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Abstract

In this study, ketogenic diet-induced biochemical changes occurring in normal and epileptic
hippocampal formations were compared. Four groups of rats were analyzed, namely seizure
experiencing animals and normal rats previously fed with ketogenic (KSE and K groups
respectively) or standard laboratory diet (NSE and N groups respectively). Synchrotron
radiation based Fourier-transform infrared microspectroscopy was used for the analysis of
distributions of main organic components (proteins, lipids, compounds containing phosphate
group(s)) and their structural modifications as well as anomalies in creatine accumulation
with micrometer spatial resolution.

Infrared spectra recorded in molecular layers of dentate gyrus (DG) areas of normal rats on
ketogenic diet (K) presented increased intensity of 1740 cm™ absorption band. This is
originating from the stretching vibrations of carbonyl groups and probably reflects increased
accumulation of ketone bodies occurring in animals on high fat diet compared to those fed
with standard laboratory diet (N). The comparison of K and N groups showed, moreover,
elevated ratios of absorbance at 1634 and 1658 cm™ for DG internal layers and increased
accumulation of creatine deposits in sector 3 of Ammon’s horn (CA3) hippocampal area of
ketogenic diet fed rats.

In multiform and internal layers of CA3, seizure experiencing animals on ketogenic diet (KSE)
presented lower ratio of absorbance at 1634 and 1658 cm™ comparing to rats on standard
laboratory diet (NSE). Moreover, in some of the examined cellular layers increased intensity
of the 2924 cm™ lipid band as well as the massifs of 2800-3000 cm™ and 1360-1480 cm™ was
found in KSE comparing to NSE animals. The intensity of 1740 cm™ band was diminished in
DG molecular layers of KSE rats. Ketogenic diet did not modify the seizure induced anomalies
in unsaturation level of lipids as well as number of creatine deposits.

Introduction

Epilepsy is one of the most common serious neurological disorder. It is characterized by
spontaneous recurrent seizures, caused by focal or generalized paroxysmal changes in
neurological functions triggered by abnormal electrical activity of nerve cells.?

In around 40% of epilepsy cases, disease etiology is known and the most frequent causes of
acquired epilepsies are brain insults including traumatic brain injury, ischemic stroke,
intracerebral hemorrhage, infections, tumors, cortical dysplasia, neurodegenerative
diseases, and prolonged acute symptomatic seizures.® Although people at risk of epilepsy
can be identified, there is still no prophylactic treatment that would prevent the
development of the disease.*”

Despite continued advancements in anticonvulsant development, approximately 20-40% of
patients with epilepsy have refractory seizures,® and so remains a significant demand for
additional solutions. A growing body of evidence demonstrates that dietary therapies for this
disease (classic ketogenic diet, medium-chain triglyceride diet, modified Atkins diet and low-
glycemic-index treatment) are highly effective, with approximately 30-60% of children
overall having at least a 50% reduction in seizures after 6 months of treatment.”?%° All
these dietary therapies share the common characteristic of restricting carbohydrate intake
to shift the predominant caloric source of the diet to fat.™* Catabolism of fats results in the
production of ketone bodies which are alternate energy substrates to glucose.’? Although
many mechanisms by which ketone bodies yield its anticonvulsant effect are proposed, the
relationships between the brain metabolism of the ketone bodies and their neuroprotective
and antiepileptogenic action in case of epilepsy still remain to be disentangled.™
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In this paper, the mechanisms of ketogenic diet action in epileptic hippocampal formation
were examined. The rat pilocarpine model of temporal lobe epilepsy (TLE) was used in the
study. Such choice resulted from the two factors. Mainly, this animal model of TLE belongs
to the group of models recommended by the National Institute of Health/National Institute
of Neurological Disorders and Stroke, as the most useful for examination of new
antiepileptogenic and disease-modifying therapies. Moreover, this model of seizures was
widely examined in our previous papers.'*!#151617.18,19,20

Our earlier research showed, inter alia, that excitotoxicity, mossy fibers sprouting, iron
catalyzed oxidative stress and decreased enzymatic activity of creatine kinase should be
taken into account as important phenomena involved in neurodegenerative changes of
hippocampal formation and spontaneous seizure activity in the chronic phase of pilocarpine
model of seizures.!***1181% The knowledge of the pathogenesis of epilepsy and the
appropriate analytical tools allow us entering the next phase of the research, namely looking
for neuroprotective and antiepileptogenic therapies.

The highly resolved biochemical analysis of hippocampal formations taken from ketogenic
diet fed rats experiencing seizures may shed some new light on the processes of its possible
neuroprotective action in epileptic brain. Such biochemical data including the distributions
of main organic compounds (proteins, lipids, nucleic acids) as well as their conformational
changes may be obtained using synchrotron Fourier transform infrared (SRFTIR)
microspectroscopy. The technique is a combination of light microscopy and infrared
spectroscopy. With the first method we are able to localize microscopic details in the
analyzed samples, while the second one provides information concerning its chemical
composition. The high brightness of synchrotron source of infrared radiation causes that
high spatial resolution images at or near the diffraction limit can be obtained with better S/N
and shorter data collection time than if a thermal source is used.” It makes such IR source
especially valuable, when highly spatially resolved analysis of samples is necessary.’**?
Because in biomedical research micrometer spatial resolution is often of great importance,
synchrotron-based FTIR microspectroscopy is becoming a more and more desired analytical
tool in case of investigation of different biological systems.?>%%%>2¢

In this paper the influence of ketogenic diet on the biochemical composition of hippocampal
formations in normal and seizure experiencing rats will be analyzed. The subject of the study
will be the changes in the accumulation and structure of proteins, lipids and compounds
containing phosphate group(s)) as well as anomalies in creatine accumulation.

