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ABSTRACT

The human entorhinal cortex islocated in the ventromedial portion of the temporal 1obe and consists of
eight subfields. It has reciprocal connections with the hippocampus and various other cortical and subcortical
structures, and thus forms an integral component of the medial temporal |lobe memory system. The entorhinal
cortex is damaged in the early stages of Alzheimer’s disease (AD) and also in temporal 1obe epilepsy (TLE).

The present studies characterize the normal neuronal organization of the human entorhinal cortex using
calcium-binding protein immunohistochemistry €.g., parvalbumin, calretinin, and calbindin D28k, hereafter
referred to as calbindin) and lucifer yellow microinjections. Moreover, the changes in the entorhinal neuronal
populations containing the three calcium-binding proteins are described for AD. The reorganization processesin
the entorhinal cortex and in its hippocampal target areas in normal and diseased brain were also studied with the
aid of highly polysialylated neural cell adhesion molecule (PSA-NCAM), which is abundantly expressed in the
developing brain, aswell asin brain areas that undergo continuous remodeling.

The major findings of these studies were: 1A) The distribution of calcium-binding proteins largely
followed the cytoarchitectonic borders of the eight subfields of the entorhinal cortex. Parvalbumin neurons were
morphologically interneurons. Although calretinin and calbindin were localized in non-pyramidal cells, they also
labeled some pyramidal-like neurons. The high density of non-pyramidal neurons containing these calcium-
binding proteinsin layers Il and |11 suggests they form a critical network that controls entorhinal outputs to the
hippocampus. In addition, their largely non-overlapping distribution suggests that each neuron type modulates a
different subset of topographically-organized entorhinal outputs. 1B) Based on the shape of the somata and
primary dendritic trees, spiny neurons were divided into classical pyramidal, stellate, modified stellate, and
horizontal tripolar cells. Vertical extension of the dendritic branches to adjacent layers supports the idea that
inputs terminating in specific layers influence target cells located in various entorhinal laminae. There is more
overlap in the dendritic fields of layers |l and I11 than between the superficial and deep layers, which supports the
idea of segregation of information flow targeted to superficial or deep layers of the human entorhinal cortex. 2) In
AD, the most profound neuronal loss and neurofibrillary tangle formation was observed in the intermediate,
lateral, and caudal subfields of the entorhinal cortex. Parvalbumin- and calbindin-containing non-pyramidal
neurons were morphologically atered early in the entorhinal pathology, whereas calretinin-containing non-
pyramidal cells were morphologically better preserved. Our findings suggest that the specific subfields and layers
of the entorhinal cortex that contain distinct calcium-binding proteins are differentially vulnerable. This might
impact the topographically-organized inputs and outputs of the entorhinal cortex. 3) In the entorhinal cortex, the
major changes in PSA-NCAM immunoreactivity were observed in layers 1| and |11 of AD and TLE patients when
compared to controls. In hippocampus, the PSA-NCAM immunoreactivity in the outer molecular layer of the
dentate gyrus was increased in AD, whereas the inner third of the molecular layer had major changesin TLE. In
TLE cases with mild overall neuronal loss in the hippocampus and in AD, the number of PSA-NCAM positive
infragranule cells was increased whereas no PSA-NCAM positive infragranule cells were observed in cases with
severe hippocampal damage in TLE. Whether the loss of granule cellsin TLE isrelated to the reduced capacity for
granule cellsto differentiate remains to be explored.

Taken together, the human entorhinal cortex is formed of neurochemically heterogeneous subfields in
which information flow is presumably differentially modulated by local interneurons. The pathologic changes
occuring in AD and TLE do not involve the entire entorhinal cortex to the same extent, and some neuronal types
are more vulnerabl e than others. In addition, the reorganization of neuronal circuitries takes place in the entorhinal
cortex and in its hippocampal target areasin AD and TLE.

Nationa Library of Medicine Classification: WL 359, WL 385

Medical Subject Headings: Alzheimer’ s disease; entorhinal cortex; hippocampus; epilepsy, temporal lobe;
neuronal plasticity; calcium-binding protein/analysis; nerve fibers; calretinin/analysis; calbindin/analysis;
parvalbumin/analysis; NCAM/analysis
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ABBREVIATIONS

AD
CA
CAM
CERAD
CNS
EC
ECL

El

ELc
ELr
EMI
EO

ER
GABA
GAD
GFAP
g
NCAM
PSA
TLE

Alzhame’ s disease

Cornu Ammonis

cdl adheson molecule

The Consortium to Establish a Regigtry for Alzhemer’s Disease
central nervous system

entorhina cortex, caudd subfidd

entorhina cortex, cauda limiting subfield
entorhind cortex, intermediate subfield
entorhind cortex, latera caudad subfidd
entorhind cortex, laterd rostral subfied
entorhind cortex, medid intermediate subfied
entorhina cortex, olfactory subfied

entorhind cortex, rogrd subfidd
gammaamino butyric acid

glutamate decarboxylase

glid fibrillary acidic protein

immunoglobulin

neurd cdl adheson molecule

polysdic acid

tempora lobe epilepsy
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1. INTRODUCTION

