status epilepticus 

model before the onset of spontaneous seizures (van der Hel et al., 2013). A recent study 

showed that sodium selenate treatment prevents changes in NAA or mIns in a rat SE 

epilepsy model suggesting a protective effect during epileptogenesis (Liu et al., 2016). 

Finally, Pearce and colleagues segregated KASE rats in two distinctive clusters based on 

differences in metabolic parameters in the dentate gyrus 3 days post-SE, which persisted 3 

weeks following status epilepticus according to injury severity (Pearce et al., 2016). 

In addition to 1H-MRS, 31P- and 13C-MRS can provide information, for example, about energy 

and glucose metabolism, however, the utilization of these nuclei is somewhat limited due to 

inherently low signal leading to impractically large voxel size for some applications. So far, 

one study investigated the effect of a single injection of KA on astrocytic and neuronal 

metabolism in mice by means of 13C-MRS using 13C labeled metabolic substrates ([1,2-13C]-

acetate and [1-13C]-glucose) (Walls et al., 2014).  

 

 

 

SMALL ANIMAL PET AND SPECT IMAGING IN EPILEPSY RESEARCH 

The potential usefulness of small animal PET was first conceptualized in the late-90s (Hume 

and Jones, 1998). The introduction of dedicated high-resolution small animal PET and SPECT 

cameras has made it possible to visualize and quantify functional processes in the brain of 

rodents. PET and SPECT imaging is based on the use of radiotracers, i.e. biological relevant 

molecules labeled with a radioactive isotope, that is administered to the animal and will 

accumulate throughout the body in a tracer dependent fashion. PET imaging uses positron 

emitting isotopes, the emitted positrons in turn will annihilate with nearby (≈ 1mm) 

electrons resulting in the emission of two high-energy anti-parallel gamma rays. The 

coincidences (i.e., simultaneously detected photons 180° apart) are detected by a ring of 

photosensitive crystals and subsequently, these lines of coincidence are reconstructed into a 



  

3D image (Phelps, 2000). SPECT, on the other hand, uses isotopes that emit a single photon 

or gamma ray that is detected by physical collimation (allowing only rays in a certain 

direction to reach the detector) followed by capturing of the gamma ray by the detector 

(Phelps, 2000).  

A clinical limitation of these techniques is the sensitivity to movements of the patient’s head 

during the acquisition since it might hamper the interpretation of the images (Salmon et al., 

2015). However, different methods are available to correct head movements during the 

acquisition (Montgomery et al., 2006). Furthermore, PET and SPECT imaging involve 

exposure to ionizing radiation, which dosimetry may limit the translation of radioligands into 

clinic. 

Nevertheless, PET and SPECT imaging provide a powerful experimental approach to 

investigate the nature and evolution of brain changes occurring over time in the different 

animal models of epilepsy. Several radiotracers have been used in experimental epilepsy 

research to visualize and quantify changes in brain activation, receptor density, and brain 

inflammation as summarized in Appendix B. 

 

Imaging brain activation 

The focus of several nuclear imaging studies in models of epilepsy was to investigate 

alterations in brain glucose metabolism with 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG), a 

glucose analogue labeled with the positron emitter 18F , as previously discussed (O'Brien and 

Jupp, 2009; Mirrione and Tsirka, 2011). A strong increase in brain glucose metabolism is 

observed following acute seizures provoked by excitotoxins such as kainic acid and 

pilocarpine in rats and mice with FDG small animal PET (Kornblum et al., 2000; Mirrione et 

al., 2006; Mirrione et al., 2007). Studying glucose metabolism or blood flow with PET and 

SPECT may help to elucidate the mechanisms of seizure generation. For instance, Mirrione 

and colleagues demonstrated that FDG uptake following pilocarpine administration differed 

between transgenic tissue plasminogen activator knockout mice and WT animals (Mirrione 

et al., 2007).   

Kindling allows for the timed investigation of seizure generation and propagation during the 

process of epileptogenesis. Autoradiographic studies revealed that a large number of cortical 



  

regions are involved already at the first kindling stages (Chassagnon et al., 2006). Recently, 

Bascunana and colleagues have shown that FDG-PET can be employed to differentiate 

between animals resistant and non-resistant to pentylenetetrazole (PTZ) kindling, with the 

kindled animals (non-resistant) characterized by hypometabolism (Bascunana et al., 2016).   