High spatial resolution plays an important role also in our studies. Based on our experience,
we know that seizure induced anomalies in the distribution of biomolecules can be limited to
specific cellular layers of hippocampal formation and the typical size of hippocampal creatine
inclusions varies from a few to dozens of micrometers. Because of these facts, it is necessary
to use characterization technique which combines high spatial resolution (micrometer scale)
with high biochemical (spectral) sensitivity. Without a doubt, FTIR micro-spectroscopy with
synchrotron source of infrared radiation fulfills these requirements.

Materials and methods

Animals

Male Wistar rats originated from an animal colony of the Department of Neuroanatomy
(Institute of Zoology, Jagiellonian University). All animal-use procedures were carried out
there and were approved by the Bioethical Commission of the Jagiellonian University in
accordance with international standards.
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Table 1. The characteristic of examined animal groups

Experimental group | Ketogenic diet’ | Standard diet PiIocarpine** Perfusion
N (n:4)**** + +
K (n=5) + +
NSE (n=5) + + +
KSE (n=5) + + +

"ketogenic diet was introduced to rats on the 30" day of their postnatal life;
“Pilocarpine was injected to rats on the 60" day of postnatal development;
""Perfusion with physiological saline solution was done on the 60" day of rat postnatal life;

n —the number of animals in experimental group.

*okkok

From the day 30" of postnatal development the animals were fed either with ketogenic (K
and KSE groups) or standard laboratory diet (N and NSE groups). The content of main

nutrients in ketogenic and standard diet are compared in the Table 2.

Table 2. The content of main nutrients (in [%]) in the dry mass of ketogenic and standard diet

Nutrient Ketogenic diet Standard diet
Lipids 75" 5
Carbohydrates 5 63
Proteins 9 25
Others 11 7

“lard (61%) and soybean oil (14%).

Seizure induction

In order to induce seizures, the rats from groups NSE and KSE received a single i.p. injection
of pilocarpine (250 mg/kg, Sigma P6503) on 60™ day of their postnatal development.
Additionally, they were injected with scopolamine methyl bromide (1 mg/kg, Sigma S8502)
30 min prior to pilocarpine to reduce its peripheral effects. The mentioned procedures were
done between 9 and 10 a.m. to avoid circadian changes in seizure vulnerability.

Behavioral observations

During the 6-h long period after pilocarpine injection, the animals were continuously
monitored by an observer unaware of their previous experimental treatment. The motor
seizures intensity was rated on a 6-point scale with respect to the symptoms and their
intensity. The scale was applied in our previous study?’ and corresponded to that introduced
by Racine®® and widely used in studies on animal models of epilepsy. During the observation
period, general parameters of the status epilepticus also were recorded. They included: the
latency of the first motor seizure sign, the maximal intensity of seizures and the total time of
seizure activity within the observation period.

Sample preparation

Six hours after epilepsy induction, all animals were perfused with physiological saline
solution of high analytical purity. Afterwards, the brains were immediately excised from the
skulls and snap-frozen in liquid nitrogen. No OCT (optimal cutting temperature) compounds

Page 4 of 26



Page 5 of 26

©CoO~NOUTA,WNPE

Analyst

were used before cutting with a cryomicrotome. The obtained in the cryomicrotome 12 um
thick slices with the dorsal part of the hippocampal formation®® were placed on MirrIR low-e
microscopic slides and stored at -70°C till the measurements. In order to avoid freeze-thaw
damages of tissues the temperature was increased steadily from -70°C to the room
temperature in which we analyzed the samples. Such sample preparation allowed us to
avoid the use of fixative media and paraffin having IR spectral signatures that can mask
absorption bands of biological components.*°.

According to the recently published papers, transflection measurements done on reflective
substrates may be connected with the electric field standing wave artefacts.??%3?
Nevertheless, the measurements were done in transflection mode and MirrIR slides were
used as sample carriers. The main reason of such choice was the possibility of comparison
and verification of the obtained results in respect of our previous studies done on
pilocarpine model of seizures. In the work of Wehbe et al.>? it was showed how crucial it is
for the comparative biochemical studies that all samples are measured on the same
substrate type.

IR data collection

SRFTIR microspectroscopy was used for biochemical analysis of rat brain samples. The
experiment was done at SMIS beamline of SOLEIL synchrotron facility. The measurements
were cariied out in transflection mode using an infrared microscope Continuum XL equipped
with a 32xmagnification/0.6 numerical aperture Schwarzschild objective. The microscope
was coupled to a FTIR spectrometer ThermoNicolet 5700 equipped with a 50 um MCT
detector. The 12-um thick cryomicrotome samples deposited on MirrIR slides were analyzed
using the IR beam of 10x10 ;,Lm2 — defined by a knife-edge aperture. The step size used
during raster scanning of samples was equal 10 micrometers in both directions. The spectral
resolution was set to 6 cm™ and 38 scans were averaged per sample spectrum. Each
background spectrum was collected co-adding 128 scans. The data acquisition as well as
spectral analysis was done with OMNIC software (Version 8.0).