The sudy of media tempora |obe structures has been revolutionized during the last haf century. The
beginning of this revolution was due partly to patient caled HM, who underwent surgery for epilepsy
during which the medid portions of the tempora |obes were removed bilaterdly (Scoville and Milner
1957). After this operation, HM was unable to store and retrieve new information about events. The
magnetic resonance imaging data of HM describing the exact aress that were removed was only
recently published (Corkin et a. 1997). The resection extended gpproximately 5 cm posteriorly in
both hemispheres including the amygdda, perirhind and entorhina cortex, and the anterior
hippocampus. Knowledge of the structures necessary for memory formation is increasing due to the
contributions of HM and other amnestic patients (Rempel-Clower et a. 1996), monkey models of
amnesia (Alvarez et d. 1995, Leonard et d. 1995, Zola-Morgan et d. 1989a, Zola-Morgan et d.
1993), and new functiond magnetic resonance imaging techniques (Fernandez et a. 1999,
Fernandez et d. 1998).

The entorhind cortex (Brodmann's area 28), a structure involved in memory, is located on the
ventromedia surface of the temporad lobe (Garey 1994, Insaudti et a. 1995). The length of the
entorhina cortex from the most rogtrd tip to its caudal end is 2.5 to 3 cm. Rogtrally, the entorhina
cortex is located benegth the amygdaloid complex and more cauddly beneath the hippocampus.
Recent dudies indicate that the rodent, monkey, and the human entorhind cortex ae
chemoarchitectonicaly, cytoarchitectonicaly, and connectiondly heterogeneous structures (Amard
et d. 1987, Insausti 1993, Insaudti et d. 1997, Insaudti et d. 1995). The human entorhina cortex
can be divided into eight subfields based on these differences (Insaudti et d. 1995). The contribution
of the entorhinal cortex to memory can be understood in terms of its cortica and subcortica
connectivity. First, neuroanatomic studies in monkey indicate that this cortic area receives a strong
convergence of information from cortical and subcortical aress (Insaudti et d. 19873, Insaudti et d.
1987b, Van Hoesen and Pandya 1975a, Van Hoesen et a. 1975, Van Hoesen and Pandya 1975b,
Van Hoesen et d. 1972). Second, the entorhinal cortex has robust projections from layers 11 and 111
to the hippocampus (Witter and Amara 1991). Third, the hippocampus, in turn, has connections to
layer V of the entorhind cortex, which projects to the neocortex (Witter 1993). Thus, the entorhina
cortex communicates not only with the hippocampus, but dso with the rest of the cortex. In addition
to funnding information from the neocortex to the hippocampus, the entorhinal cortex has active
properties that contribute to the signa processing. The locd interneurons have criticad role in
contralling this informetion flow.

The entorhind cortex is affected in Alzheimer’ s disease (AD) (Brask and Braak 1991, Gomez Ida et
a. 1996, Hyman et a. 1984) and in temporal lobe epilepsy (TLE) (Du et a. 1995b, Du et d. 1993).
In these diseases, the pathologic changes do not involve the entire entorhind cortex to the same
extent, but some neurona types are more vulnerable than others. For example, certain neurond
subpopulations of layers Il and V contain pathologic neurdfibrillary tangles in early AD, whereas
neurons in layers 11l and VI rardy have tangles (Hyman et d. 1984). In TLE, instead, certain cdll
populations of layer 1l are log (Du & d. 1993). Redivdy little is known about the norma
morphology of the neurons of the human entorhind cortex. Cacium-binding proteins, a group of
cytosolic proteins, are primarily locaized in inhibitory interneurons in rat, monkey and, human, and
thus provide a marker for loca interneurons (Andressen et d. 1993, Bambridge et d. 1992). Very
few gpecific markers for principd cdls are avalable, and thus various intracdlular filling techniques



are important for morphologic sudies of the principa cdls. Investigation of the laminar organization
and digtribution of interneurons and principa cdls in the human entorhinad cortex would provide
vauable basdine information about the circuitry of the human entorhind cortex. Furthermore, the
sudy of cdl fate and the morphologic changes of various neurona populations, as well as the
possihility of neurona reorganization in neurologic disorders, would extend our understanding of the
pathologic processes occuring in this brain area

