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Abstract Temporal lobe epilepsy (TLE) is the most common
type of epilepsy in adults. Of the animal models developed to
investigate the pathogenesis of TLE, the one with pilocarpine-
induced seizures is most often used. After pilocarpine admin-
istration in animals, three distinct periods—acute, latent, and
chronic—can be distinguished according to their behavior. The
present paper is the continuation of our previous study which
has shown an increased occurrence of creatine inclusions in rat
hippocampal formations from the acute phase of pilocarpine-
induced status epilepticus (SE) and positive correlation be-
tween their quantity and the total time of seizure activity within
the observation period. In this paper, we tried to verify if
anomalies in hippocampal creatine accumulation were the tem-
porary or permanent effect of pilocarpine-evoked seizures. To
realize this purpose, maleWistar rats in the latent phase (3 days
after pilocarpine administration) were examined. The results
obtained for the period when stabilization of animal behavior
and EEG occurs were afterwards compared with ones obtained
for the acute phase of pilocarpine-induced SE and for naive
controls. To investigate the frequency of creatine inclusions
within the hippocampal formation as well as in its selected
areas (sectors 1–3 of Ammon’s horn (CA1–CA3), dentate

gyrus (DG), and hilus of DG) and cellular layers (pyramidal,
molecular, multiform, and granular cell layers), synchrotron
radiation-based Fourier-transform infrared microspectroscopy
was used. The applied technique, being a combination of light
microscopy and infrared spectroscopy, allowed us to localize
microscopic details in the analyzed samples and provided
information concerning their chemical composition. Moreover,
the use of a synchrotron source of IR radiation allowed us to
carry out the research at the diffraction-limited spatial resolu-
tion which, because of the typical size of creatine inclusions
(from a few to dozens of micrometers), was necessary for our
study. The comparison of epileptic animals in the latent phase
with controls showed statistically significant increase in the
number of creatine inclusions for most of the analyzed hippo-
campal regions, all examined cellular layers, as well as the
whole hippocampal formation. Moreover, for the hilus of the
DG and CA3 area, the number of creatine deposits was higher
in the latent than in the acute phase after pilocarpine injection.
In light of the obtained results, an anomaly in the hippocampal
accumulation of creatine is the long-term effect of pilocarpine-
evoked seizures, and the intensity of this phenomenon may
increase with time passing from the primary injury.
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Introduction

Epilepsy, meaning any condition with spontaneous recur-
rence of unprovoked seizures, is one of the most common
neurological disorders. Seizures can be either generalized,
when they begin simultaneously in both cerebral hemi-
spheres, or partial, when they start at so-called epileptic foci
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and may spread to the other brain areas [1]. Epidemiological
data show that temporal lobe epilepsy (TLE) is the most
common type of partial seizures in adults, and the main
features of TLE are localization of epileptic foci in the limbic
system, a seizure-free time interval following the precipitat-
ing injury, and the presence of hippocampal sclerosis leading
to reorganization of neuronal networks [2–7].

The investigations on the pathogenesis of epilepsy are
rarely carried out based on the human tissues, which can be
obtained only postmortem or during the surgical resection of
epileptic foci. Therefore, different animal models of epileptic
seizures are used. The most frequently used and highly
isomorphic with human cases of TLE animal model is one
with pilocarpine-induced seizures [8–10]. After pilocarpine
administration in animals, the following three distinct and
consecutively occurring periods can be distinguished in their
behavior [11]:

1. An acute period occurring during the first 24 h after
pilocarpine injection

2. A latent (silent) period with progressive normalization of
the electroencephalography and behavior and lasting
from around 4 to 44 days

3. A chronic period in which spontaneous recurrent sei-
zures may occur

This work is the continuation of our previous research in
frame of which the frequency of creatine inclusions in the
hippocampal formation was examined for rats in the acute
period after pilocarpine injection. The comparison of epilep-
tic animals (6 h after pilocarpine administration) with con-
trols showed then an increased accumulation of creatine de-
posits which were localized mainly in the dentate gyrus (DG)
of the hippocampal formation and in the multiform cell layer.
Furthermore, obtained data pointed to statistically significant
correlation between the number of inclusions and the total
time of seizure activity within the observation period [12].

The purpose of the present study was to verify if the
anomalies in creatine accumulation observed 6 h after pilo-
carpine administration were only the temporary or rather
long-term effect of seizures. To achieve this, the hippocam-
pal frequency of creatine deposits in the latent phase was
evaluated and compared with analogous data obtained for
the acute period of pilocarpine model and for naive control
animals.