Analysis of spectral data

The univariate spectral maps were performed by displaying either the area of one peak or
the area ratio for the two peaks. Trapezoidal baseline corection was done during calculations
of integrated peak areas. Typically, background was taken at the two extreme frequency
values of the peaks. There were two exeptions to this rule. They concerned the spectral
bands occurring within the lipid (wavenumber region 2800-3000 cm™) and amide
(wavenumber region 1480-1770 cm™) massifs. For these bands the linear baseline was taken
at frequencies corresponding to the beginning and the end of massifs.

Chemical mapping was carried out on unprocessed spectra. Before detailed quantitative and
statistical analysis we verified the quality of the spectra focusing on the two main problems
i.e. sample thickness and the presence of Mie scattering induced artifacts. The thickness
tests were done in the CytoSpec software using the criteria proposed by Lasch et al.>*

The layered character of the analyzed tissues may result in the differences of optical
densities between the specific cellular layers and these differences, in turn, may cause in the
IR absorption spectra artifacts connected with the presence of resonant and non-resonant
Mie scattering (RMieS and EMSC respectively) phenomena. According to Bassan et al.> the
three main dispersion artifacts, being the result of Mie scattering, which should be taken
into account, are:
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1. a broad hump in the baseline between 2000 and 4000 cm™,

2. a sharp decrease in the absorbance for 1750 cm™ (RMieS),

3. a downward shift in the true position of amide | band.

The occurrence of the mentioned artifacts, and particularly the last one, may influence the
shape of the amide | band and the same the parameters being the measures of changes in
secondary structure of proteins. Therefore, the IR spectra recorded for samples were tested
for the presence of the three above mentioned artifacts. Some influence of Mie scattering
phenomena on the recorded spectra was noticed only for the tissue areas situated on the
borders of different cell layers. The results of chemical mapping done for the spectra
affected through Mie scattering were not taken into account in further analyses.

Statistical analysis

The Mann-Whitney U test was applied for statistical evaluation of the differences between
animal groups under analysis. The choice of non-parametric statistical test resulted from the
fact that our data could not meet the assumptions about normality, homoscedasticity and
linearity which are necessary for the use of its parametric alternative. As it was mentioned
before, typically, experimental groups consisted of five rats. One slice of the dorsal part of
the hippocampal formation per each animal was examined using FTIR microspectroscopy.

Results

Two areas of the hippocampal formation, the sector 3 of Ammon’s horn (CA3) and the
dentate gyrus (DG), were chosen for investigation. Infrared absorption spectra for each pixel
were recorded by simple moving the sample in the plane perpendicular to the IR beam. The
typical spectrum obtained for hippocampal tissue sample is presented in the Figure 1.
Additionally, in the Table 3, the tentative assignments of the bands frequencies
characteristic for IR spectra measured for nervous tissue samples are listed.

Amide |

7
3 ,

2924 cm-
g /
= Amide Il
(@] Ve
(%}
0
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1080|cm™
1240 cm? 7
1740 cm™? £
\
4000 3500 3000 2500 2000 1500 1000

Wavenumber [1/cm]
Figure 1. The typical spectrum (baseline corrected) recorded for the hippocampal formation
tissue.
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1

2

3 Table 3. The tentative assignments of the bands frequencies characteristic for IR spectra
4 measured for nervous tissue samples®®?’

2 Frequency [cm™] Assignment

7 ~3300 amide A: N-H str in resonance with (amide Il harmonic) (proteins)
8 ~3110 amide B: N-H str in resonance with (amide Il harmonic) (proteins)
30 ~3010 =C-H str (unsaturated fatty acids)

11 ~2956 CH; asym str (lipids and proteins)

12 ~2920 CH, asym str (lipids)

13 ~2870 CH; sym str (lipids and proteins)

ig ~2850 CH, sym str (lipids)

16 ~1730 C=0 str (phospholipids, cholesterol ester)

17 ~1640-1653 amide | band: C=0 str, C-N str, N-H bend (proteins, sphingolipids)
ig ~1545-1567 amide Il: N-H bend, C-N str (proteins, sphingolipids)

20 1485 (CH;)sN* asym bend (lipids)

21 ~1460-1473 CH, sciss, CH3 asym bend (lipids)

22 ~1443 CH, (cyclic) sciss (cholesterol, cholesterol ester, DAG, TAG)
;i ~1378 CH; sym bend (lipids)

25 ~1365 CH, sym bend (lipids)

26 ~1200-1400 amide Ill: C-N str, N-H bend, C=0 str, O=C-N bend (proteins)
27 ~1228-1244 PO, asym str (nucleic acids, phospholipids)

gg ~1170 CO-0O-C asym str (phospholipids)

30 ~1084-1089 PO, sym str (nucleic acids, phospholipids)

31 str — stretching; asym — asymmetric; sym — symmetric; bend — bending; sciss — scissoring
32

22 For all the analyzed samples the two-dimensional maps of selected functional groups were
35 computed. The detailed list of examined absorption bands (and their ratios) is reported in
36 the Table 4.