In a study using 99mTc-ECD SPECT, two rhesus monkeys followed longitudinally exhibited 

different spatial patterns of blood perfusion clustering over time (Cleeren et al., 2015); a first 

perfusion cluster showing hyperperfusion that expanded during the kindling procedure 

(likely to represent the epileptogenic network), a second type showing hypoperfusion 

initially but then hyperperfusion in the later phases, and the third cluster showing 

hypoperfusion that expanded during the kindling process. As temporal resolution is a 

limitation of this technique, as a consequence the start, middle, end or combinations of the 

different seizure phases are measured, depending on when perfusion ligand is injected, 

which may introduce additional variability.   

Several studies took advantage of the strength of non-invasive small animal PET by imaging 

interictal alterations during epileptogenesis (Goffin et al., 2009; Guo et al., 2009; Jupp et al., 

2012; Lee et al., 2012). In post-SE rat models, brain glucose hypometabolism occurs early 

(within 1-2 days) in the processes of limbic epileptogenesis and mirrors the areas with strong 

hypermetabolism during SE. The widespread hypometabolism normalizes for most of the 

extra-temporal regions in the chronic epilepsy phase, but can persist in limbic structures 

such as the hippocampus and temporal lobe (Goffin et al., 2009; Guo et al., 2009). This was 

confirmed by other studies (Jupp et al., 2012; Lee et al., 2012) and has also been observed in 

2-deoxy-D-glucose (2-DG) autoradiography studies (Nehlig and Obenaus, 2006). For the first 

time, imaging studies made it possible to investigate the link between early hypometabolism 

and the development of epilepsy. Interestingly, Guo and colleagues found that early (day 2) 

hypometabolism in the entorhinal cortex correlated with later development of spontaneous 

recurrent seizures (SRS) monitored by continuous EEG recordings over 6 weeks (Guo et al., 

2009). More specifically, early FDG uptake was positively correlated with the duration of the 

latent phase (R2 = 0.781) as well as with the frequency of the SRS (R2 = -0.907) during the 

chronic period. These exciting findings still require further confirmation. The study by Jupp 

et al. (2012) could not investigate this relation, as they did not perform continuous EEG 

monitoring (Jupp et al., 2012), but Goffin and colleagues, using continuous video-EEG 



  

monitoring, reported that 3 of the 7 animals developed seizures (Goffin et al., 2009). 

Intriguingly, the SRS group showed less severe early (day 3) hypometabolism (i.e., higher 

FDG uptake) in the striatum and hippocampus compared to the non-SRS group. The 

discrepancy with Guo’s study is difficult to explain, but it is impossible to draw profound 

group-based conclusions because only small samples sizes were available. The choice of 

injectable anaesthesia at the time of FDG administration in the Goffin study might also have 

confounded the results as pentobarbital induces a general decrease in the FDG signal and 

may have interfered differentially with the FDG uptake. In the lateral fluid percussion injury 

model, a traumatic brain injury model, obvious structural differences or large alterations in 

FDG metabolism were not observed between SRS and non-SRS animals. More advanced 

analysis of the data, however, revealed subtle hippocampal surface differences between the 

groups. In addition, multivariate logistic regression of longitudinal FDG uptake in the 

ipsilateral hippocampus predicted the epilepsy outcome when different time-points were 

taken into account (Shultz et al., 2013). Hippocampal hypometabolism, however, did not 

correlate with seizure frequency based on a single time-point. Nevertheless, these data 

provide additional support that FDG-PET could potentially be a biomarker of epilepsy 

outcome following brain damage. A recent study in a traumatic brain injury mouse model 

investigated long-term changes in CBF as a proxy for neural activity. The authors associated 

the chronic increased CBF and the behavioral alterations as long-lasting consequences of 

TBI.  

During chronic epilepsy, hypometabolism is retained or normalizes again. In the study by 

Guo et al. (2009), the thalamus was more affected by hypometabolism in the epilepsy group 

compared to the non-epilepsy group (Guo et al., 2009). Interestingly, alterations beyond the 

epileptogenic zone are observed and thus abnormalities in the entire brain network are now 

under study. There is a paradigm shift that not only is the onset zone involved in the 

pathophysiology of focal epilepsy, but the network recruited to propagate the seizures may 

also be altered. This was investigated by Choi et al. (2014a) in the chronic epilepsy phase (4-

6 weeks after SE) of the pilocarpine-induced SE model based on multiscale network analysis. 