Similarly as in our previous research, synchrotron radiation
Fourier-transform infrared (SRFTIR) microspectroscopy was
used for the detection of creatine in the nervous tissue.
SRFTIR microspectroscopy is a combination of light micros-
copy and infrared spectroscopy. With the first method, we are
able to localize microscopic details in the analyzed brain
sections, while the second one provides information con-
cerning their chemical compositions [13, 14]. The high bright-
ness of the synchrotron source of infrared radiation allows

achieving diffraction-limited spot sizes. Because in biomedi-
cal research micrometer spatial resolution is often of great
importance, SRFTIR microspectroscopy is becoming a more
and more desired analytical tool in the case of investigation of
different biological systems [15–19]. It concerns also the
following study in frame of which creatine inclusions with
the typical sizes varying from a few to dozens of micrometers
were analyzed. Moreover, SRFTIR microspectroscopy is a
noninvasive and nondestructive method what makes possible
verification of the obtained results with the other experimental
techniques such as, for example, Raman microspectroscopy, as
was shown in our previous paper [12].

Materials and methods

Thin slices of hippocampal formations taken from adult male
Wistar rats were used as experimental material in the present
study. All animal procedures were accepted by the Bioethical
Commission of the Jagiellonian University and were in agree-
ment with the international standards. Rats were obtained from
an animal colony of the Institute of Pediatrics, Collegium
Medicum, Jagiellonian University, Krakow. The living envi-
ronment of animals was stable and controlled: daily cycle of
life was divided into 12-h-long light and 12-h-long dark phase,
temperature was equal to 20±2 °C, and a solid diet (Labofeed)
and water were available ad libitum.

The following three groups of animals were examined in
frame of the study:

N—six naive control animals which on the 60th day of
postnatal development were perfused with physiologi-
cal saline solution of high analytical purity.
SE6H—ten rats in the acute phase of pilocarpine-induced
status epilepticus (SE). Sixty-day-old animals were intra-
peritoneally injected with pilocarpine (300 mg/kg, Sigma
P6503) in order to induce seizures and 6 h later perfused
with physiological saline solution.
SE72H—five animals in the latent phase which 72 h
after pilocarpine injection were perfused with physio-
logical saline solution.

From pilocarpine injection, animals were continuously
observed during the 6-h period. Motor symptoms were rated
on the six-point scale used in our previous studies [20].
Additionally, the observations provided the data on general
parameters of SE such as the latency of the first motor signs
(TL) and the total time of seizure activity within the obser-
vation period (T).

After perfusion with physiological saline solution, the
brains were immediately excised from the skulls and snap
frozen in liquid nitrogen. No optimal cutting temperature
compounds were used before cutting with a cryomicrotome.
The 10-μm-thick slices from the dorsal part of the hippocampal
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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 compo-
nents [21].

For the detection of creatine inclusions in the nervous
tissue, SRFTIR microspectroscopy was applied. The mea-
surements were carried out at the SMIS beamline of the
SOLEIL synchrotron using a Continuum XL infrared micro-
scope with an external source of IR. The microscope
equipped with a 50-μmMCT detector was coupled to a FTIR
ThermoNicolet spectrometer. The infrared absorption spec-
tra were recorded in transflection mode. The double-pass
aperture 10×10 μm was used to reduce beam size and
eliminate diffraction. The 32× Schwarzchild objectives were
applied to collect IR transflection spectra from discrete point
maps. The spectral resolution was set to 6 cm−1, and 124
scans were averaged per background and 64 per sample
spectrum. The data acquisition as well as spectral analysis
was performed with OMNIC software (version 8.0). Further
statistical analysis was done with the STATISTICA package
(version 7.1).

Results

The main purpose of this paper was to verify if pilocarpine-
induced anomalies in creatine accumulation, previously ob-
served in the acute phase of SE, were the temporary or rather
permanent effect of epileptic seizures. Therefore, to realize
the goal of the study, the frequencies of hippocampal creatine
deposits for the animals in the latent (SE72H) and acute
(SE6H) phases after pilocarpine administration as well as
for the naive controls were compared. Besides the whole
hippocampal formation, a detailed study was done for par-
ticular hippocampal areas and cellular layers. For all the
examined samples, the numbers of creatine inclusions were
evaluated in the DG, hilus of DG (H), and sectors 1–3 of
Ammon’s horn (CA1–CA3) as well as in the pyramidal,
granular, multiform, and molecular layers of hippocampal
formation. The localization of the mentioned areas and cel-
lular layers was shown in Fig. 1.