37
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Table 4. Absorption bands
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the ratios of absorption bands) analyzed in the study

Absorption band
(ratio of absorption bands)

Remarks

1658 cm™

amide | band, distribution of proteins

1545 cm™

amide Il band, distribution of proteins

1545 cm™/1658 cm™

1634 cm™/1658 cm™

structural changes of proteins *

1080 cm™

1240 cm™

distribution of compounds containing phosphate groups(s)
including nucleic acids, phospholipids, phosphorylated
carbohydrates, differences in the degree of phosphorylation of
carbohydrates and/or glycoproteins °

1360-1480 cm™

distribution of lipids, cholesterol esters, cholesterol

1740 cm™ distribution of phospholipids, cholesterol esters, ketone bodies €
2924 cm™ distribution of lipids

2955 cm™ distribution of lipids

2800-3000 cm™ lipid massif, distribution of lipids

3012 cm™ distribution of unsaturated fatty acids

3012 cm™/2924 cm™

3012 cm™/2800-3000 cm™

unsaturation level of lipids °

3012 cm™/1658 cm™

unsaturated lipids/proteins ratio

2924 cm™/2955 cm™

saturation level of lipids ¢, changes in length of fatty acids chains

and the degree of their branching ®

1080 cm™/2924 cm™

1240 cm™/2924 cm™

1080 cm™/2800-3000 cm™

1240 cm™/2800-3000 cm™

compounds containing phosphate bond(s)/lipids ratio

1080 cm™/1658 cm™

1240 cm™/1658 cm™

compounds containing phosphate bond(s)/proteins ratio

1360-1480 cm™/1658 cm™

1360-1480/2800-3000 cm™

1740 cm™/2924 cm™

1740 cm™/2800-3000 cm™

1740 cm™/1658 cm™

ratios of appropriate biological compounds

2924 cm™/1658 cm™

2800-3000 cm™/1658 cm™

lipids/proteins ratio

1304 cm™

1398 cm™

2800 cm™

creatine distribution f

2 from Kneipp et al., 2003;* Miller et al., 2006;* Kretlow et al., 2006;*° Szczerbowska-Boruchowska et

al., 2007;* Chwiej et al., 2010;**

® from Kneipp et al., 2000;** Diem et al., 1999;** Liquier & Taillandier, 1996;* Szczerbowska-

Boruchowska et al., 2007;*

from NIST Standard Reference Database Number 69;*

¢ from Petibois & Deleris, 2005;% Petibois & Deleris, 2006;*

® from Kretlow A, 2007;* from Dogan et al., 2013;*

" from Gallant et al., 2006;° Dulinska et al., 2012;® Kutorasinska et al., 2013.%°
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During the ketogenic diet delivery, energy is mainly derived from fats which are converted to
the following ketone bodies: B-hydroxybutyrate, acetoacetate and acetone. All of them quite
easily cross the blood—brain barrier either by simple diffusion (acetone) or with the aid of
monocarboxylic transporters (B-hydroxybutyrate, acetoacetate).’® Therefore, in the Table 5
the main absorption bands of the mentioned ketone bodies were compared with those
specific to glucose and cholesterol which can also change during high fat diet.

Table 5. Absorption bands of ketone bodies, cholesterol and glucose occurring within the
examined wavenumber region45

Compound Influenced
B-hydroxybutyrate | Acetoacetate | Acetone cholesterol D-glucose | analytical band
2923 cm™
2900-3000 cm™ - 2966 cm™ | 2800-3000 cm™ | 2900 cm™ | 2800-3000 cm™
3000 cm™
1770 cm™ 1750cm™ | 1720 cm™ - 1740 cm™
-1 -1
1360 cm™ - 1360 cm’! ﬁgg Eﬂl 1228 Eﬂl 1360-1480 cm™
1200 cm™ 1240 cm™ | 1220 cm™ - 1220 cm™ 1240 cm™
. 1000 cm™ .
- - ; 1050 cm™ 1050 z:l 1080 cm™

In the Figures 2 and 3 the exemplary results of chemical mapping done for selected DG and CA3
hippocampal areas are shown. The univariate maps were obtained as described previously in the part
Analysis of spectral data.

amide |

A ad> = J - - min

Figure 2. The comparison of chemical maps obtained for DG area taken from selected KSE animal
with the microscopic view of the scanned tissue. DG_mo, DG_g, DG_i — molecular, granular and

internal cellular layers of DG area. The data were interpolated using Kriging method.
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Figure 3. The comparison of chemical maps obtained for CA3 area taken from selected KSE animal
and superimposed with the visual image of the scanned tissue. CA3_mu, CA3_p and CA3_i —
multiform, pyramidal and internal cellular layers of CA3 area. The data were interpolated using
Kriging method.