Interictal FDG-PET showed not only hypometabolism in several regions but also reduced 

connectivity (indicated by reduced interregional correlation) in the left amygdala and left 

entorhinal cortex (Fig. 3). Also, graph and multiscale framework analyses suggest the 



  

presence of an abnormal left limbic-paralimbic-neocortical network. The abnormalities in 

the brain network partially overlap with hypometabolic areas. It seems, however, that the 

network-based approach also detects disrupted interregional areas such as the left 

amygdala where decreased FDG uptake was not observed. Still, the term “connectivity” 

should not be taken literally as network analysis based on interregional correlation does not 

provide evidence for a connection between the regions, but rather gives an idea how brain 

areas relate to each other within the brain network. In addition, the correlations are 

performed on a group level, so it is not possible to determine individual abnormalities in 

network properties. The asymmetric nature of these changes is interesting as brain damage 

is thought to be very much symmetric in systemically induced SE models. It will be 

interesting to see how these network changes evolve over time and to link this with the 

development of epilepsy and seizure burden. 

Does FDG hypometabolism merely reflect cell loss? As glucose metabolism is higher in 

neuronal high-density areas, a contribution from cell loss to the hypometabolic signal is to 

be expected (Zhang et al., 2015). The findings from many clinical and preclinical studies, 

however, do not support a direct relation between cell loss and interictal hypometabolism in 

chronic epilepsy (Henry, 1996; Jupp et al., 2012; Zhang et al., 2015). Often, the extent of 

hypometabolism goes beyond the lesion area (Engel et al., 1982; Dube et al., 2001), which 

may be a consequence of reduced glucose metabolism from input regions, such as the 

hippocampus. In some regions, such as the hilus, cell loss has been observed without 

congruent hypometabolism in the pilocarpine SE model (Dube et al., 2001).  

The observed hypometabolism may represent cellular potentially homeostatic mechanisms 

occurring early during epileptogenesis (Jupp et al., 2012). Others suggest that decreased and 

dysregulated activity in extra-temporal regions, particularly the thalamus, lead to increased 

cortical inactivity and maintenance of seizure activity (Dlugos et al., 1999; Dube et al., 2001). 

Whether hypometabolism immediately after SE or trauma reflects the same processes as 

during the chronic phase, however, remains unclear. Is hypometabolism a cause or effect of 

epilepsy? Can we dissect the different factors that may result in glucose metabolism 

alterations, such as an acute response to SE, response to brain damage, epileptogenesis, and 

effects of recurrent seizures? A limitation of the commonly used SE models is that these 

factors are cumulative. Therefore, data derived from other models may be complementary 

and help to increase our understanding.  



  

The effect of several experimental therapies for epilepsy on glucose metabolism and blood 

flow has been tested to investigate mechanisms of action. The first study in 2005, evaluated 

the effect of acute and subchronic vagus nerve stimulation on FDG uptake in healthy rats 

(Dedeurwaerdere et al., 2005). Acute vagus nerve stimulation decreased left hippocampal 

FDG uptake, a brain region that is hypermetabolic during limbic seizures. After subchronic 

vagus nerve stimulation, there may be some level of adaptation as significant hippocampal 

changes were no longer observed, but this may have also been an issue of statistical power. 

On the other hand, subchronic vagus nerve stimulation induced alterations in the striatum, 

which is known to play a role in seizure control. The olfactory bulb was also identified as a 

region of altered FDG uptake, consistent with the existence of a vagus nerve-olfactory bulb 

pathway. This pilot study included only small numbers of animals and the resolution of the 

PET camera at that time was still low. Nevertheless, it shows the feasibility of obtaining 

regional information about the action of new treatments using FDG PET in small animals. 

More recent studies investigated the effects of deep brain stimulation (Gao et al., 2009; 

Wyckhuys et al., 2010), low-frequency stimulation (Wang et al., 2014) and transcranial 

magnetic stimulation (Wyckhuys et al., 2013) on FDG-PET or CBF with SPECT in rats to test 

different stimulation parameters and paradigms. In addition, several pharmacological 

studies aimed to prevent or reverse hypometabolism following SE using FDG PET as readout 

for treatment efficacy. Shiha and colleagues showed that subacute treatment with 

fluoxetine, a selective serotonin reuptake inhibitor, prevented short-term hypometabolism 

following pilocarpine-induced SE in rats (Shiha et al., 2015). Similar approach was used to 

evaluate the efficacy of p-chlorophenylalanine, a specific tryptophan hydroxylase inhibitor, 

without any effect (Garcia-Garcia et al., 2016). On the contrary, treatment with metyrapone, 

an 11-hydroxylase inhibitor, prevented hypometabolism and brain damage caused by SE in 

rats (Garcia-Garcia et al., 2017).   

 

 

Imaging brain receptors 

As the mechanisms underlying seizures are typically attributed to an altered balance 

between inhibition and excitation, a decrease in inhibitory GABA neurotransmission in the 

hippocampus is proposed to play an important role in temporal lobe epilepsy (TLE). 