The reorganization and pladticity of the centra nervous system are controversa issues. Are the
dructures and connections between neurons in the centrd nervous sysem formed only during
development? Ramon y Caa expressed his view in 1928 (Ramon y Cga 1928): “...once the
development was ended, the fonts of growth and regeneration of the axons and dendrites dried up
irrevocably. In adult centers, the nerve paths are something fixed, ended, immutable. Everything may
die, nothing may regenerate.” Or, is the centra nervous system aways changing its structure to adapt
to the demands of the outer world? The hippocampus and adjacent structures which are important
for learning and memory, are the mgor candidates for continuous remodding that occurs throughout
life. Indeed, there are new findings suggesting that neurogenes's continues throughout the humean life
in the dentate gyrus (Eriksson et d. 1998). Leson studies in which known connections are lesioned
and changes in projection brain area are examined are used to explore Structura plagticity in anima
modds. The impact of entorhind cortex lesions on the function of the hippocampa loop is widdy
studied (Deller and Frotscher 1997). Neurd cell adheson molecules, which are important in neura
migration, neurite outgrowth, and axond branching during the development of the nervous system,
are dso involved in gructurd rearrangement and leson-induced pladticity (Doherty et a. 1995,
Rutishauser and Landmesser 1996). For example, the expresson of immature highly polysidylated
form of the neurd cdl adhesion molecule (PSA-NCAM) increases in the denervated regions of the
rat bran (Miller et d. 1994, Styren et d. 1994). Pladticity of human hippocampus can be studied in
AD and TLE. Essentid questions are related to the ability of the central nervous system to modify its
gructure following epileptic insults or in AD, and to the region-specific differences in pladticity ingde
the centrad nervous sysem. One crucid question that remains is whether pladticity is adways
beneficid.

In the present series of gudies, the intringc organization of the human entorhind cortex was
characterized usng cacium-binding proteins (e.g. parvabumin, caretinin and cabindin D28K;
hereefter referred to as cabindin) which are known to labd different types of interneurons and
certain types of pyramida neurons in the mammdian brain. Furthermore, the organization of the
entorhind cortex was sudied udng intracelular microinjection techniques in lightly fixed human
entorhinal cortex. The digtribution and the morphology of the cells and fibers immunoreactive for
these three cacium-binding proteins were compared in the norma adult human entorhind cortex.
Moreover, the changes in those neurona populations were described in Alzheimer’s disease. The
reorganization processes in the entorhind cortex and in its hippocampd target areas in norma and
diseased brain were evauated using PSA-NCAM, which is expressed abundantly in the developing
brain and in brain regions that undergo continuous remodeling.



2.REVIEW OF THE LITERATURE
2.1. Location and histologic appear ance of the human entor hinal cortex

2.1.1 Location and the adjacent structures of the human entorhinal cortex

The entorhind cortex is a part of the hippocampa formation, the other areas of which are the
hippocampus proper, dentate gyrus, and subicular complex (Amara and Insausti 1990). The
entorhina cortex is located in the rostra haf of the ventromedia surface of the tempora Iobe. The
name “entorhind” refers to its location insde the rhind sulcus, in the olfactory area. The entorhind
cortex is gpdialy associated with the amygdaloid complex rograly and hippocampa formation
cauddly. The entorhind cortex extends from gpproximately 5 mm rogtrd to the beginning of the
amygdaa and cauddly it extends to the mid-levels of the hippocampus. The structures that dign with
the entorhind cortex medidly vary a different rostrocaudd levels. At its rodrd portion, the
entorhind cortex is medidly attached to the periamygdaoid cortex and more cauddly it is attached
the subiculum. The laterd border islocated in the medid or latera bank of the collaterd sulcus, and
the entorhinad cortex is near the perirhina cortex. The grict border between these cortices is not
eadly determined and the trangtion area is often cdled transentorhina cortex (Bragk and Bragk
1985). The entorhind cortex is aso near severd arteries, such as the interna carotid, posterior
communicating, anterior choroidal, and posterior cerebra arteries (Insaudti et d. 1995).

2.1.2 Histologic appearance of the human entorhinal cortex

The human entorhind cortex was identified as a separate region since early in the 20th century
(Insaugti 1993). Ramon y Cgd illugrated it in 15-day old human infants, where he was able to
differentiate seven layers (Ramon y Cga 1995). Brodmann (1909) cdled this region area 28 or
entorhina cortex (Garey 1994). The human entorhind cortex consgts of ax different layers, dthough
different laminar definitions also exist (Amard et d. 1987, Braak 1980, Insaudti et a. 1995, Lorente
de No 1933, Ramon y Cgal 1995) (See Table 1).



Table 1. Nomenclature of the entor hinal laminae (modified from Schmidt et al. 1993).

Braak, 1980, | mol | prea | preb |preg |Ld pri-a |pri-b | pri-g | lcp

human

Ramon y Cagal, |1 2 3 4 5 6 7
rabbit, mouse,

human

Lorente de No, | | I [ Ma| IV \% \

1933, mouse

Amaral et al., I [l 1 v Vv Vi
1987, monkey

Insausti et al., || [ 1 \Y \Y VI
1995, human

(Lcp) = Lamina cdlularis profunda; (Ld) =Lamina dissecans, (mol) = molecular layer; (pre-
a, preb, preg) = layers of the principal external stratum; (pri-a, pri-b, pri-g) = layers of
the principal internal stratum.