The confirmation of the presence of creatine in the hippo-
campal inclusions was based on the original, unprocessed
spectra recorded in transflection mode. For identification pur-
poses, the absorption bands characteristic for creatine and
manifesting at the wave numbers around 1,304, 1,398, and
2,800 cm−1 were used. As one can see from Fig. 2, the 1,304-
and 2,800-cm−1 creatine bands are almost not influenced by

the IR spectral signatures typical for hippocampal tissue. In
turn, the bands at 1,304 and 1,398 cm−1 are not affected by the
eventual artifacts occurring in the tissue IR spectra as a result
of resonant and nonresonant Mie scattering [22].

The detailed procedure of data analysis was as follows:

1. Detection of the inclusions present in the hippocampal
formations based on the detailed optical examinations of
analyzed samples

2. Recording of IR absorption spectra (in transflection
mode) for all the marked hippocampal inclusions

3. Confirmation of the presence of creatine based on the
occurrence in the recorded spectra of the absorption bands
characteristic for the compound and manifesting at the
wave numbers around 2,800, 1,398, and 1,304 cm−1

Fig. 1 The microscopic view of the rat hippocampal formation showing
the areas (DG dentate gyrus, H hilus of DG, CA1–CA3 sectors 1–3 of
Ammon’s horn) and cellular layers selected for the detailed analysis of the
frequency of creatine inclusions. Image obtained for cryomicrotome
freeze-dried section with the use of a 32× optical objective of the Con-
tinuum XL microscope

Fig. 2 The comparison of baseline corrected IR absorption spectrum
recorded for creatine inclusion (b) with ones measured for pure creatine
(a) and the nervous tissue (c). Absorption bands characteristic for creatine
(2,800, 1,398, and 1,304 cm−1) were marked with stars
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4. Evaluation of the number of creatine-containing deposits
in selected hippocampal areas and cellular layers as well
as in the whole hippocampal formations

5. Verification of the existence of statistically significant
differences between the analyzed animal populations
using nonparametric statistical tests

In Fig. 2, the spectra recorded for the creatine-containing
inclusion, pure creatine, and the nervous tissuewere compared
whilst in Fig. 3, the distributions of analytical creatine bands
(2,800, 1,398, and 1,304 cm−1) in the DG hippocampal area
from the selected animal representing the SE72H group were
shown.

In Tables 1 and 2, the results of quantitative analysis carried
out for the three examined animal populations were presented
as the mean, median, minimal, and maximal values of the
number of creatine deposits in analyzed hippocampal areas
and cellular layers. Additionally, the data were shown graph-
ically as the box plots in Figs. 4 and 5.

Preliminary analysis of the data presented in Tables 1 and
2 showed increased frequency of creatine deposits in the
latent comparing to the acute phase after pilocarpine admin-
istration in DG, H, and CA3 hippocampal areas, in all the

analyzed cellular layers (pyramidal, granular, multiform, and
molecular) as well as in the whole hippocampal formation.
To verify statistical significance of the found relations, the
nonparametric U Mann–Whitney test was applied, and its
results were presented in Figs. 4 and 5. Statistically signifi-
cant differences (p value<0.1) between SE72H and N groups
were marked with *, between SE6H and N group with **,
and between SE72H and SE6H group with #. The differ-
ences significant with Bonferroni-corrected p value were
additionally marked in red.

The differences between groups were treated as statistically
significant when the p value of theU test was less than 0.1. This
criterion allowed us to find increased accumulation of creatine
deposits for the epileptic animals in the latent phase comparing
to controls in the DG (p value=0.01), H (p value=0.02), and
CA3 (p value=0.02) areas; pyramidal (p value=0.02), granular
(p value=0.01), multiform (p value=0.04), and molecular
(p value=0.02) cellular layers as well as in the whole hippo-
campal formation (p value=0.02).

Comparison of the animals in the latent and acute phases
after pilocarpine injection showed, moreover, higher number
of creatine inclusions in H (p value=0.05) and CA3
(p value=0.08) areas in the phase of stabilization of animal

Fig. 3 The comparison of baseline corrected IR spectra recorded in
selected creatine inclusion and nervous tissue (A). The microscopic view
of the DG hippocampal area from the animal representing the SE72H

group; creatine deposits are visible as darker points (B). The distributions
of selected creatine bands: 2,800 cm−1 (C), 1,398 cm−1 (D), and 1,304 cm−1

(E) in the rectangular tissue area visible in part (B)
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behavior. Although these changes were not significant with
the Bonferroni-corrected p value, one needs to remember
that Bonferroni adjustment is an extremely conservative
procedure. From one side, it protects against type I errors
when multiple comparisons are being made. However, it also
increases the risk of type II errors (failures to reject a false
null hypothesis).