  

Malfunctioning of GABAergic neurotransmission may be caused by several factors at the 

level of GABA synthesis, turnover, and release, or at the receptor itself. The latter may 

include loss of GABAergic interneurons, loss of GABAA receptors, or changes to GABAA 

receptor subunits leading to alterations in receptor properties. Imaging of the GABAA 

receptor may improve our understanding of this complex process. The GABAA receptor is a 

post-synaptic pentameric ligand-gated chloride channel with binding sites for several 

ligands. The central benzodiazepine (cBZ) binding site is composed of alpha1 and gamma2 

subunits, and can be imaged with 11C- or 18F-labeled flumazenil (FMZ) for PET or 123I-

Iomazenil for SPECT (Katsifis and Kassiou, 2004). 

Given the relatively low spatial resolution of PET and SPECT cameras, tracer binding can also 

be investigated by in vitro autoradiography, a technique that offers high resolution 

molecular imaging and allows to investigate different hippocampal layers. A detailed cross-

sectional study with 3H-flumazenil autoradiography during epileptogenesis in the kindling 

model demonstrated lamina-specific changes in receptor density (Liu et al., 2009). The 

receptor density in the stratum moleculare and granulosum of the dentate gyrus was 

increased, while it was decreased in the stratum radiatum of cornu ammonis (CA) 3 and CA2.  

The increase in the dentate gyrus was first observed in the stratum moleculare after 2 weeks 

of twice-daily kindling (range 1-4 class V seizures) and was proposed to reflect a 

compensatory response to hyperexcitation. In CA3 and CA2, on the other hand, decreases 

were restricted to the 2-week kindling time-point and normalized afterwards, while 

increased receptor density persisted in several areas. A subsequent study in the KASE model 

also demonstrated time-dependent and sub-regional hippocampal changes in GABAA/cBZ 

receptor density (Vivash et al., 2011). While GABAA/cBZ receptors are thought to rapidly 

internalize during SE as an explanation for the reduced efficacy of benzodiazepines (Jones-

Davis and Macdonald, 2003), an initial increase was observed 24 h after SE in several 

hippocampal sub-layers (Vivash et al., 2011). Although in contrast with previous studies 

(Rocha and Ondarza-Rovira, 1999), this increase may represent a delayed transient 

compensatory mechanism in response to excessive excitation during SE, which could be 

more obvious compared to kindling due to the stronger excitotoxic insult. This was followed 

by a persistent decrease 2–6 weeks after SE in most hippocampal regions, except for the 

stratum moleculare of the dentate gyrus in which the GABAA/cBZ receptor density remained 



  

increased, perhaps reflecting its gate-keeping function (Vivash et al., 2011). The general 

decrease at later time-points is consistent with findings from a study using 123I-Iomazenil in 

the intrahippocampal KASE model (Tamagami et al., 2004) and in a seizure-susceptible 

model of cortical dysplasia (Morimoto et al., 2004).  

For serial PET studies during epileptogenesis, non-invasive quantification and validated 

simplified quantification methods are important. Liefaard and colleagues developed a 

population pharmacokinetic model to quantify both the receptor density (Bmax) and affinity 

(Kd) of the receptor complex from a PET study using a single 11C-FMZ bolus injection and 

femoral artery-derived arterial input function measurements (Liefaard et al., 2005). This 

model is based on the injection of a range of doses, from a tracer dose to saturation of the 

receptor, in different subjects. Using this method, they found a 36% decrease in the receptor 

density in fully kindled rats (Liefaard et al., 2009).  A second study from their group reported 

a modest decrease in GABAA/cBZ receptor density in the KASE model at 2 and 7 days after SE 

(Syvanen et al., 2012).  

11C-labeled radioligands resulted in a few drawbacks given their fast radioactive decay (20.3 

min) and the requirement of an on-site cyclotron. The use of 18F-labeled radioligands offered 

a higher specific activity (high ratio of labeled to unlabeled ligand) as 18F has a slower decay 

(109.8 min) compared to 11C (20.3 min). An additional translational advantage of working 

with fluorinated radioligands is the potential widespread clinical application because there is 

no requirement for an on-site cyclotron. Therefore, the use of 18F-labeled FMZ began to be 

investigated (Dedeurwaerdere et al., 2009). Non-invasive quantification methods were 

developed following validation with invasive protocols to measure arterial input function 

(Vivash et al., 2014). Briefly, for full quantification, a multi-injection experiment was 

performed in healthy animals. Injection of a tracer with partial and full saturating doses 

together with sampling of arterial input function allowed to determine the GABAA /cBZR 