The nomenclature and numbering system described by Insaudti et d., (1995) is used in this series of
dudies. The nomenclature is synonymous with the nomenclature used for monkey by Amard et d.,
(1987).

Layer | is composed mainly of fibers and occasiond cdlls. Layer 1l is the most congpicuous layer,
conggting of cdl idands of polygond and often star-shaped cdlls. The cdl idands of layer Il are
different in shape, depending on the rostrocauda and mediolaterd location. Layer [11 is composed of
the superficid portion where neurons are often clustered together and of the deep portion with
homogeneoudy-arranged neurons. Layer 1V is ether present or absent depending on the subfield.
This layer is a cdl-sparse stratum between the smaller pyramida cdlls of the layer 111 and the larger
pyramidd cells of layer V. Layer V isformed of darkly-stained pyramidd cdls. In the rogtrd leves,
the layer V is largdy fused together with layer VI, whereas in more caudd leves it is clearly
separable from layer VI. At the rostrd levd, layer VI invades the white matter, whereas in the more
caudd levesit is strictly separated from white matter (Insaudti et a. 1995).

Severd subfields of the entorhind cortex have been described based on the cytoarchitectonic
differences. Depending on the researcher this brain region has been divided into three (medid,
intermediate and lateral) to 23 subfields (Insausti 1993). In 1995, Insaudti et d. described eight
entorhind subfieds of the human entorhind cortex according to cytoarchitectonic criteria resembling
the nomenclature used for monkey entorhina cortex by Amarad and colleagues in 1987. These
aubfidds are: Olfactory subfidd (EO), Laterd rostra subfidd (ELr), Rostra subfidd (ER), Medid



intermediate subfidd (EMI), Intermediate subfied (El), Laterd caudd subfidd (ELc), Caudd
aubfidd (EC), and Caudd limiting subfidd (ECL; Fig. 1).

1) The Olfactory subfield (EO). The EO is the rosiral-most area wrapped around the amygdda. It
is characterized by a very thin layer 11 and clumps of neurons in the superficid portion of layer 111.
The deep portion of layer 11l gradudly changes to layer V without a clear acdlular gap. Layers V
and VI are fused together.

2) The Lateral Rostral subfield (ELr). The ELr is located laterdly to EO and it typicaly has a
thicker layer Il and clear cdlular clusters of layer 11. The acdlular zone is more distinct between
layers1il and V. Furthermore, layersV and VI are more easily identified as separate layers.

3) The Rostral subfield (ER). The ER is interspersed between the EO and ELr in more cauda
sections. It dso has neurons clustered in the superficid portion of layer 111, but they are organized
and not scattered asin the EO. LayersV and VI are fused together.

4) The Medial Intermediate subfield (EMI). The EMI is locaed medidly beneeth the
hippocampus. The typica cytoarchitectonic features are athin layer 111, clearly demarcated layersii|
and V (layer IV is particularly broad), and also clearly demarcated layersV and VI.

5) The Intermediate (El). The El is located near the EMI. The El has the most typica appearance
of the entorhina cortex with its wart-like devations of layer 11, by which the entorhina cortex can be
macroscopicaly identified. The El has clear cdlular clusters in layer 1I. Layer |ll has scattered
neurons, that do not form clear clumps. Layers V and VI are distinguishable, but the acdlular layer
between them is not aswide asin the EMI.

6) The Lateral caudal subfield (ELc).The ELc limitsthe El laterdly. The cdl idands of layer Il are
smdler and more elongated compared to the adjacent El. LayersV and VI are fused.

7) The Caudal subfield (EC). The El is caudaly replaced by EC. The EC has rather rounded layer
Il cdl idands. Layer |1l israther uniform. The acellular zone between 111 and V is absent.

8) The Caudal Limiting subfield (ECL). In the ECL, layer 111 becomes thinner and fuses with layer
V. LayersV and VI are clearly demarcated by the acdllular zone.
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Figure 1. Eight subfields of the human entorhinal cortex from rostral (A) to caudal (D).

2.2 Connections of the entorhinal cortex

2.2.1 Cortical and subcortical connections of the entorhinal cortex

Anatomic tract-tracing studies in primates and rodents revea widespread connections between the
entorhina cortex and many cortica, subcortica, and hippocampa Structures (summarized in Figs. 2
and 3) (Witter 1993). Two-thirds of the neocortica information projecting to the entorhina cortex is
conveyed via the perirhind and parahippocampa cortices (Insaudti et d. 1987a). Thus, the perirhina
cortex and the parahippocampa cortex form the great mgority of the inputs to the entorhina cortex
(Suzuki and Amara 1994b). Most of the connections to the entorhinal cortex are reciproca (Witter
1993) and thus prominent efferents from entorhind cortex terminate in the perirhind and
parahippocampa cortices (Suzuki and Amaral 1994b). The olfactory structures are the only primary
sensory systems that have direct projections to the entorhina cortex (Insausti et d. 19874). There
are dense anterior cortica projections from the infraimbic and orbitofronta cortices to entorhina
cortex (Insaudti et al. 1987a). Podteriorly, the orbitofrontal cortex is connected with insular cortex,



and the insular cortex, in turn, is connected with the perirhind cortex and entorhind cortex (Insausti
et d. 1987a). The cingulate cortex also innervates entorhinal cortex (Insaudti et a. 1987a).