For all analyzed samples the chemical maps were superimposed on the microscopic views of
the corresponding tissue areas (as shown in the Figures 2 and 3) to identify cellular layers
taken for further detailed analysis. These were pyramidal (CA3_p), internal (CA3_i) and
multiform (CA3_mu) layers in case of CA3 and granular (DG_g), internal (DG_i) and
molecular (DG_mo) layers in case of DG hippocampal area. For each examined animal, 25
representative spectra were chosen from the six mentioned above cellular layers. The
spectra were used to calculate the mean intensities of selected absorption bands and their
average ratios. The intensities of bands were evaluated on the same way as it was done in
the chemical mapping process what was widely described in the part Analysis of spectral
data.

In order to compare the animals from examined experimental groups and evaluate the
statistical significance of the differences in biochemical composition between them, the
medians for K, N, KSE and NSE groups of rats were used.

Influence of ketogenic diet on the normal hippocampal formation

To analyze the effect of ketogenic diet on accumulation of biomolecules in the normal
hippocampal formation, the median values of biochemical parameters obtained for K and N
groups were compared (see Table 1S of supplementary materials). The statistical significance
of differences between the animal groups was evaluated using non-parametric U Mann-
Whitney test and its results are presented in the Table 1S. The dispersions of parameters
which significantly differed between animals fed with ketogenic or standard laboratory diet
are shown as box-and-whisker plots in the Figure 4.

10
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As one can notice from the Table 1S and Figure 4, a few differences (significant at the level of
10%) were found between cellular layers of DG areas representing K and N groups.

No statistically significant changes were observed between CA3 areas of normal rats fed with
ketogenic and standard diet. Statistically significant increase in the ratio of absorbance at
1634 and 1658 cm™ was found for ketogenic diet fed animals in the internal layer of DG. It
can be verified in the Figure 5 (part |) where the absorption spectra recorded in the
mentioned cellular layer for selected rat on ketogenic (spectrum B) and standard laboratory
diet (spectrum A) were compared.

1658 A — B | 1658 A c I
1634 634

(O] (O]

2 e

2 2

2 2

N \\_//\ )

i | 1 1 | 1 = 1 | | | |
1700 1650 1600 1550 1500 1700 1650 1600 1550 1500
Wavenumber [1/cm] Wavenumber [1/cm]
1658 P . ]
1634

1) |

o

c

8

-

S

]

<

1 I I 1 |
1700 1650 1600 1550 1500

Wavenumber [1/cm]
Figure 5. The comparison of absorption spectra (amide I-amide Il region) recorded in internal
layer of DG area from selected animals representing N (spectrum A), K (spectrum B) and NSE
(spectrum C) groups (parts | and Il). The comparison of spectra measured in multiform layer
of CA3 for selected rats from NSE (D) and KSE (E) groups.

12
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Figure 6. Two dimensional distributions of ratio of absorbance at 1634 and 1658 cm™ in CA3
(A) and DG (B) areas from selected samples representing N, K, NSE and KSE groups.

The comparison of K and N animals showed, moreover, an increased intensity of the band
occurring at 1740 cm™ in molecular layer of DG. To demontrate this result, in the Figure 7
the two-dimesional distributions of 1740 cm™ absorption band in DG areas from selected K
and N rats were presented. Moreover, the example absorption spectra (focused on the 1740
cm™ absorption band) recorded in molecular layers of these areas were compared there.

(¢}

max

Absorbance

min 1800 1700 1600 1500 1400 1300

Wavenumber [1/cm]

Figure 7. The distributions of 1740 cm™ absorption band in DG areas from selected K (A) and
N (B) animals. C — the comparison of absorption spectra (after linear baseline correction)
recorded in molecular layers of A nad B DG areas (in red — spectrum recorded for ketogenic
diet fed normal rat, in green — spectrum measured for standard diet fed normal rat).

Influence of seizures on the normal hippocampal formation

To verify the influence of ketogenic diet on the epileptic hippocampal formation first we
needed to know how seizures modify this brain area in rats fed with the standard laboratory
diet. Seizure-induced biochemical changes in the hippocampal formation were the subject of
our previous studies which revealed a few significant anomalies in animals treated with
pilocarpine.***®?° They involved structural changes of proteins and lipids as well as increased
accumulation of creatine deposits within epileptic hippocampal formation.

The effect of seizures on the biochemical state of hippocampal formation was analyzed
through the comparison of biomolecular parameters recorded for pilocarpine treated (NSE)

13
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and normal (N) animal groups both fed with the standard laboratory diet. The medians of
band intensities (or their ratios) evaluated for these two groups of rats are listed in the Table
2S of supplementary materials. Additionally, in Figures 8a and 8b the dispersions of
biochemical parameters which significantly differed between NSE and N animals are shown
as box-and-whisker plots.

As it can be seen from the Table 2S and Figures 8a-b, seizures induced many changes of
biochemical parameters in animals on standard laboratory diet. Similarly as in our previous
studies, an increased ratio of absorbance at 1634 and 1658 cm™ was found for animals with
pilocarpine evoked seizures. These anomalies were statistically significant in molecular and
internal layers of DG. Seizure induced changes in the amide | band can be easily noticed in
the Figure 5 (part Il) where the spectra recorded for internal layer of DG for selected NSE
(spectrum C) and N (spectrum A) animals were compared.