Discussion

Creatine, being a highly water-soluble molecule, can be
easily removed from the tissues, and it needs to be taken into
account in the sample preparation protocol. Based on our
best knowledge, there is no staining protocol to detect crea-
tine in tissues as well as no creatine antibodies enabling its

Table 1 The number of creatine
inclusions in analyzed hippo-
campal areas

N SE6H SE72H

DG Median 0 1 15

Min–max 0–0 0–38 0–29

Mean 0 10 16

SD 0 12 12

H Median 0 0 12

Min–max 0–1 0–20 0–42

Mean 1 5 18

SD 1 7 12

CA3 Median 0 0 16

Min–max 0–4 0–21 0–60

Mean 1 6 26

SD 2 7 23

CA1–CA2 Median 0 1 0

Min–max 0–20 0–37 0–22

Mean 4 10 6

SD 6 12 7

Total Median 0 4 48

Min–max 0–25 0–100 0–124

Mean 5 29 65

SD 7 32 45

Table 2 The number of creatine
inclusions in the analyzed hip-
pocampal cellular layers

N SE6H SE72H

Pyramidal layer Median 0 1 9

Min–max 0–3 0–26 0–40

Mean 1 6 14

SD 1 7 12

Granular layer Median 0 0 6

Min–max 0–0 0–21 0–21

Mean 0 6 8

SD 0 7 7

Multiform layer Median 0 1 20

Min–max 0–17 0–41 0–42

Mean 3 11 21

SD 5 13 14

Molecular layer Median 0 3 18

Min–max 0–5 0–24 0–50

Mean 1 7 23

SD 2 8 14
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immunohistochemical analysis. Because of these reasons,
physicochemical methods need to be used in order to analyze
spatial distributions of creatine in tissues. One of them is
SRFTIR microspectroscopy. The tissues analyzed using this
method do not require the use of any stains and dyes which
minimizes the risk of creatine solubilizing as well as changes
in its localization during sample preparation.

The other method that can be used for spatial detection of
creatine in tissue slices is Raman microspectroscopy. It was
applied, as complementary to SRFTIR microspectroscopy, in
our previous study as well as in research on the role of creatine
in Alzheimer’s disease [23]. Based on our experience, we know
that, comparing to FTIR microspectroscopy, the method is
much more time consuming, which makes it less useful in
regular research when a large set of samples needs to be
measured. The other important disadvantage of Raman mi-
crospectroscopy is its invasive character connected with the
risk of local sample burning.

Time-of-flight–secondary ion mass spectrometry could be
also taken into account for creatine detection in tissues;
however, in the literature, one cannot find the examples of
such study. Because this method probes only the surface of
the sample [24–26], there is a high risk of missing some
inclusions which are localized deeper in the sample.

Therefore, in the following paper, SRFTIR microspec-
troscopy was applied to verify if the presence of hippocam-
pal creatine deposits in the acute phase of SE is the tempo-
rary or permanent effect of pilocarpine-evoked seizures. To
realize this purpose, the animals in the latent (SE72H) and
acute (SE6H) phases after pilocarpine administration were
compared with the naive control animals. For all the ana-
lyzed samples, the numbers of creatine inclusions were eval-
uated in DG, H, CA1–CA2, and CA3 hippocampal areas;
pyramidal, granular, multiform, and molecular cellular
layers; as well as in the whole hippocampal formation.
Statistical analysis of the obtained results was carried out

Fig. 4 The mean and median
values of creatine inclusion
quantities in the whole
hippocampal formations as well
as in their particular regions.
Statistically significant
differences (p value<0.1)
between SE72H and N groups
were marked with *, between
SE6H and N groups with **, and
between SE72H and SE6H
groups with #. The differences
significant with Bonferroni-
corrected p value were
additionally marked in red
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using a nonparametric U Mann–Whitney test. This showed
increased frequency of creatine deposits in DG, H, and CA3
and all the examined cellular layers for the latent phase
compared to the control group. It was thus confirmed that
anomalies in creatine accumulation are not only the tempo-
rary effect of pilocarpine-induced seizures. Moreover, the
quantity of inclusions in the latent phase was higher than in
the acute phase of the pilocarpine model in the H and CA3
hippocampal areas.