There are numerous subcortica connections. The cholinergic fibers of the basa forebrain project to
the entorhind cortex (Insausti e d. 1987b). Emotionaly-controlled information comes from the
amygdala, where projections are derived from the cortical nucleus and the basolatera and latera
nuclel (Insaudti et a. 1987b). From the brain stem, serotonergic afferents to the entorhina cortex
originate in the rgphe nuclel, and noradrenergic inputs arise from the locus coeruleus and ventra
tegmentd area (Insaudti et a. 1987b). Thdamic afferents from reuniens nuclel and anterior thaamic
nucle aso innervate the entorhina cortex (Insaudti et d. 1987b). These numerous connections to the
entorhina cortex project to various layers and various subfidds (Figs. 2 and 3).

2.2.2 Hippocampal connections of the entorhinal cortex

The mogt studied efferent connection of the entorhina cortex is the route between layer 11 of the
entorhind cortex and the molecular layer of the dentate gyrus (Witter and Amard 1991). This
connection, aso caled the perforant pathway, is consdered to be the mgor route for communication
between the neocortex and the hippocampus. In rodents and primates this projection connects the
rosromedia entorhinal cortex with the rostra hippocampus and the caudolateral entorhind cortex
with the caudal/septa hippocampus (Witter and Amaral 1991) (Fig. 4). The intringc circuitry of the
hippocampd formation is well-described in rodents and primates (Witter 1993). The axons of
neurons in layer |1 of the entorhind cortex reach the dendrites of granule cells in the outer portion of
the molecular layer of the dentate gyrus. The granule cell axons (mossy fibers) innervate the dendrites
of the CA3 pyramida cells, which in turn project to the CA1 region. From the CA1 region and the
subiculum, the network loop is closed when the axons of CA1 and subicular neurons reach the layer
V of the entorhina cortex. Layers V and VI, in turn, project back to the cortical and subcortica
structures (Good and Morrison 1995). In addition to the layer 11 connection, there is dso a direct
route from layer 111 to stratum lacunosum moleculare of CA1 region. (Fig. 5)
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Figure 2. Entorhinal inputs and outputs of different layers.
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Figure 4. Topography of the entorhinal-hippocampal connectivity. The neurons located in
the medial entorhinal cortex project to rostral hippocampus, whereas neurons located in
lateral entorhinal cortex project to caudal hippocampus.



Fig 5. Entorhinal-hippocampal connectivity. The neurons located in the layer Il of
entorhinal cortex (EC) project to the granule cel dendrites located in the outer two-thirds
of the molecular layer (oml) of the dentate gyrus (DG) (1). Layer 111 neurons of the
entorhinal cortex project to stratum lacunosum moleculare (ml) of CA1 (1).

2.3 Therole of theentorhinal cortex in memory formation

Long-term cognitive memory, aso caled declarative memory, is dependent on the media tempora
lobe structures, conssting of the hippocampus, and the entorhind, perirhind and parahippocampa
cortices (Squire and Zola 1996). The media tempora lobe structures are functionally responsible for
memory involving specific events, i.e. episodic memory, and memory for factud information, i.e.
semantic memory (Squire and ZolaMorgan 1991). Many studies indicate that these structures are
respongble for long-term memory formation. After some period of time, however, the memories
become independent of the media tempora |obe structures (Squire and ZolaMorgan 1991).

Therole of entorhind cortex in this medid tempora lobe memory system can be understood in terms
of its connectivity. The anatomic organization of the medid tempord lobe Structures is hierarchicd,
and in this organization the entorhind cortex forms a bi-directiond gateway. Thus, the perirhind
cortex (responsible for qudity of visud stimuli) and parahippocampd cortex (responsble for simulus
location) are at the one end of a chain of feedforward projections from the unimodal and polymodal
cortical aress to the entorhina cortex (Suzuki and Amaral 1994a). The entorhind cortex then
forwards this sensory information to the hippocampus via the perforant pathway and receives the
hippocampal information after processing by the hippocampa loop (Amara 1993).

Significant memory impairment in monkeys is observed when the hippocampus, dentate gyrus, and
subicular complex are lesioned (Alvarez et d. 1995). Entorhina and perirhind ablations aone adso
produce memory deficits (Leonard et a. 1995, ZolaMorgan et d. 1989b). This indicates that
multiple areas of the medid tempord lobe contribute to norma memory function. It is gtill uncleer,
however, whether each of the medid tempord |obe regions performs essentidly smilar mnemonic
tasks so that the deficits become more severe when more of the processing regions are removed. On
the other hand, these regions might have their own function that is independent of the others. Recent



functionad magnetic resonance imaging studies indicate that the activation level of the entorhina cortex
predicts whether experiences will be remembered or forgotten (Fernandez et d. 1999).