For NSE rats the ratio of intensity of bands 2924 and 2955 cm™ was elevated for the internal
layer of CA3. Moreover, animals treated with pilocarpine presented lower unsaturation level
of lipids which was monitored through the ratios of intensities of bands 3012 cm™/2924 cm™
and 3012 ¢cm™/2800-3000 cm™. However, the changes in lipids unsaturation were also
statistically significant only in the internal layer of CA3 area. For some of the analyzed
cellular layers we also observed a decrease of the intensity of absorption for bands occurring
at 1740, 1240 and 1080 cm™ in NSE comparing to normal rats.

14
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Figure 8b. Median, minimal and maximal values (after the removal of outliers) of
biochemical parameters presenting differences between NSE and N groups. The cellular
layers for which statistically significant changes were observed at the confidence level of
95% were marked with (*) whilst those significant at the confidence level of 90-95% with (#).

Influence of ketogenic diet on seizure experiencing brain

Analysis of ketogenic diet impact on the epileptic brain was based on the comparison of
biochemical parameters achieved for seizure experiencing rats on ketogenic (KSE) or
standard (NSE) laboratory diets. The data obtained for both animal groups are presented in
the Table 3S of supplementary materials and in Figures 9a and 9b where the dispersions of
biochemical parameters which significantly differed between KSE and NSE animals are
shown as box-and-whisker plots.

The obtained results clearly show that ketogenic diet modifies biochemical anomalies
occurring in the hippocampal formation as a result of pilocarpine evoked seizures. In seizure
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experiencing animals on ketogenic diet a lower ratio of absorbance at 1634 and 1658 cm™
was observed comparing to that in rats on standard laboratory diet. Such result was
statistically significant only in case of multiform and internal layers of CA3. As an example, in
the Figure 5 (part Ill), the absorption spectra measured in CA3 multiform layer for selected
rats representing NSE (spectrum D) and KSE (spectrum E) groups were demonstrated.

For some of the examined cellular layers an increased intensity of 2924 cm™ band (in
internal layer of CA3, molecular and granular layers of DG) and massifs occurring at the
wavenumber ranges of 2800-3000 cm™ (in pyramidal layer of CA3, molecular and granular
layers of DG) and 1360-1480 cm™ (in multiform layer of CA3 and molecular of DG)was found
in KSE comparing to NSE animals. The intensity of 1740 cm™ band was diminished in
multiform layer of DG area. The ratios of intensities 1080/2924 cm™ and 1080/2800-3000
cm™ decreased in pyramidal layer of CA3 and molecular and granular layers of DG areawhat
probably resulted from the increased lipid content in animals on ketogenic diet. Similar but
more considerable relations were found for the ratios of 1740/2924 cm™ and 1740/2800-
3000 cm™ (in cellular layers of DG area) and may be also an effect of increased lipid
accumulation or diminished content of ketone bodies utilized as an energy source during
seizures.

17
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Median,
biochemical parameters presenting differences between KSE and NSE groups. The cellular
layers for which statistically significant changes were observed at the confidence level of
95% were marked with (*) whilst those significant at the confidence level of 90-95% with (#).

Figure 9a.

53
54
55
56
57
58
59
60



Analyst

Page 19 of 26

TR S P
5E5%5g
— =T =
v = ey
- Q >
g oo
L ERY "oq™ 3 Q" roq™ W 2 Y%
' 3 IEED g ESEDY a3 |_m e X
£ N
_— = . £ - oq™ . @
o0 35N roa™asN : "oa"3sN ECER ] 4D M
6700738y 6790 3sM Y 6790 3sH [ 679073s) S E O
o & o = O 0%
679073SN L ERY @ 679073sN ) fouIN > gy © O
o —
= o e
- 2 ——
oW ©a"3sy ow'og asy | g ow'©q 3sH ;) ow'ogas & % m >
oq" ’ oy ] ]
K ow 90 3ISN ow'©Q 3N ow'©Q 3SN ow'ogaSN = z = g
o = = T T O
- - Ievo 38) Ievo 3 ECECTIE ~ — Fevoasl 2 S 3 S
3 ey ] S e x L + -
£ eV 3N g [ ERY 'evO 3sN g Fevo'3sN % m =
E - € _ £
3 devo 3sH .M LY devoasy  |E dovorasy unu.w < @ s
@ - 8 c o
b devo 3asN A d"gvo3SN d"evo 3SN 2 fvosn — @ 9 g
o~ « b [J)
- eV a ey & n 2 e
m ] nWiEVO 3N m nWTEYDISH L CE nweyo IS n_w. 2 U o
o = o ——_ ] (O] ©
E WEVOISN | E ey nweyo 3N nevo 3N |E - nwevo3sN © 9 = =
- w B
2 ¢ 2885848 ggIygeezseges g 5 S s & $ 3 § 3 Z 90 o
o o < o o =] =] = =] 0O ©O 0O 00O 00 © o0 o o o o =] =] - - © — o g [S) 1
L U12 8591/, Wd OZ4 W12 $Z62/, W5 O LE © = S &
Egog2c
== o X @ 0.
790738y 3 oa"3s) o0 3sy oa73sy O &= o
H Es5 c o
oa"asN E I ERY roa 3sN "oa3sN © S 8
2 © mo © C
6790738 2 67907 3sH R ERY fogasy S .S = B
Iy © ..m Ono 4+
8 Y P N . 17}
6790 3SN N & {67o073sN 6790 3sN HEFEMEO0EaN — @O oy =
§ © »n =
oW oq ISH m ow oq 3IsH ow 9g 3sH 4 ow ©Q 3SH m m- W W
L _ _ _ _ c o —
R ow©a"3SN oW ©g 3SN ow'©g 3N ow'©g 3SN W ”n ...FL.. ¥
—
g - L wn C
evorasy S evo 3sy evo sy . ..m s B
x = = -] _ = 5 c [1°]
g evorasN [IERY m v 3asN g fewoasn @ E H .W
£ Tevoasy | devo™ £ oo™ TE8co
furt d eyo asy M €vO 3sH hut d w0 3sy W. ©c O X
R - 3 _ £ o = =
2 devo 3SN Tevo 3N o d'evoT3sN 2 d ey 3SN _<c
&{ g 8 & . (@© 2 E
& oA @
..m__ NWEYO IS L Evo 39 m MO I g eV 3SN % m 5 L
3 nWEYo ISN &5 evo™ 3 o - o
g niEVo 3SN . e [ MEoEsN ¢ Doy 2
© < o~ =) 3 8 3 o [
o o @ ~ © ©v T o o T - - B - £ S © o~ - S5 O o XX
- (=] < o o o o o o (=] o o o o o o o =] =] o g O y WD
L WD 000€-0082/, 41 0804 LI 000€-0082/,. W2 0Lk LD 8594/, WD $Z6Z iL & © o
OdNMSTTOLOMNMNODODOAdNMNTTUOLOMNMNODOODOTANMNMTLONODDOTANMTETLLLONODOOOTANMSTL ONOOOO
A ANNMTOLOOMNOOD A A A cdcdAdNANNNNANNANANNODOOHOOOHOOHOOOONOITTTATIETTTTTTOHOOOLOOLOLLWOLLWLOLWO