Bmax and Kd using a two-tissue compartmental model. Based on derivation of the kinetic 

parameters from the multi-injection experiment, it was possible to validate the modeling 

approach of the partial saturation model previously implemented for 11C-FMZ PET in humans 

(Delforge et al., 1995). This method relies on the observation that flumazenil kinetics in the 

cerebral tissue achieve a dynamic ‘‘Scatchard-like equilibrium’’ after injection of a mass that 

ensures at least 50% to 70% occupancy of the receptors. This method is non-invasive when a 



  

reference region is used to estimate the concentration of the radioligand in the free 

compartment. Application of this model to KASE rats during the chronic epilepsy phase (6 

weeks after SE) revealed a decrease in the GABAA/cBZ receptor density in the hippocampus 

in vivo (Vivash et al., 2014). This is consistent with previous post-mortem studies in epilepsy 

models (Vivash et al., 2011) and several clinical studies in focal epilepsy (Goethals et al., 

2003). In a clinical follow-up study, decreased binding of 18F-FMZ in the epileptogenic zone 

of patients with TLE or extra-temporal epilepsy appeared to be more confined than that 

observed with FDG-PET (Vivash et al., 2013).  

Along with glucose hypometabolism, the contribution of cell loss to the decreases observed 

in FMZ PET must be considered. Particularly in hippocampal sclerosis, there is neuronal loss 

that may result in a reduction of GABAA/cBZ receptor. An earlier study from Vivash and 

colleagues measured the post-mortem GABAA/cBZ receptor density with 3H-FMZ 

autoradiography, showing a reduction in the GABAA/cBZ receptor density in CA3c in the 

KASE model, which normalized when corrected for neuronal loss (Vivash et al., 2011). In 

vivo, no correlations were detected between the GABAA/cBZ receptor density measured 

with 18F-FMZ PET and the hippocampal volume on MRI or neuronal loss detected 

histologically post-mortem (Vivash et al., 2014). Also in human studies, a conclusive relation 

between cell loss and FMZ PET has not been observed (Hand et al., 1997; Koepp et al., 1997; 

Bouvard et al., 2005). In the kindling model, a decrease in FMZ binding is also observed 

without gross cell loss, but it is not always consistent. In MRI-negative patients, FMZ PET 

abnormalities are also variable (increases and decreases) and not always related to the 

epileptogenic zone (Koepp et al., 2000; Hammers et al., 2002). A reduction in GABAA/cBZ 

receptor density may occur due to the internalization of receptors following extensive 

receptor stimulation (Blair et al., 2004) or in the projection areas as a consequence of a loss 

of synaptic connectivity due to neuronal loss in input regions such as the hippocampus. FMZ 

PET will only reflect alterations in receptor density and affinity, but not in function. This is 

relevant when considering reports that GABAA receptors can become excitatory in epilepsy 

(Lamsa and Taira, 2003; Wright et al., 2011).  

In addition to GABAA receptor, dopamine receptors and dopaminergic neurotransmitters are 

frequently studied in the context of psychiatric conditions. Also in a post-SE model, 

decreased availability of dopamine receptors 2 and 3 (D2/3R) was demonstrated with 18F-



  

fallypride PET in the chronic phase (Yakushev et al., 2010). The reduced D2/3R availability 

may be due to an increased dopaminergic tone associated with seizure activity that is known 

to occur in epilepsy (Starr, 1996). This is relevant as studies have indicated a role for D2 

receptors in seizure generalization (Bozzi and Borrelli, 2002). In addition, these results may 

be relevant for some of the behavioral deficits observed in animal models of TLE. 

Although glutamatergic neurotransmission plays a major role in epilepsy, only a few nuclear 

imaging studies have been performed due to the limited availability of radioligands targeting 

the glutamatergic system with suitable properties for in vivo neuroimaging. Choi and 

colleagues studied metabotropic glutamate receptor 5 (mGluR5) changes at three time-

points during epileptogenesis (1 day, 1 week and 3 weeks post-SE) in different cohorts of 

rats after pilocarpine-induced SE (Choi et al., 2014b). In the acute stage (1 day post-SE), they 

found a global decrease in 11C-ABP688 binding, which recovered during the subsequent 

imaging time-points, but remained decreased in the amygdala and hippocampus 3 weeks 

post-SE (Choi et al., 2014b). The global decrease 1 day after SE indicates that mGluR5 

reduction is not only due to cell loss, which is expected to occur more focally. Another study 

found decreased mGluR5 levels after SE, showing changes in long-term depression in parallel 

that may be relevant for elimination of superfluous synapses (Kirschstein et al., 2007). In 

contrast, in TLE patients, an increase in mGluR5 per neuron was observed with 

immunohistochemistry (Notenboom et al., 2006). As increases in mGluR5 are also observed 

on activated astrocytes with immunohistochemistry (Aronica et al., 2000), this may further 

complicate the interpretation of 11C-ABP688 binding in vivo. In addition to mGluRs, also 

ionotropic glutamate receptors are of interest. A recent study validated ex vivo 18F-GE-179 

and 18F-GE-194, radiotracers targeting open/active N-methyl-D-aspartate (NMDA) and 