2.4. Neuronal populations and chemoar chitectonics of the entorhinal cortex

2.4.1 General

There are numerous methods for differentiating neurons into various subclasses. Classicdly, neurons
are divided according to (1) location of the somata {.e., brain area and layer) (2) morphologic
characteridtics i.e., shape of the somata .g., rounded, polygond), geometry and orientation of
dendrites (e.g., multipolar or bipolar; horizontd or verticd), spine dendty (e.g., no spines, sparsay
spiny, numerous spines), (3) axona projection areas (loca or to what brain area the neuron projects)
or collaterd arborizations of axon. On the other hand, neurotransmitters .9., GABA, glutamate,
etc.), receptor-types (e.9., NMDA-receptor, muscarinic receptor, etc.) or certain other markers
that the cell contains (e.9., cdcium-binding protein) differentiate one type of neuron from another.
Furthermore, various neurond types have differences in their eectrophysiologic characters or in the
precise stimulus that activates the neuron (e.g., light or darkness, or certain specific place within the
environment).

2.4.2 Golgi studies and intracellular filling studies

Classc Golgi dans or intracdlular filling techniques have been used for charecterizing the
morphologicdly variable cell types of the entorhinad cortex (Carboni et d. 1990, Germroth et 4d.
1989, Germroth et a. 1991, Lorente de No 1933). In primates and rodents, the neurona
populations of the entorhind cortex can be divided into projection cdls (aso cdled principa cdls),
the axon of which projects to another brain area, and into locally arborizing non-projection cells (dso
cdled interneurons, non-pyramida cells, or non-principd cdls) (Bdichenko 1993, Germroth et d.
1991). The projection cdls and non-projection cells have been further divided into several classes
according to their somd and dendritic morphology.

Recently, the projection neurons of the rat entorhind cortex were divided into spiny pyramidd,
pyramid-like, spiny gellate of various types, and sparsdly spinous horizonta and multipolar cells
(Germroth et d. 1989, Germroth et a. 1991, Schwerdtfeger et d. 1990). The non-spiny or sparsely
spiny multipolar or bipolar neurons are mainly locally arborizing types. In monkey, the neurons of the
laterd entorhind cortex are classified on the bads of their dendrites and pine densities into spinous
and sparsaly spinous types (Carboni et d. 1990). Golgi methods were used in the early studies of
mammaian entorhinal cortex by Ramon y Cgd and Lorente de No Lorente de No (1933). In layer
I, they observed dar cells and cdls with horizontal axis cylinders. In layer 111 they observed
pyramidd cdls and spindle cdls. In layers V and VI, they described pyramidd and horizonta cdlls,
globular cdls, and polygond cdls. Thus far, no specific nomenclature for neurons in the human
entorhind cortex has been presented, athough some neurona populations have been described
(Bedll and Lewis 1992).

2.4.3 Calcium-binding proteins as neuronal markers and their functional aspects



Certain cdl populations of the entorhind cortex can be characterized with the aid of cacium-binding
proteins (i.e, parvabumin, cdretinin and cabindin D28k) immunohistochemistry. There are,
however, more than 200 calcium-dependent proteins that are involved in Ca&* buffering and
transport, regulation of enzymes, differentiation, and secretion, as well as promoting neurite extenson
(Heizmann and Braun 1995). The cacium-binding proteins are a group of homologous proteins that
contain a characteristic structure, that consists of pouches for the acceptance of Ca®*. The best
known calcium-binding protein is calmodulin, the conformation of which changes after binding Caf*.
The binding of C&™* to calmodulin then triggers the activity of the neighboring enzymes (Heizmann
and Braun 1995). Many other ccium-binding proteins are less versdtile in ther function. Mice with
reduced calbindin expression, however, are impaired in memory tasks (Molinari et a. 1996).
Furthermore, cabindin or cdretinin are involved in long-term potentiation (Molinari et a. 1996,
Schurmans et d. 1997). Cdretinin and cabindin aso promote resstance to degeneration by
buffering the intracdlular calcium concentrations (Guo et d. 1998, McMahon et a. 1998). Cdls
containing caretinin and cabindin are resgant to kainate in vitro, though parvabumin-containing
neurons are gill vulnerable (Heizmann and Braun 1995). Furthermore, there are differences in the
ability of these molecules to bind cacium: parvalbumin is a dower Ca* buffer than cabindin,
because M¢f* has to dissociate from parvalbumin before it can bind Ca2* (Heizmann and Braun
1995). In addition, the specific cacium-binding protein content seems to be related to the differential
receptor subtype expressed by the neurons (Kondo et a. 1997) or to electrophysiologic properties
(Du et d. 1996, Kawaguchi and Kubota 1993). It is dso possible that there are differences in vivo
in the vulnerability of these neurona subtypes in neurologic diseases. In fact, various calcium-binding
protein-containing cells are resstant or decreased in number and size depending on the disease, brain
areaor cacium-binding protein type studied (Heizmann and Braun 1995).

