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ABSTRACT

Calbindin expression of granule cells of the dentate gyrus is decreased in temporal lobe epilepsy (TLE) regard-
less of its etiology. In this study, we examined the relation between reduction of calbindin immunoreactivity
and the verbal and visuo-spatial memory function of patients with TLE of different etiologies. Significant linear
correlation was shown between calbindin expression and short-term and long-term percent retention and
retroactive interference in auditory verbal learning test (AVLT) of patients including those with hippocampal
sclerosis. In addition, we found significant linear regression between calbindin expression and short-term and
long-term percent retention of AVLT in patients whose epilepsy was caused by malformation of cortical
development or tumor and when no hippocampal sclerosis and substantial neuronal loss were detected.
Together with the role of calbindin in memory established in previous studies on calbindin knock-out mice,
our results suggest that reduction of calbindin expression may contribute to memory impairments of patients
with TLE, particularly, when neuronal loss is not significant.

Temporal lobe epilepsy

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Temporal lobe epilepsy (TLE) is the most common form of intrac-
table focal epilepsies with complex partial seizures. In many patients
(48-75%), therapy-resistant TLE is associated with sclerosis of the
medial temporal lobe structures [1,2]. Less frequently, TLE is related
to malformation of cortical development (MCD; 13-45%) and tumors
(27-33%) of the central nervous system [3]. Mesial temporal sclerosis
includes hippocampal sclerosis (HS) with severe pyramidal cell loss
in CA1 and CA3 regions of Ammon's horn and subiculum as well as
loss of hilar mossy cells in the dentate gyrus [4-7]. In addition to
neuronal cell death, reorganization of synaptic circuits, including
sprouting of mossy fibers and axons of other hippocampal neurons,
is a common finding in both human TLE and experimental TLE
[8-15]. In contrast to mesial temporal sclerosis, neurons of the hippo-
campal formation are mostly preserved in MCD and in tumor-related
epilepsy (TUE) when the tumor does not invade the hippocampal
formation [16-19]. However, in lesion-induced TLE, including TUE, a
few previous studies suggested the involvement of the hippocampal
formation in the epileptogenesis, even in cases when the epileptogenic
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focus was located outside the hippocampal formation and when no
pathological alteration was visible in the hippocampus [20-23]. Recent-
ly, we have shown a common histological alteration in the hippocampal
dentate gyrus in all forms of TLE regardless of the etiology of seizures
[19]. Despite the absence of considerable neuronal death, granule cells
of the dentate gyrus revealed diminished calcium-binding protein
calbindin-D28k (CB) immunoreactivity in MCD and TUE, similar to
what was observed earlier in HS [19,24]. In addition, the decrease of
CB expression in the granule cells correlated negatively with the age
of epilepsy onset and correlated positively with the duration of epilepsy
[19].

Calbindin acts as a calcium-ion sensor and buffer, and it is a potential
eliminator of intracellular calcium in cases when the cell is overloaded,
e.g. in neuronal injuries. However, the role of CB in neuronal cell death
in TLE is unclear; both neuroprotective and deleterious effects have
been reported [25-28]. In knock-out mice lacking functional CB, neuronal
loss following ischemia was not more severe than in wild-type controls.
In contrast, reduced level of CB protein causes impairment of memory
formation in experimental animals [29]. Results from CB-deficient mice
indicated that CB plays an important role in long-term potentiation
(LTP) and synaptic consolidation of hippocampal memory [29,30].
Further support for the possible role of CB in memory formation is that
expression of CB by the granule cells and their axons during postnatal
development correlates with the functional development of the dentate
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gyrus and behavioral maturation of rats [31,32]. Studies in humans show
that morphological maturation of granule cells as indicated by their CB
immunoreactivity is a long-lasting event, and it comes to an end by the
time children are able to solve hippocampal-dependent memory tasks
similar to spatial navigation tasks used in rodent studies [33,34].

In addition to spatial memory, the hippocampal formation plays
an important role in declarative memory, which is suitable for
intentional recall of learned information of facts and events [35,36].
In patients with chronic TLE, impairment of declarative memory has
been demonstrated, and epilepsy severely affects long-term delayed
recall of visual and verbal information [37,38]. Some patients with a
focus in the left temporal lobe could not recall autobiographical
memories from their childhood [39]. Left HS correlated with impair-
ments in verbal episodic memory while visuo-spatial working mem-
ory was affected in right HS [40,41]. In addition, deficiency of verbal
memory in left HS and deficiency of visual memory in right HS were
observed in patients with early-onset, long-term duration and high-
frequency of seizures [42]. Proton magnetic resonance spectroscopy
(H MRS), which is assumed to be suitable for providing information
about neuronal loss and gliosis, revealed correlation between 'H MRS
values and verbal memory scores [43]. Postoperative histological stud-
ies showed that pyramidal cell loss in the removed hippocampal forma-
tion significantly correlated with preoperatively detected memory
impairments of patients [44-49]. Loss of hilar neurons and granule
cells as well as lower proliferative capacity of neuronal precursor stem
cells of the subgranular layer of the dentate gyrus was correlated with
impaired memory function [44,45,47,49,50].