GABAA receptors respectively, in a post-traumatic brain injury rat model where they showed 

subacute and chronic increases in proximity of the injury (Lopez-Picon et al., 2016). 

Interestingly, McGinnity and colleagues showed increase NMDA binding in the hippocampus 

of patients with TLE using 18F-GE-179 (McGinnity et al., 2015), which may reflect increased 

excitability.  

 

Imaging brain inflammation and drug resistance 



  

Brain inflammation is a common feature of most types of epilepsies and it is characterized 

by the production of a cascade of inflammatory mediators. Microglia, astrocytes, neurons, 

BBB, endothelial cells, and peripheral immune cells extravasating into brain parenchyma can 

all produce pro-inflammatory and anti-inflammatory molecules (Vezzani et al., 2011a).  

Previous studies showed that brain inflammation occurs during epileptogenesis (Vezzani et 

al., 2013) and contributes to seizure generation in animal models of epilepsy (Vezzani et al., 

2011a; Vezzani et al., 2011b). These findings suggest that brain inflammation plays a role in 

the development of epilepsy and represents a potential mechanism of epileptogenesis and 

ictogenesis (Pitkanen et al., 2016).  

To date, the main approach to visualize brain inflammation in vivo is based on targeting 

specific molecules expressed by immune-specific cells (Amhaoul et al., 2014). In particular, a 

lot of attention has been devoted to the translocator protein 18kDa (TSPO), a protein 

located in the outer membrane of the mitochondria involved in a wide array of functions, 

although its precise physiological function is still unknown (Selvaraj and Stocco, 2015). 

Expression of TSPO in healthy brain tissue is very low and TSPO levels increase under 

inflammatory conditions, offering a prominent hallmark of brain inflammation.  

In the first study using the KASE model, binding of 18F-PBR111, a second-generation and 

specific TSPO ligand, was quantified 1 week after SE by modeling the dynamic PET data with 

a two-compartmental model with an arterial input function (Dedeurwaerdere et al., 2012). 

The spatial pattern of in vivo TSPO binding in the brain, which was particularly increased in 

the limbic system, matched the TSPO binding measured by in vitro and ex vivo 

autoradiography. As further validation, the estimated TSPO distribution volume in vivo 

correlated with TSPO expression quantified by post-mortem autoradiography. As the use of 

an invasive arterial input function is not suitable for longitudinal studies, a simplified 

quantification method was derived based on the radioactivity in the brain and a single 

metabolite-corrected plasma sample. Recently, the use of kinetic modeling to determine 

binding potential of 11C-PK11195 (a first generation ligand of TSPO) using a simplified 

reference tissue model with the cerebellar grey matter as the reference region was 

demonstrated to correlate well with in vitro autoradiography (Brackhan et al., 2016). Other 

studies in the KASE and pilocarpine models confirmed that TSPO expression in the brain 

during epileptogenesis evolves with a precise spatiotemporal profile, peaking at 1-2 weeks 



  

post-SE (Amhaoul et al., 2015; Brackhan et al., 2016; Yankam Njiwa et al., 2016). 

Remarkably, a recent study showed that TSPO PET can differentiate subpopulations of 

animals with different seizure burden at onset of epilepsy (2 weeks post-SE). By applying a 

multivariate data-driven modeling approach on 18F-PBR111 SUV at disease onset, it is 

possible to accurately predict (R = 0.92; R2 = 0.86) SRS frequency for each KASE rat 

monitored by continuous video-EEG recordings over 12 weeks (Bertoglio et al., 2017) (Fig. 4). 

In addition, the authors demonstrated that TSPO expression at early stages of disease (2 and 

4 weeks post-SE) reflects the severity of depression-like and sensorimotor-related 

comorbidities during chronic epilepsy (Bertoglio et al., 2017).  