©CoO~NOUTA,WNPE

Analyst

Ketogenic diet-induced changes in hippocampal creatine accumulation

Our previous studies on the pilocarpine model of epilepsy showed increased accumulation of
creatine deposits in animals experiencing seizures comparing to controls.'®*?° Therefore, we
decided to verify how the ketogenic diet modifies the frequency of creatine inclusions within
examined hippocampal areas. The median, minimal and maximal numbers of creatine
deposits found in CA3 and DG hippocampal areas from all examined animal groups are
presented in the Figure 10. Statistically significant differences (verified using U test) between
K and N groups were marked with (#), between NSE and N groups with (*) whilst between
KSE and K groups with (**).

12 . . 14

 median §25-75% T min-max » median  25-75% T min-max *x

12 (p=0.02)

10| x
(9%707)

|

I;I K NéE KéE ‘ ) N K NéE KSE
Animal group Animal group
Figure 10. Median, minimal and maximal values (after the removal of outliers) of number of
creatine deposits in CA3 and DG hippocampal areas. The statistically significant differences
between K and N groups were marked with (#), between NSE and N groups with (*) whilst
between KSE and K groups with (**). Additionally p-values of U Mann-Whitney tests were
shown.

-
o

o]

Number of creatine inclusions in CA3
Number of creatine inclusions in DG

As one can see from the Figure 10, ketogenic diet fed normal animals (K) showed higher
frequency of creatine deposits in the CA3 hippocampal area comparing to rats fed with
standard diet (N). Such relation was not observed for DG. As a results of seizures evoked in
rats on standard diet, the number of inclusions increase in both analyzed regions, and this is
in agreement with our previous studies.’®*° Animals representing KSE and NSE groups did
not show any significant differences with respect to creatine accumulation.

Discussion

In the present paper, SRFTIR microspectroscopy was used to verify the influence of
ketogenic diet on the biochemical composition of the normal and epileptic hippocampal
formation. The comparison of animals on high fat and standard diet showed a few
biochemical anomalies that were localized in DG hippocampal area. Higher ratio of
absorbance at 1634 and 1658 cm™ was found in internal layer of DG for ketogenic diet fed
animals comparing to N group. The mentioned parameter was successfully used in our
previous papers as well as in the other studies to detect changes in protein
conformation.***#13%4%42 |t elevated level in K group may suggest that ketogenic diet induces
structural changes of proteins from a-helix to 3-sheet secondary structure.

Moreover, normal animals on ketogenic diet presented elevated intensity of the 1740 cm™
band originating from the stretching vibrations of carbonyl bonds compared to the N group.
This anomalie was found for molecular layer of DG and such result is probably an effect of
increased accumulation of ketone bodies within the nervous tissue. During ketogenic diet

20
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application free fatty acids present in the blood are transferred into liver. In the
mitochondria of liver cells they are degraded in the process of B oxidation what leads to the
production of ketone bodies.”**** All the three types of generated ketone bodies
(acetoacetate, aceton and B-hydroxybutyrate) can more easily than glucose cross the blood—
brain barrier and therefore may be observed in the hippocampal formations of ketogenic
diet fed animals.>? This could, therefore, be a direct effect of ketogenic diet itself.