The granule cells of the dentate gyrus are stimulated by entorhinal
excitatory afferents and form the postsynaptic site of the first synapse
of the trisynaptic hippocampal circuit; therefore, they are essential for
memory formation. Moreover, granule cells express CB, a calcium-
binding protein that is critical in hippocampal learning processes
[29,30]. In our present study, we analyzed the possible correlation be-
tween the decrease of CB expression in the granule cells of surgically
resected hippocampal formations and different presurgical learning
and memory functions of patients with drug-resistant TLE.

2. Methods
2.1. Patients
Surgically removed tissues of the hippocampal formation of adult

patients with medically-refractory TLE (n=17) were used. In this
study, we only included those patients who underwent extensive

psychological testing before the operation. Ten of these patients had
HS verified by MRI. In five patients, epilepsy was attributed to MCD,
and in three of these patients, no pathological alterations could be
detected in the hippocampal formation with MRI. Two patients suffered
from epilepsy caused by tumor located in the temporal lobe, but the
hippocampal formation was not invaded. The same cohort of epilepsy
patients was used in our previous study describing the relationship
between CB loss and etiology, but behavioral studies were not included
[19]. Demographic data and clinical findings of the patients are listed
in Table 1.

Epilepsy patients were evaluated in the Department of Epileptology,
Neurology Clinic at the University of Pécs. Video/EEG monitoring was
performed on all patients, and the temporal epileptic focus was identi-
fied. All patients underwent high-resolution brain MR imaging per-
formed on a 3-T MR machine (Siemens Trio, Siemens AG, Erlangen,
Germany) using a special protocol for TLE focusing on the temporal
lobe and especially on the hippocampal formation.

2.2. Neuropsychological testing

Neuropsychological assessment included IQ, verbal intelligence
quotient (VQ) and performance quotient (PQ) testing using the
Wechsler Adult Intelligence Scale. Verbal skills and naming ability
were tested using the verbal fluency test and Boston Naming test. In
the phonemic version of the verbal fluency test, the subjects had to
produce words beginning with the letters F, A, and S in one minute.
In the categorical version of the verbal fluency test, the subjects pro-
duced animals in one minute. In the Boston Naming test, the subjects
named pictures of 60 line-drawing objects. Verbal attention was mea-
sured with the forward version of the digit span task. Visual attention
was assessed using the Trail Making test and the forward version
of the Corsi Block-Tapping task [51]. Visual construction ability and
memory were assessed using the Rey-Osterrieth Complex Figure
(ROCF) test. After copying the ROCF, the patient had to draw it from
memory in delayed recall (30 min). In the ROCF test, a standard
Taylor's scoring system was administered with a maximum of 36
points over copying and memory versions. Each figure was divided
into 18 different blocks. When the subject drew properly placed,
correct blocks, 2 points were given. Properly placed and distorted or
poorly placed and correct blocks were rated with 1 point. Distorted,
poorly placed blocks were scored with half point. In case of absent
or unrecognizable blocks, no points were given [52]. Verbal learning
and memory were tested using a Hungarian version of the Rey audito-
ry verbal learning test (AVLT). Auditory verbal learning test measures

Table 1
Summary of the clinical data of the patients with TLE.
Case no. Age (Y) Gender Age of onset (Y) Duration (Y) Seizure frequency Side of focus MRI diagnosis
1 48 F 2 46 1-2/mo L HS
2 42 F 6 36 10-16/mo R HS
3 24 F 14 10 4-5/mo R HS
4 32 M 24 8 1/mo R HS
5 45 M 6 39 15/mo L HS
6 43 F 5 38 4-5/mo L HS
7 46 F 8 38 1-3/mo L HS
8 47 M 1 46 1-2/mo L HS
9 40 M 2 38 6-10/mo R HS
10 52 M 18 34 1-2/mo R HS
11 28 M 12 16 8-10/mo R Cortical heterotopia; HF is MRI negative
12 34 M 7 27 4-8/mo R Cortical dysgenesis
13 50 F 28 22 3-4/mo R Cortex and HF are MRI negative
14 31 F 12 19 No data R Cortex and HF are MRI negative
15 17 F 10 7 2-3/mo R Cortical and hippocampal dysgenesis
16 28 M 13 15 1/year R Tumor
17 27 M 18 9 No data R Tumor

Abbreviations: Y, years; mo, months; MCD, malformation of cortical development; R, right; L, left; HS, hippocampal sclerosis; M, male; F, female; TLE, temporal lobe epilepsy; MRI,

magnetic resonance imaging; HF, hippocampal formation.
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verbal learning ability using 15 common nouns (A and B lists). Five
presentations of the A list were given. After each presentation, the
subject had to recall the words from the list. Learning over five trials
was evaluated. After the 5th trial, the B list was read, and the subject
had to remember this new list. In the 7th trial, the subject recalled
the A list without auditory presentation. The 8th trial presented
the delayed recall after 20 min. After testing, we evaluated the total
learning score (TL) by the total number of learned words over the
first five trials, short-term retention on the 7th trial as a proportion
of the 5th trial, and long-term retention on the 8th trial as a proportion
of the 5th trial. Learning over trials was evaluated using the equation
of TL— (5x Trial 1). Retroactive interference (RI) was calculated using
the equation of ((Trial 5—Trial 7)/Trial 5)x 100 [53,54].