In the chronic epilepsy phase, increased levels of TSPO expression are still detectable with in 

vivo PET 6 weeks after SE (Amhaoul et al., 2015) as well as 10 weeks post-SE (Russmann et 

al., 2017). Brackhan and colleagues showed that increased TSPO levels were detectable with 

11C-PK11195 PET 14-16 weeks after SE in a subset of animals (2 - 4) in the pilocarpine model, 

but this was not significant at the group level with this small number of animals (Brackhan et 

al., 2016). Post-mortem studies show that 12 weeks after SE, expression of TSPO is more 

confined and particularly elevated in sub-regions of the hippocampus (CA1 and hilus) and 

piriform cortex in the KASE model, which could reflect the seizure onset zone (Amhaoul et 

al., 2015). In the same study, TSPO levels were correlated with spontaneous recurrent 

seizures, suggesting that TSPO could be used as a biomarker for epilepsy. 

Brain inflammation is a multifactorial process and has different functions, including pro- or 

anti-inflammatory actions, and the effect on the pathologic condition can be beneficial or 

detrimental depending on the circumstances. Therefore, new radiotracers for several 

components of the inflammatory process are warranted. Despite being one of the most 

common biomarkers of brain inflammation in epilepsy and other brain disorders, the 

function of TSPO under inflammatory conditions is ambiguous. In addition, there is very 

limited information regarding how TSPO expression changes in relation to the pro- or anti-

inflammatory phenotype of the microglia or in response to anti-inflammatory drugs. For 

instance, a recent study investigating the effects of the cytokine interleukin 13 to induce the 

anti-inflammatory phenotype (M2) of the microglia showed that TSPO was also expressed on 

M2 microglia/microphages (Ali et al., 2017). TSPO function under inflammatory conditions 

and its expression changes are important questions for future studies.  



  

Preclinical data suggest that TSPO PET could be used as a tool to assess treatment efficacy 

(Bar-Klein et al., 2016) and study drug resistance in epilepsy (Bogdanovic et al., 2014). Bar-

Klein and colleagues reported significantly lower levels of TSPO in rats when exposed to 

isoflurane 5 days following intrahippocampal injection of KA. In addition, treatment with 

isoflurane resulted in a significantly lower proportion of animals developing SRS (Bar-Klein et 

al., 2016). In chronic epilepsy (12 weeks after electrically sustained SE), no overall difference 

was observed between control and epileptic animals in TSPO binding of 11C-PK11195. 

However, uptake of 11C-PK11195 was increased in rats that did not respond to phenobarbital 

treatment, whereas no distinction could be made between responders and non-responders 

based on 18F-FDG scans. As these non-responder animals also had a higher number of 

seizures before treatment compared to the phenobarbital-responding rats, it is not clear yet 

whether 11C-PK11195 uptake reflects intrinsic disease severity or drug resistance.  

Another PET target that has received attention is the P-glycoprotein (P-gp) in order to 

investigate enhanced P-gp activity, a putative mechanism of drug resistance. Small animal 

PET studies in post-SE models have made use of PET tracers that are P-gp substrates or 

inhibitors (i.e. 18F-MPPF, 11C-verapamil, 11C-quinidine, and 11C-laniquidar) (Bartmann et al., 

2010; Bankstahl et al., 2011; Syvanen et al., 2011; Mullauer et al., 2012; Syvanen et al., 

2013). Administration of tariquidar, (a P-gp inhibitor) before scanning enhances the 

discrimination of group differences in kinetic influx/efflux rate constants (k1 and k2) of 11C-

quinidine and 11C-verapamil between control and epilepsy groups (Bankstahl et al., 2011; 

Mullauer et al., 2012; Syvanen et al., 2013), suggesting that P-gp activity is altered in 

epilepsy models. In addition, pre-treatment with tariquidar allowed for differentiation 

between responders and non-responders in a model of pharmacoresistent epilepsy with 11C-

quinidine and 18F-MPPF (Bartmann et al., 2010; Syvanen et al., 2013). 

 

 

CONCLUSION AND PERSPECTIVES  

As highlighted in this review, in vivo imaging represents a non-invasive and clinically 

translatable technique that can contribute in the identification of early biomarkers, 

longitudinal monitoring of disease progression, and evaluation of effectiveness of anti-

epileptogenic or disease-modifying therapies. Different imaging approaches such as 



  

microstructural MRI, fMRI, PET, and SPECT are capable of assessing and quantifying several 

different changes after various brain insults leading to epilepsy. For these reasons, non-

invasive imaging is an important tool for epilepsy research and it will become more and 

more important in preclinical trials. Appropriate non-invasive susceptibility biomarkers could 

be used to select animals with a high epilepsy risk, and play a role in the development and 

evaluation of new treatments for epilepsy.  