The main use of the antibodies againg cacium-binding proteins is the labding of specific neurond
pathways, nuclei and brain areas, and neurond populations. Anima studies indicate that certain
cacium-binding proteins are good markers for certain types of non-pyramidd cells, which are mainly
GABAemgic, but dso for certain pyramidd cdls, which are non-GABAergic. (Andressen e d.
1993).

Parvalbumin (12 kDa) is a marker for basket cells (Andressen et a. 1993, Katsumaru et a. 1988)
i.e., interneurons that form contacts with the somata of other neurons and for chanddier cells that
form severd contacts with the axon-initia segments (Andressen et a. 1993, DeFdipe et d. 1989b,
Katsumaru et a. 1988, Sorvari et d. 1995). In rats, dl parvabumin-immunoreactive neurons of the
entorhinal cortex are dso GABA-immunoreactive (Miettinen et d. 1996). Thus, parvabumin-
positive neurons are thought to be responsible for inhibition, especialy in the perisomatic region. The
cdl bodies of parvadbumin cells are often described as multipolar and no spines are observed on their
dendrites (Schmidt et a. 1993). The parvabumin-postive neurons comprise less than 10% of the
total neurond population (Andressen et d. 1993).

Calretinin (29 kDa) is located in bipolar and verticdly-oriented multipolar neurons that form
contacts with pyramida and non-pyramida cell dendrites (Andressen et a. 1993, Freund and
Buzsaki 1996). Furthermore, cdretinin-containing cells that have the morphologic appearance of
Cga-Retzius neurons are observed in layer | in the human neocortex (Belichenko et a. 1995,
Gabbott et d. 1997). On the other hand, certain pyramidd cdlls in the human prefrontd cortex are
aso caretinin-postive (Gabbott et al. 1997).



Calbindin (28kDa) is located in non-pyramida cells that form contacts mainly with dendrites of
other neurons (Andressen et d. 1993). The cabindin postive neurons are often radidly-oriented
bipolar neurons that form a populaion of double bouquet neurons (Andressen et a. 1993).
Cabindin is dso found in faintly-stained pyramida neurons (Ferrer et d. 1992). It is estimated that
cabindin-positive neurons form less than 5% of dl neurond populations (Andressen et a. 1993).
Approximately, 70% of the cdretinin or cabindin neurons in the human tempord lobe are
GABAergic (dd Rio and DeFelipe 1996). Taken together, certain calcium-binding proteins label
morphologicaly, connectiondly, and presumably eectrophysologicdly variable cdl populations,
which makes them important tools for anatomic sudies.

2.4.4 Chemoar chitectonic heterogeneity of the entorhinal cortex

Neurotransmitters and various peptides have a didinct digribution in the various layers of the
entorhind cortex, as wel as in various subfidds. The man excitatory output from the entorhina
cortex to the hippocampus utilizes glutamate as a neurotransmitter (Koéhler 1986a, Kohler 1986b,
Solodkin and Van Hoesen 1996). Some of the neurons of layers Il and Il are cabindin-
immunoreective or neurofilament protein-immunoreective (Bedl and Lewis 1992). Furthermore,
these neurons of layers 1l and 11 are cytochrome oxidase-immunoreactive (Hevner and Wong Riley
1992). The main inhibitory transmitter of the entorhina cortex is GABA and, as in other brain aress,
many of the GABAergic interneurons co-locdize with cacum-binding proteins in rat, monkey, and
human in alamina-specific manner (Bedl and Lewis 1992, Brion and Resibois 1994, Miettinen et d.
1996, Miettinen et al. 1997, Seress et d. 1994, Seress et d. 1993, Tunon et d. 1992). The typicd
feature of the entorhind cortex is tha the layer 1l projection neurons are heavily innervated by
GABAegic basket-like terminas, which are parvabumin immunoreactive (Solodkin and Van
Hoesen 1996). The inhibitory terminas of layer I in monkey (Symmetric syngpses) are more
numerous in the intermediate, laterd, and caudd subfields and not as common in the rogtra portions,
amilaly to parvabumin immunoreactivity (Goldenberg et d. 1995, Tunon e d. 1992).
Dopaminergic staining is most conspicuous in the rogrd part of the monkey entorhind cortex (Akil
and Lewis 1993), whereas the cholinergic fibers in the human are more redtricted to laterd and
caudal portions (De Lacale et d. 1994).