2.3. Surgical procedure

All surgeries were performed in the Department of Neurosurgery
at the University of Pécs. In patients with HS, a lateral cortical resec-
tion included 3-4 cm of tissue from the middle temporal gyrus and
4-5 c¢m of the inferior temporal gyrus but spared the superior tempo-
ral gyrus on the left side and, in most cases, on the right too when that
side was operated. A subpial aspiration of the uncus was performed
superior to the level of the entorhinal sulcus, limen insulae, and ante-
rior to the M1 segment of the middle cerebral artery. The ventricle
was opened and retracted. The operative microscope was then used
to partially remove the amygdala followed by the pes and head of
the hippocampus. The hippocampus was resected to the level of the
ambient cistern, but the mesial pia was not violated. The body of
the hippocampus was removed separately back to the posterior
bend. In patients with MCD or tumor, in addition to the hippocampal
formation, resection included areas of the temporal lobe occupied by
the tumor or the developmental malformation. Hippocampi of five
non-epilepsy patients with tumors in the temporal neocortex were
used as controls for immunohistochemistry. The temporal lobes
with tumors invading the temporal neocortex but without epileptic
seizures were surgically removed. Lobectomy was necessary to
ensure removal of the tumor-infiltrated tissue that was in the vicinity
of the hippocampal formation. In all five cases, histopathological
examination confirmed that the hippocampi were not invaded by the
tumor cells.

All procedures including the neuropsychological testing and sur-
gery were carried out with the adequate understanding and written
consent of each patient, were conducted in accordance with the
Declaration of Helsinki, and were approved by the ethics committee
of the University of Pécs.

2.4. Tissue processing

Resected hippocampal tissues of the patients were immediately
immersed in 4% paraformaldehyde buffered with phosphate buffer
(0.1 M PB, pH 7.4) and kept for approximately 12 h at room temper-
ature under continuous agitation. Following fixation, 10-mm-thick
blocks perpendicular to the septo-temporal axis of the hippocampal
formation were cut, and the blocks were sectioned with a vibratome
at 80 um. Individual serial free-floating sections were collected and
processed for immunohistochemistry.

An additional tissue block containing the hippocampal formation
was dehydrated, embedded in paraffin and cut with a sliding micro-
tome at 10 um.

2.5. Immunohistochemistry

2.5.1. Immunohistochemistry on free-floating sections

After washing in Tris buffer (TB, pH 7.4) for three times at 10 min
each, the sections were pretreated with a solution of 1% hydrogen
peroxide for 30 min to block endogenous peroxidase followed by

pre-incubation in 1% normal horse serum in TB containing 0.4% Triton
X-100 (Sigma-Aldrich, Hungary) for 1 h. This step was followed by in-
cubation with primary monoclonal mouse anti-CB antibody (1:5000;
Swant, Bellinzona, Switzerland) for 72 h at 4 °C. Additional sections
that underwent the same pretreatment were incubated with primary
monoclonal mouse antibody against a neuronal specific marker
NeuN (1:500; Chemicon, Temecula, CA). Binding sites of the primary
antibodies were visualized with biotinylated secondary anti-mouse
antibody (1:100; 4 h at room temperature) and the avidin-biotin-
peroxidase detection system (1:50; Universal Vectastain ABC Elite
Kit, Vector Laboratories, Burlingame, CA). The chromogen used was
3,3’-diaminobenzidine (DAB, 0.04%). The tissue sections were then
mounted on glass slides and air-dried. Sections stained with NeuN
immunostaining were ethanol series-dehydrated, cleared with xylene,
and cover-slipped with DePeX (Fluka, Switzerland). Sections with
CB immunoreactivity were counterstained with cresyl violet then
dehydrated, cleared, and cover-slipped. Immunohistochemical control
sections were handled in a similar manner except that the primary
antibody was omitted.

2.5.2. Immunohistochemistry on paraffin-embedded sections

Following deparaffinization and rehydration of the sections, micro-
wave antigen retrieval was performed as described previously [55,56].
Briefly, following washes with TB three times for 10 min, the slides
were placed in 80-ml plastic jars filled with citrate buffer (pH 6.0) and
heated in a microwave oven (Optiquick Compact, Moulinex) operating
ata frequency of 2.45 GHz and 800 W power setting. After three heating
cycles of 5 min each, the slides were allowed to cool at room tempera-
ture and were repeatedly washed in TB.

For visualization of immunoreactive profiles under the light micro-
scope, after washing, the sections were preincubated in blocking nor-
mal horse serum (1% in TB; Vector Laboratories, Burlingame, CA) for
1 h. This step was followed by overnight incubation with the primary
mouse monoclonal synaptophysin (SYN) antibody (1:400; Novocastra,
Newcastle upon Tyne, UK) in a humidified chamber at room tempera-
ture. After washing three times for 10 min, binding sites were visualized
with biotinylated secondary antibody (1:100; 2 h at room temperature)
and with the avidin-biotin-peroxidase detection system (1:50; Univer-
sal Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, CA). Using
chromogene DAB (0.04%) and peroxidase substrate hydrogen peroxide
(0.003%) diluted in TB, the immunoreaction was carried out under
visual control, monitoring progress via a light microscope and stopped
by the removal of the DAB followed by washes in TB. The sections
were then counterstained with cresyl violet, dehydrated in ascending
concentration of ethanol, cleared with xylene and covered with
DePeX. Control sections were treated similarly except that the primary
antiserum was omitted from the procedure.