A common limitation of current imaging studies in epilepsy models is the lack of specificity 

for epileptogenesis processes. Indeed, it is not always examined whether the alterations 

observed are the results of the epileptogenic process or they are related to the initial brain 

insult. In addition, several studies lack video-EEG monitoring to confirm the occurrence and 

frequency of spontaneous recurrent seizures, as a result they could not investigate a 

correlation with epileptogenesis.   

Given the multifactorial nature of epilepsy, the investigation of different factors in parallel 

could offer a deeper insight in the process of epileptogenesis. Factors, such as cell loss, BBB 

dysfunction or altered perfusion should be considered. Based on these considerations, multi-

modal imaging (PET/MRI) could provide valuable and complementary information of the 

epileptogenic processes. PET/MRI scanners could potentially identify heterogeneity and 

evolving phenotypes in disease progression, greatly advancing in vivo imaging of the brain by 

visualizing morphological, functional, and molecular changes.    

Future studies will need to be carefully designed, adequately powered, utilize advances in 

image acquisition and post-processing. Moreover, combining (multi-modal) imaging data 

with other validated techniques (e.g. video-EEG monitoring and behavioral assessment) will 

allow further improvements towards a better understanding of the epileptogenic process 

and the development of interventions that are effective at preventing or reversing epilepsy.  
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Figure captions  

Fig. 1. Directionally encoded (DEC) fractional anisotropy diffusion MRI maps of the 

hippocampus from control (A) and from a rat that had experienced pilocarpine-induced SE 6 

months earlier (B). Directions of water diffusion in DEC maps: red, rostral–caudal; green, 

medial–lateral; blue, dorsal–ventral. Panel (C) summarizes the major connectivity and panel 

(D) changes that are consistent with alterations in DEC maps. DG, dentate gyrus; l-m, 

stratum lacunosum-moleculare; sr, stratum radiatum, CA, cornu ammonis; g, granule cell 

layer; o, stratum oriens; p, stratum pyramidale; oml, outer molecular layer; iml, inner 

molecular layer; H, hilus. Modified from Sierra et al. (2015). 

 

Fig. 2. A multimodal follow-up of the same animal before (left) and after (right) status 

epilpticus induced by systemic kainic acid (KA) injection. (A) T2-weighted MRI image from 

the same rat before and 8 days after injection of KA. Arrow heads point to enlarged 

ventricels and lesion in piriform cortex. (B) Awake EEG from the same subject during 

baseline (left) and at day 8 (right) showing clusters of epileptic discharges marked with 



  

asteriks. (C) Functional connectivity matrices before and 8 days after KA injection show 

altered connectivity pattern. Reproduced from Pirttimaki et al. (2016). 

 

Fig. 3. In the pilocarpine-induced SE model of TLE, Choi and colleagues evaluated the 

metabolic connectivity based on 18F-FDG PET in the controls and epilepsy rats during chronic 

epilepsy (4-6 weeks after SE). They applied a multiscale network analysis to determine 

differences between control and epilepsy rats. This approach identified reduced connectivity 

(indicated by reduced interregional correlation) in the left amygdala and left entorhinal 

cortex. In the figure, distance maps for controls (A) and epilepsy (B) models, respectively. (C) 

To determine statistically significant differences in metabolic connectivity between groups, 

p-values were calculated for all possible connections using permutation test. (D) The 

anatomical distribution of significantly different links between groups. In the epilepsy rats, 

significantly reduced connectivity was found in several pairwise nodes involving the left 

amygdala and left entorhinal cortex. Modified from Choi et al. (2014a). 

 

Fig. 4. In the KASE rat model of TLE, Bertoglio and colleagues investigated the capability of 

18F-PBR111 PET imaging at disease onset to predicts SRS outcome. The authors applied a 

multivariate data-driven modeling approach on 18F-PBR111 SUV 2 weeks post-SE. Principal 

component analysis differentiated subpopulations of animals with different seizure burden 

(A). (B) Differences in SRS experienced by the three subpopulations of KASE animals. **P < 

0.01. Partial least squares regression accurately predicted SRS frequency for each animal (C). 

Each circle represents one animal. SRS, spontaneous recurrent seizures. Modified from 

Bertoglio et al. (2017). 

  



  

 

  



  

 

  



  

 

  



  
 

  



  

Highlights 

 
 Non-invasive imaging is an important tool for preclinical epilepsy research. 

 Neuroimaging represents a translatable technique to identify early biomarkers.  

 Longitudinal neuroimaging can improve our knowledge of the process of 
epileptogenesis. 

 