The results obtained in the present study confirmed that seizures introduced a number of
biochemical changes in the hippocampal formations of rats fed with standard diet.***?° The
anomalies included conformational changes of proteins (increased ratio of absorbances at
1634 and 1658 cm), modifications of unsaturation level (3012 cm™/2924 cm™ and 3012 cm’
1/2800-3000 cm™) of lipids as well as changes in accumulation of biomolecules which were
detected as decreased intensity of bands occurring at 1740, 1240 and 1080 cm™. In contrary
to the results of Freitas et al.,>* we did not observe seizure induced changes in hippocampal
lipid accumulation. However, increased ratio of intensities of 2924 and 2955 cm™ bands
which was observed for NSE animals (in internal layer of CA3) may suggest the occurrence of
some structural changes of lipids. They may involve the increase of the fatty acid chains
length or decrease of the degree of their branching.”**® Unfortunately, an unambiguous
interpretation of this parameter is very difficult because it also depends on protein/lipid
balance and varies strongly between the nucleus, the cytoplasm and the endoplasmic
reticulum/Golgi apparatus.”>°

Anomalies in ratios of intensities 3012 cm'1/2924 cm? and 3012 cm'1/2800—3000 cm?
indicate, moreover, the decrease in the relative content of unsaturated lipids. Seizure
evoked changes in the structure and saturation of lipids may suggest that oxidative stress is
one of the processes leading to the neurodegenerative changes of hippocampal formation in
the pilocarpine model of TLE. Particular vulnerability of the brain to oxidative stress results
from the high concentrations of polyunsaturated fatty acids susceptible to peroxidation,
large demand for oxygen for energy production and lower antioxidant defense compared to
other organs.>’”®° Because of high content of polyunsaturated fatty acids, phospholipids
constituting a major component of all cell membranes are the main target for oxidative
damage induced by hydroxyl, alkoxyl and peroxyl radicals.®® Moreover, the products of lipid
peroxidation: lipid alkoxyl and lipid peroxyl radicals lead to spread of free radical reactions
and the same cause further damages to membrane lipid bilayers and mitochondria resulting
in severe cellular dysfunction.®*®**% An increased level of lipid peroxidation as well as
anomalies in the other markers of oxidative stress have been previously described in the
pilocarpine model of temporal lobe epilepsy.®*¢>%%%7

To verify the influence of ketogenic diet diet on seizure experiencing brain, KSE and NSE
experimental groups were compared. In epileptic animals which were previously fed with
ketogenic diet lower ratio of absorbance at 1634 and 1658 cm™ in multiform and internal
layers of CA3 was found compared to rats on standard laboratory diet. It suggests that the
treatment with high fat diet reduces seizure induced changes in protein conformation.

For some of the examined cellular layers, higher intensity of 2924 cm™ band and increased
absorption in the region of lipid massif and the range of wavenumber of 1360-1480 cm™
were detected in KSE comparing to NSE group. The first two parameters point at the
elevated accumulation of lipids in seizure experiencing animals on ketogenic diet, whilst the
last one may suggest increased cholesterol level. We did not detect differences in
unsaturation level between KSE and NSE rats, whilst in DG granular layer, animals on
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ketogenic diet treated with pilocarpine presented increased ratio of intensities of 2924 and
2955 cm™ bands.

Similarly as in our previous studies creatine deposits were found in hippocampal
formations taken from seizure experiencing animals. According to Hackett et al., the
formation of such inclusions is a results of creatine crystallization during dehydration of
cryomicrotome cut thin tissue sections and this process can be avoided when rapid freezing
of brain tissue via decapitation into liquid nitrogen is used instead of perfusion with
physiological saline solution.®®®® From the other side many studies done on animal models
or human tissues showed that the frequency of creatine deposits significantly increases in
different pathological states of central nervous tissue including Alzheimer’s disease, epilepsy
and cerebral malaria’®’*%®%2° Therefore, although the formation of crystalline creatine
microdeposits may be an ex vivo postprocessing artefact, the presence of inclusions
identifies tissue regions in which altered metabolism was present in vivo.%® The analysis of
the differences in creatine accumulation among the examined animal groups showed that
ketogenic diet, similarly as seizures, increased the frequency of creatine deposits in CA3
hippocampal area of normal rats. High fat diet did not influence the number of creatine
deposits in seizure experiencing animals.

18,20

Conclusions

The results presented in this paper confirmed that highly resolved biochemical analysis of
hippocampal formation may be very helpful in the study on the mechanisms underlying a
possible neuroprotective action of ketogenic diet in the epileptic brain. The comparison of
infrared data obtained for K and N rats showed an increased intensity of 1740 cm™ band
what was probably the result of elevated accumulation of ketone bodies within the
hippocampal formation tissue of ketogenic diet fed rats. Moreover, increased ratio of
absorbance at 1635 and 1658 cm™ in DG and an elevated frequency of creatine deposits in
CA3 hippocampal area were found for high fat diet fed animals.

Seizure induced biochemical anomalies recorded for standard diet fed rats confirmed the
results presented in our previous papers. The comparison of seizure experiencing rats from
KSE and NSE groups showed increased accumulation of lipids and probably cholesterol after
ketogenic diet. Moreover, high fat diet reduced seizure induced conformational changes of
proteins. The relative content of unsaturated lipids as well as frequency of creatine deposits
did not differ between seizure experiencing rats on high fat or standard diet.
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