2.6. Quantification

The granule cells of the dentate gyrus were quantified using
a Nikon (Optiphot) microscope attached to a computer running
Neurolucida software (Neurolucida 2.0, MicroBrightField Inc., Williston,
VT). Calbindin-immunopositive and CB-negative granule cells were
counted in both the inner and outer limbs of the granule cell layer
including those cells that were dispersed in the molecular layer of
the dentate gyrus. The proportion of CB-positive granule cells was
expressed as a percentage of the entire granule cell population counted,
and the standard deviation was determined. The number of counted
immunostained non-consecutive sections/patient containing the entire
granule cell layer varied from 3 to 9. All granule cells of the available
sections were counted using the entire depth of the preparation, and
the numbers of granule cells counted per section varied between 1601
and 4720, depending on the size of the dentate granule cell layer. No
differences of the antibody penetration were observed throughout the
thickness of the sections.
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Averages of the rate of CB-expressing granule cells were also
calculated. Subjects whose value was below the average were classified
as low-level CB group, while those above the average belonged to the
high-level CB group.

2.7. Statistical analysis

Linear regression analysis and Spearman's correlation were per-
formed to study the relation of preservation of CB immunoreactivity
in the granule cells of the dentate gyrus and the patients' performance
on the neuropsychological tests. In addition, the relations between
the performance on the neuropsychological tests and the various
parameters, such as the age of onset of epilepsy and frequency of sei-
zures, were evaluated.

3. Results
3.1. General histopathology

In agreement with our recently published results [19] in patients
with HS, cytoarchitectonics of the hippocampal formation visualized
with NeuN immunostaining revealed extensive loss of pyramidal
cells in the CA1 area (Sommer's sector) and neurons of the hilus
and CA3c region of Ammon's horn. Granule cell pathology was
found in all HS patients, and eight out of the ten patients had dis-
persed granule cells in the molecular layer. Bilaminar appearance of
the granule cell layer was observed in two patients with HS. Moderate
thinning of the granule cell layer and small cell-free gaps could be
observed in three patients, respectively, indicating mild loss of granule
cells in HS.

In contrast to the HS, no substantial neuronal loss was observed
either in the CA1 or CA3 pyramidal layers or in the hilus of the

dentate gyrus in MCD-related TLE as well as in MRI-negative cases
and TUE. In one patient who suffered MCD-related epilepsy, mild
end-folium sclerosis could be observed. In three patients, including
the one with mild loss of hilar neurons, bulbous expansions of the
CA1 pyramidal layer were visible, resulting in tectonic malformation
of layers of Ammon's horn as well as the dentate gyrus, as described
earlier [19,57]. In one patient of the MCD group, dispersion of the
granule cells and, in another one, small gaps in the granule cell layer
indicated mild granule cell pathology. In contrast to the HS group, in
which only 20% of the patients had ectopic hilar granule cells, all the
patients with MCD and those with negative MRI findings had relative-
ly large numbers of ectopic granule cells. In patients with TUE, no hip-
pocampal or granule cell pathology could be observed.

Synaptophysin immunoreactivity revealed sprouting of mossy
fibers in 90% of the patients with HS, while no sprouting was ob-
served in the dentate gyrus of patients with MCD- and tumor-
related TLE or in MRI-negative cases (Fig. 1).

Pathological findings of the Ammon's horn according to classifica-
tion described by Wyler et al. [58], Thom et al. [59] and Bliimcke et al.
[60] and that of the dentate gyrus according to the grading given by
Bliimcke et al. [61] are summarized in Table 2. In addition, Table 2
contains pathological findings in the adjacent, surgically removed
temporal neocortex according to the classification of the International
League Against Epilepsy, as well as the diagnosis of the brain tumors
[62].

3.2. CB immunoreactivity in the granule cells of the dentate gyrus

Control hippocampal formations revealed strong CB immunoreac-
tivity in the dentate gyrus. Somata of the granule cells of the entire
granule cell population and their dendrites in the molecular layer of
the dentate gyrus as well as their axons running and terminating in

Fig. 1. Photomicrograph showing sprouting of mossy fibers (B and D) of the dentate gyrus visualized with synaptophysin immunohistochemistry. A: In the dentate gyrus of a
patient with epilepsy caused by tumor, synaptophysin immunoreactivity reveals a light staining (asterisks) in the stratum moleculare (m) above the granule cell layer (g). B: In
a patient with hippocampal sclerosis (HS), intense synaptophysin immunostaining (asterisks) is visible above the granule cell layer (g). C: Synaptophysin immunoreaction reveals
large, intensely stained axon terminals of mossy fibers (arrowheads) in the hilus (h) of the dentate gyrus. D: Intense synaptophysin immunostaining (asterisks) in the molecular layer
(m) above the granule cells (g) and the lack of large mossy fiber terminals in the hilus (h) of the dentate gyrus in a patient with HS. Scale bars: 100 um.
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Table 2
Summary of the histopathological data of the patients used in the study.
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Case Rate of CB Degree of hippocampal pathology Granule cell pathology