Creatine, together with the phosphocreatine/creatine kinase
system, plays an important role in cellular energy buffering and
transport particularly in the tissues with high and fluctuating
energy requirements such as skeletal muscles, heart, and brain
[27–30]. The function of creatine in energy metabolism is
connected with its interconversion to the high-energy phos-
phorylated analog (phosphocreatine), and this reaction is cata-
lyzed by the enzyme creatine kinase (CK). Two CK isoforms
have been identified in the brain. The first form—ubiquitous
mitochondrial CK—converts creatine to phosphocreatine
which afterwards is exported to its cytoplasmic utilization sites.
The second one—cytosolic CK—uses phosphocreatine to ob-
tain ATP from ADP in the areas of energy demand as well as
converts an excessive ATP pool for energy storage [16, 31].

One of the acute high-energy demand conditions in the brain
is seizure activity. Large amounts of energy necessary for
seizure progression are connected with increased local glucose
utilization and higher ATP turnover [32, 33]. Although ATP
consumption increases during seizures, its levels in brain areas
involved in seizure activity remain constant [34]. Therefore, the

elevated content of creatine observed in the acute phase of
pilocarpine-induced SE may just reflect the areas of increased
demand for energy and the same increased replenishment of
ATP from phosphocreatine. However, such a thesis does not
explain the abnormal creatine accumulation observed in the
latent seizure-free period. The frequency of creatine deposits in
the SE72H group was not only higher comparing to controls,
but in selected hippocampal areas, it exceeded the number of
inclusions found for animals in the acute phase after pilocarpine
administration. Such results may reflect engagement of creatine
in the pathological processes occurring in the phase of behavior
stabilization or be the consequence of seizure-induced changes
in CK enzymatic activity.

CK activity is not uniform both in the brain as well as in the
hippocampal formation which was the subject of our study. In
the hippocampal formation, mitochondrial CK immunoreactiv-
ity is observed mainly in pyramidal cells from sectors 1–3 of
CA, DG granule, and hilar neurons. In turn, the cytosolic form
of CK presents increased immunoreactivity in astrocytes and a
small subpopulation of hilar neurons [35]. Kim et al. [23]
showed that in the acute phase of pilocarpine-induced SE,
hippocampal immunoreactivity of cytosolic CK decreases to
70% of the control level whilst for the CKmitochondrial form,
it remains unaltered. For the chronic phase of the pilocarpine
model, the authors obtained exactly opposite relations, and
markedly decreased mitochondrial CK immunoreactivity was
explained through the massive neuronal loss in CA and the
hilus [22]. Therefore, the abnormal accumulation of creatine in
the latent phase, which was observed in our study, may result

Fig. 5 The mean and median
values of creatine inclusion
quantities in particular cellular
layers of hippocampal
formations. Statistically
significant differences (p
value<0.1) between SE72H and
N groups were marked with *,
between SE6H and N groups
with **, and between SE72H and
SE6H groups with #. The
differences significant with
Bonferroni-corrected p value
were additionally marked in red
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from decreased enzymatic activity of one or both of the brain
CK forms. Such thesis seems to be confirmed with the research
of Jost et al. carried out on mice lacking the expression of the
cytosolic CK isoform [36] and that of Streijger et al. in frame of
which CK double knockout animals were examined [37]. Both
the studies showed, for animals with decreased activity of CK,
abnormalities in the formation and maintenance of hippo-
campal mossy fiber connections. Mice deficient in cytosolic
CK had larger intra–infrapyramidal mossy fiber areas. In
turn, in those lacking both CK isoforms, a relative increase
of size of suprapyramidal and intra–infrapyramidal mossy
fiber areas was observed. As it was shown in many re-
searches, aberrant mossy fiber sprouting of granule cell
axons into the molecular layer and hilus, as well as the
stratum oriens in CA3 [38], may give significant input in
the excessive excitability and epileptic seizures occurring
both in humans and in animal models of epilepsy [39–43].
The mentioned phenomenon was also observed in our pre-
vious studies on rats from the latent phase of the pilocarpine
model [44, 45]. For these animals, increased Zn areal den-
sity, probably from large terminals of mossy fibers of den-
tate granule cells, was observed in selected areas of hippo-
campal formation.

Conclusions

The results presented in the following paper undoubtedly
confirmed the usefulness of SRFTIR microspectroscopy for
the detection of creatine deposits in the nervous tissue.
Comparison of the rats from the latent phase after pilocarpine
administration with naive controls showed that anomalies in
creatine accumulation are not only the temporary but perma-
nent or at least long-term effect of epileptic seizures. More-
over, the number of the deposits observed in selected
regions of hippocampal formation was higher for the
latent than for the acute phase of pilocarpine model,
and increased frequency of creatine inclusions 3 days
after seizure induction is probably an effect of decreased
enzymatic activity of CK.
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