FCD or tumor diagnosis

no. expression Wyler Thom Bliimcke Other Bliimcke Layer Gaps Dispersion Bilaminar Hilar ectopic Sprouting

score  score score score thinning granule cells
1 38 3 CHS MTS type 1a — GCP-type 1/2 + - + - - + NA
2 2.25 3 CHS MTS type 1a — GCP-type 1 — + — — + +++ FCD type Illa*
3 16 3 CHS MTS type 1a — GCP-type 2 — — ++ - - + FCD type Illa*
4 39 2 CAlp MTS type 2 — GCP-type 1/2 — + + — — + No FCD
5 18 2 CAlp MTS type 2 — GCP-type 1/2 + - + - - -+ No FCD
6 11 3 CHS MTS type 1a — GCP-type 2 — — + + - ++ FCD type Illa*
7 6 3 CHS MTS type 1a — GCP-type 2 — - + — - ++ FCD type Illa*
8 17.6 2 CAlp MTS type 2 — GCP-type 2 - - + - - ++ No FCD
9 113 2 CAlp MTS type 2 — GCP-type 1/2 + - + - + NA FCD type Illa*
10 173 3 CHS MTS type 1a — GCP-type 1/2 — + — + — + FCD type Illa*
11 104 1 Normal No MTS ™ No GCP - - - - ++ NA NA
12 293 1 Mild EFS  Mild MTS ™ GCP-type 2 - - ++ - ++ NA FCD type Ic**

type 3

13 12.87 0 Normal No MTS — No GCP — — — — +++ - FCD type Ic***
14 19.57 0 Normal  No MTS ™ GCP-type 1 — + — — ++ - FCD type la****
15 16.37 0 Normal  No MTS — No GCP — — - - +++ - FCD type la****
16 402 0 Normal  No MTS — No GCP — - — - — — Intracranial cholesteatoma
17 20 0 Normal  No MTS — No GCP — — — — + - Astrocytoma (WHO grade I)

Abbreviations: CB, calbindin; CHS; classical hippocampus sclerosis; CA1p, partial CA1 loss; EFS, end-folium sclerosis; MTS, mesial temporal sclerosis; TM, tectonic malformation;
GCP, granule cell pathology; FCD, focal cortical dysplasia. FCD type Illa*, FCD type Illa with heterotopic neurons in the cortical white matter; FCD type Ic**, abnormal cortical

Fxk

lamination in the subicular complex; FCD type Ic
FCD type Ia****, FCD type la with blurred boundary between white and gray matter.

the hilus of the dentate gyrus and along the CA3 pyramidal layer
were CB immunoreactive (Figs. 2A and E). In contrast, substantial
reduction of CB immunoreactivity was observed in each case of epi-
lepsy including cases of HS, MCD and TUE (Figs. 2B-D, F-H, Table 2),
and approximately only one-fifth (19.06 4 11.26%) of the entire gran-
ule cell population expressed CB. The rate of reduction of CB expres-
sion, however, was variable among patients, and the proportion of
CB-immunoreactive granule cells relative to the entire granule cell
population ranged between 2.25% and 40.2%. Slight differences could
also be observed between patient groups. Patients with HS were
noted to have great reduction of CB immunoreactivity with an average
of 17.63% CB-immunoreactive granule cells. Similar strong reduction of
CB-expressing granule cell numbers was detected in MCD, and only
17.5% of the cells of the granule cell layer were CB positive. In the TUE
group, one-third of the granule cells of the entire granule cell popula-
tion expressed CB (mean: 30.1%). Since we had patients with a focus
in the left as well as in the right temporal lobe, we compared CB expres-
sion in the left and in the right dentate gyri. The average percentage of
the CB-immunoreactive granule cells among all the granule cells in the
left dentate gyrus was 18.12 4+ 10.89% while it was 20.29 + 11.00% in
the right one. Therefore, no substantial difference could be detected in
CB immunoreactivity of dentate granule cells of the right and left
hippocampal formations.

3.3. Correlation between CB immunoreactivity and patients'
neuropsychological performance

Averaged scores of the neuropsychological data of the patients are
summarized in Table 3. Onset of epilepsy did not show correlation be-
tween test scores. Significant negative correlation was observed be-
tween the frequency of seizures and CB expression (r= —0.56,
p<0.05), and scores of IQ (r=—0.86, p<0.05), VQ (r=-0.72,
p<0.05) and PQ (r=—0.81, p<0.05). Duration of epilepsy had a nega-
tive correlation with the results of the Boston Naming test (r=—0.72,
p<0.05).

Linear regression was calculated between averaged scores of
the verbal and visual memory tests and the rate of CB expression.
Significant linear correlation was found between expression of CB
and scores of short-term retention (F(1,14) =5.98; p<0.05; Fig. 3),
long-term retention (F(1,14) =6.18; p<0.05; Fig. 4), and retroactive

, abnormal cortical lamination in the transentorhinal cortex and lentiform heterotopic neuronal groups in the white matter;

interference of AVLT (F(1,14) =6.03; p<0.05; Fig. 5) of all patients,
regardless of the epilepsy etiology.

Subjects whose dentate gyrus contained less than 19.06 4+ 11.26%
CB-immunoreactive granule cells relative to the entire granule cell
population belonged to the group classified as the low-level CB
group, while those with values above the mean represented the
high-level CB group. A one-way ANOVA test showed significant
differences when scores of short-term retention (F(1,15)=28.08;
p<0.05), long-term retention (F(1,15) =7.15; p<0.05), and retroac-
tive interference (F(1,15) = 8.02; p<0.05) of AVLT of patients that be-
long to low-level CB group were compared to the high-level CB group.
Scores of short-term and long-term retention were higher and that of
retroactive interference was lower in the high-level than in the low-
level CB group (Table 4). Repeated measures ANOVA did not show a
significant difference between low-level and high-level CB groups
during the learning period (first five trials) (F(1,4)=0.322, n.s.).
The largest difference between the two groups was found after the
learning period of the first five trials (F(1,4)=30.31, p<0.0001).
These results indicate that the decrease of CB expression in the granule
cells of the dentate gyrus negatively influences verbal memory scores in
patients with TLE.

However, in these analyses, patients with HS were also involved.
The severe neuronal loss, typical for HS, may also be responsible for
memory impairments, as shown earlier [44-49]. Therefore, patients
were separated into two groups by the etiology and MRI findings. A
group was formed by patients with HS (group I), whereas patients
with TLE caused by MCD, tumor and the MRI-negative cases belonged
to group II. Statistical analysis showed positive linear regression be-
tween CB expression of patients of group Il and scores of short-term
(F(1,5)=13.76, p<0.05; Fig. 6) and long-term percent retention of
AVLT (F(1,5)=15.28, p<0.05; Fig. 7). In contrast, rate of CB immuno-
reactivity in patients with HS (group I) did not correlate with either
short-term (F(1,8)=0.93, n.s.) or long-term percent retention of
AVLT (F(1,8)=0.93, n.s.).

Regarding visuo-spatial memory, no significant linear regression
was seen between CB expression and performance on visual memory
tests. We could not show significant differences between the low-
and high-level CB groups in the visuo-construction part of the ROCF
test (F(1,15)=34), the visual memory part of the ROCF test
(F(1,15)=1.8), Trail Making A (F(1,15)=0.007) and B versions
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Fig. 2. Photomicrograph showing CB expression in the dentate gyrus (DG) of the hippocampal formation in controls (A and E) and in patients with TLE due to HS (B and F), cortical
developmental malformation (MCD, C and G) and tumor in the temporal lobe (TUE, D and H). A: In controls, the entire granule cell population including the somata in the granule
cell layer (g), dendrites in the molecular layer (m) and axons in the hilus (h) and by the CA3 pyramidal layer express CB. B: Large reduction of CB immunoreactivity in a patient with
HS. C: Substantial decrease in CB immunopositivity in the dentate gyrus (DG) of a patient with MCD. D: In TUE, CB immunoreactivity was decreased. E: Somata of the granule cells in
the granular layer (g) as well as dendrites in the molecular layer (m) and axons in the hilus (h) is strongly CB positive. F: Substantial reduction of CB immunoreactivity in the gran-
ule cells in a patient with HS. Arrows point to dispersed granule cells in the molecular layer (m). G: In the granule cell layer (g) of a TLE patient with MCD, most of the granule cells
lack, and only a few of them express CB. H: Reduction of CB immunoreactivity in the granule cell layer (g) in a patient with TUE. Scale bars: 1 mm in A-D and 100 pm in E-H.

(F(1,15)=0.04), digit span forward (F(1,15)=0.36), Corsi span for- demonstrated when rate of CB expression of patients with MCD and
ward (F(1,15) =2.96), Boston Naming test (F(1,15) =0.14), and verbal TUE was correlated to visual memory scores.

fluency with F letter (F(1,15) =47), A letter (F(1,15) =0.015), S letter Using one-way ANOVA, no significant differences were seen be-
(F(1,15)=0.44), or naming of animals (F(1,15) =0.13), analyzed with tween laterality of the focus in short-term retention (F(1,15)=1.9,
one-way ANOVA. In addition, no significant regression could be ns.), long-term retention (F(1,15)=1.8, n.s.), and retroactive
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Table 3
Averaged neuropsychological data of the TLE patients used in this study.

Tests Mean SD
1Q 98.67 14.74
vQ 96.33 15
PQ 103.22 14.95
Copy of ROCF 30.64 5.64
Recall of ROCF 13.76 7.12
Trail Making A (second) 51.35 18.09
Trail Making B (second) 151.81 99.87
Digit Span 4,76 13
Corsi Block 3.88 1.65
AVLT | 5.12 14
AVLT II 747 1.66
AVLT Il 8.12 2.26
AVLT IV 9.47 2.83
AVLT V 9.59 242
AVLT VI 3.82 1.07
AVLT VII 7 3.16
AVLT VIII 7.06 3.56
Boston Naming 53.65 4,04
F letter 11.06 53
A letter 10.12 5.09
S letter 10.53 5.34
Animals 16.53 5.56

Abbreviations: AVLT, auditory verbal learning test; VQ, verbal score of Wechsler
Intelligence Scale; PQ, performance score of Wechsler Intelligence Scale; TLE, temporal
lobe epilepsy; SD, standard deviation: ROCF, Rey-Osterrieth Complex Figure.

interference (F(1,15)=1.98, n.s.) of AVLT. Similarly, no significant
differences were found between laterality of the focus in the visual
memory part of the Complex Figure test (F(1,15) =0.04) and the
visual-construction part of the Complex Figure test (F(1,15)=0.68),
Trail Making A version (F(1,15) =1.27), B version (F(1,15) =0.72), digit
span forward (F(1,15)=0.024), Corsi forward (F(1,15)=1.82), verbal
fluency with F letter (F(1,15)=0.003), A letter (F(1,15)=0.42),
S letter (F(1,15)=0.74), and naming of animals (F(1,15)=0.21), ana-
lyzed with one-way ANOVA.

4. Discussion

The main finding of the present study is that reduction of CB
immunoreactivity in the granule cells of the dentate gyrus cor-
relates with impairment of verbal memory in patients with TLE.
Significant positive association was found between CB expression
in the dentate granule cells and recall phases of AVLT. Higher num-
bers of CB-immunoreactive granule cells were associated with better
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Fig. 3. Linear regression between CB expression in the granule cells of the hippocampal

dentate gyrus and short-term retention scores of AVLT (F(1,14) =5.98; p<0.05) of all
TLE patients including patients with HS.
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Fig. 4. Linear regression between CB expression in the granule cells of the hippocampal
dentate gyrus and scores of long-term retention of AVLT (F(1,14) =6.03; p<0.05) of all
TLE patients including patients with HS.

performance of immediate and delayed recall of learned verbal mate-
rials as well as with lower levels of retroactive interference.

The role of the medial temporal lobe in verbal learning and mem-
ory is well established. Analysis of N400-evoked potentials in the left
temporal lobe predicts performance of recall of learned materials in
TLE patients with AVLT [63]. An event-related potential study showed
the involvement of hippocampal formation and amygdala during
verbal learning and memory, and amnesic patients with hippocampal
lesion present greater impairment in declarative than in procedural
memory [64,65]. In the literature, left HS was correlated with defi-
ciency of verbal, right HS with impairment of visuo-spatial memory,
and the severity of memory deficits was related to the degree of HS
detected with MRI or "H MRS [41-43]. In addition, the degree of pyra-
midal cell loss in Ammon's horn and loss of hilar neurons and granule
cells of the dentate gyrus correlated to memory impairments
[44,45,47-49]. In the present study, we show that not only neuronal
loss but also a more subtle, morphological and neurochemical alter-
ation, namely decreased CB expression in the granule cells of the den-
tate gyrus, is associated with a deficit in memory functions.

The loss of CB in the granule cells is an early and common mor-
phological sign of TLE in humans [24]. Recently, we have shown
that the degree of loss of CB in the granule cells is correlated with
the age of onset and the duration of TLE [19]. This observation along
with that of animal models of epilepsy suggest that decrease of CB
mRNA and protein expression in the granule cells is a consequence
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Fig. 5. Linear regression between CB expression in the granule cells of the hippocampal
dentate gyrus and scores of retroactive interference of AVLT (F(1,14) =6.18; p<0.05)
of all TLE patients including patients with HS.
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Table 4

Mean and SD of the scores of auditory verbal learning tests of patients with higher rate
(high-rate CB group) and lower rate (low-rate CB group) of CB-immunoreactivity in
the granule cells than the average rate of CB expression.

Mean + SD of Mean + SD of
low-rate CB group high-rate CB group
Short-term percent 58.724-25.89 102 +36.84
retention of AVLT
Long-term percent 59+ 26 100.05+437.3
retention of AVLT
Retroactive interference 40.94 + 26 —2.22436.76

of AVLT

Abbreviations: AVLT, auditory verbal learning test; CB, calbindin; SD, standard deviation.

of neuronal hyperactivity [66]. In fact, in animal models of TLE,
the decreased CB expression can be detected only ipsilaterally but
not contralaterally [67]. Autopsy following TLE revealed that loss of
CB in the granule cells was evident in the dentate gyrus only on the
side of the focus [68].

Our results seem to contradict recent results of Martinian et al.
[68] who could not detect a significant correlation between CB ex-
pression and memory function of patients with HS [68]. In HS, howev-
er, memory impairment is also influenced by neuronal loss, not only
by the decreased CB expression of the granule cells. In contrast, in
TLE related to MCD and tumor, neuronal loss is negligible [18,19];
therefore, it does not contribute to the loss of memory function. Our
analyses, done separately on HS patients with severe neuronal loss
and on patients with MCD and tumor, showed a striking difference
between the two groups. While no significant correlation was found
between loss of CB and memory impairment in HS, regression was sig-
nificant when MCD and TUE patients, both without substantial neuronal
loss, were examined. This confirms previous results showing the strong
influence of neuronal loss on memory performance of HS patients
[44,45,47-49] and indicates that the loss of CB in granule cells may
only potentiate the impairment caused primarily by the cell loss. How-
ever, the correlation between the CB expression and the verbal memory
impairment in the group of patients without substantial neuronal loss
highlights the role of CB in cognitive processes such as the hippocampal
learning and memory.

The role of CB in cognitive functions was established in several
studies. Calbindin with its calcium buffer capacity modifies the shape
and time course of intracellular free-calcium spikes [69]. Transgenic
mice with reduced CB expression displayed impairment in LTP and in
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Fig. 6. Linear regression between CB expression in the granule cells of the hippocampal
dentate gyrus and short-term retention scores of AVLT (F(1,5) =13.76, p<0.05) of the
patients with TLE caused by MCD and tumor (group II).
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Fig. 7. Linear regression between CB expression in the granule cells of the hippocampal
dentate gyrus and long-term retention scores of AVLT (F(1,5) =15.28, p<0.05) of the
patients with TLE caused by MCD and tumor (group II).

a spatial learning test, and the memory deficit was more severe in ho-
mozygote than in heterozygote animals indicating a dependence on
the amount of CB expressed [29,30]. The relation between reduction
in CB expression by granule cells and memory impairment was further
established in transgenic mouse models of Alzheimer's disease and
fragile X syndrome. In these transgenic mice, reduced CB expression
in granule cells of the dentate gyrus was linked to cognitive deficits
[70-72]. In human Alzheimer's disease, severe reduction of CB immu-
noreactivity in dentate granule cells was observed, and the degree of re-
duction was age-dependent [70]. Interestingly, we have found that the
reduction of CB expression in granule cells of the dentate gyrus was as-
sociated with verbal but not with visual memory deficits despite the
larger numbers of individuals with a focus in the right hippocampal for-
mation. The lack of correlation between the reduced CB immunoreac-
tivity and the visual memory impairment can be explained by the fact
that visual tasks are not as tightly hippocampus dependent as the verbal
tests. Among the tests used for the visuo-spatial learning and memory,
the ROCF test is considered to measure hippocampal function, while the
other tasks examine attention, executive function and working memo-
ry. Despite the fact that hippocampal formation is involved in spatial
working memory (e.g. in Corsi Block-Tapping test), no reliable working
memory impairment could be detected in HS patients with either a left-
or right-sided focus [40,73]. Studies using the ROCF test to evaluate
memory deficits in epilepsy patients concluded that the ROCF test
lacks the sensitivity to measure right temporal lobe function due to
the possibility for verbalization of many of its components [74,75]. Fur-
thermore, the ROCF test incorporates a wide range of cognitive abilities,
such as visual perception and constructional praxis, in addition to visual
memory [76]. Another explanation for the lack of association between
loss of CB expression in granule cells and the visual memory deficit
can be that visual tasks are less sensitive than verbal tasks. Generally,
verbal memory deficits of patients with left TLE are more consistent
and robust than non-verbal memory deficits in patients with right TLE
[77-79].

Although the right hippocampal formation is typically associated
with visuo-spatial learning and the left one is dominantly connected
with declarative and verbal memory processes, indications of overlap
in their functions were suggested by several studies. Structural MRI
study of the hippocampal formation of London taxi drivers revealed
greater gray matter volume of mid-posterior hippocampus of both
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hemispheres and less gray matter in the head of both the right
and the left hippocampal formations compared to controls [80]. In con-
trast, neuropsychological analysis indicated that taxi drivers performed
better in visual memory tests than the controls; however, their verbal
memory functions were not better. Deficits in topographical memory
following left medial temporal lobe damage were also reported; and
the left as well as the right hippocampus has been observed to be acti-
vated in some neuroimaging studies of navigation [81-86]. In addition,
when figural and spatial memory was examined with the ROCF test in
TLE patients, no relation could be found between memory impairment
and right hippocampal volume reduction, but a strong association
was found with left temporal lobe function [84,85]. In another study,
the involvement of both the right and the left hippocampi was found
in retrieval of autobiographical memories [86]. Similarly, impairment
of retrieval of remote autobiographical memory was observed in
patients with TLE with either left- or right-sided pathology [87]. In ad-
dition, left TLE patients showed selective verbal recall impairment,
whereas right TLE patients had equivalent difficulty with both verbal
and non-verbal recall [87]. This is in harmony with our results showing
that TLE patients with either a left- or a right-sided focus exhibit defi-
cits of verbal memory. Scores of both left and right TLE patients on
short- and long-term retention and retroactive interference of AVLT
were correlated with CB loss in dentate granule cells of both the left
and right hippocampal formations, respectively.

Regarding the role of CB in memory, we suggest that reduction of
CB expression in the granule cells might contribute to memory deficit.
The granule cells of the dentate gyrus receive excitatory afferents
from entorhinal cortex and form the first synapse of the trisynaptic
circuitry, the structural basis of information processing allowing syn-
aptic consolidation during learning. Therefore, alteration of their func-
tion due to decreased CB expression may be a key factor in learning
and memory impairment in TLE without substantial neuronal loss,
such as TLE due to MCD and TUE.
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