In addition, various receptor subunits have lamina-pecific locdizations in the entorhina cortex.
Labeling of mRNA for a glutamate receptor subunit (GluR?2) is didtributed in a laminar manner with
paticularly high levels of labding in the cdlular clusers of layer 1l of the human entorhind cortex
(Longson et d. 1997). The labding of MRNA for the different subunits of the GABA(A) receptor
are locdized in layer 11, amilarly to glutamatergic neurons, implying a high concentration of inhibitory
synapses on the excitatory cells (Longson et a. 1997). Muscarinic and nicotinic-receptors are also
locdized in the human entorhind cortex (Court et d. 1997). Furthermore, gdanin receptors are
observed in layers Il and V of the human entorhina cortex (Deecher et a. 1998). Taken together,
the entorhind cortex is a neurochemicaly a heterogeneous structure, a characterigtic that evidently
influences the information processing and aso on the vulnerability of the entorhinal cortex.



2.5 Entorhinal damage in neurologic diseases

2.5.1 General

The entorhind cortex is damaged in various brain diseases, such as tempora lobe epilepsy (Du et d.
1993), schizophrenia (Arnold et d. 1995) and in degenerating disorders, such as frontotemporal
dementia (Frisoni et d. 1999) and Alzheimer’s disease (Braak and Braak 1992, Braak and Braak
1995, Bragk and Brask 1996). The number of neurons of the entorhina cortex is diminished in
tempora |obe epilepsy (Du et d. 1993) and in Alzheimer’s disease (Gomez Ida et d. 1996). In
schizophrenia, there are controversd findings regarding the damage in the entorhind cortex. That is,
in some sudies the cdl clusters of layer 1l are proposed to be mdformed, but when the
cytoarchitectonic heterogeneity of the entorhina cortex is taken into account no such maformations
arefound (Akil and Lewis 1997, Krimer et al. 1997).

2.5.2 The destruction of the hippocampal formation in Alzheimer’s disease: Changesin the
entorhinal cortex

Alzheimer's disease is the leading cause of dementia in the world. The mgor risk factor for
Alzhemer’s disease is age. Thus, the prevaenceis 0.3 % for ages 60 to 69 years, 3.2% for ages 70
to 79 years, and 10.8% for ages 80 to 89 years (Rocca et d. 1991). A decline in memory and
inability to learn new materid are the first cognitive symptoms obsarved in AD. Also, spatid
orientation, word finding, and persondity changes are observed in the early stage of the disease.
Later on, memory disturbances become more severe, including a worsening of remote memory, and
behaviora and psychiatric disurbances. Clinicaly, the diagnosis of probable Alzheimer’s diseese is
made when symptoms have an ingdious onset, and there is progression of dementia, and no other
systemic or brain disease can account for the dementia (McKhann et a. 1984). Various genetic
factors are related to AD (Hardy et a. 1998, Hardy and Gwinn-Hardy 1998, Yanker 1996).
Familid AD can be caused by either missense mutations of presenilin 1 and 2 on chromosomes 14
and 1, respectivey, or point mutations of the amyloid precursor gene on chromosome 21.
Moreover, genetic risk factors contributing to AD have been described and most consstently
gpolipoprotein E e4 isrelated to early onset of the disease (Roses 1998).

The definite diagnogs of Alzhemer's disease is based on the neuropathologic abnormadlities origindly
reported by Alois Alzhemer in 1907, who noted the occurrence of numerous senile plaques and
neurofibrillary tangles in the cerebra cortex of a demented patient (DeArmond et d. 1997, Mirra et
al. 1991). Formation of neurcfibrillary tangles, neurona loss, decrease in dendritic extent, and
synaptic depletion disturb the communication among various corticd areas, resulting in anatomic
isolation and fragmentation of many corticd zones. Different corticd circuits, however, are not
equaly vulnerable to Alzheimer’s pathology. In particular, two corticd systems that gppear to be
involved in the neurd processing of memory are selectively vulnerable to degeneration in Alzheimer’s
disease. The first one congsts of connections between the hippocampus and its neighboring cortica
Structures within the temporal lobe. The second one is the cortical cholinergic system that originates
in neurons within the basd forebrain and innervates the entire corticd mantle (Geula 1998).



According to Braak and Braak, the first neurofibrillary changes occur in the transentorhind area
(transentorhind stages I-11); they then cover layer |1 of the entorhind cortex and parts of the CA1
area and the subiculum (limbic stages 111-1V). In the later stages, dl isocortica association aress are
affected (Braak and Braak 1991). On the other hand, pathologic amyloid deposits first appear in the
basd portions of the fronta, tempord, and occipita |obes. Layer 111 of the entorhind cortex aso has
clouds of amyloid. At later stages, medium densties of amyloid deposits are present in dmogt Al
isocortical association areas. The primary sensory aress, however, ae dmost devoid of these
changes. The hippocampd formetion is usudly only mildly involved in amyloid accumulation: CA1
and subiculum and molecular layer of dentate gyrus contain amyloid deposits. Thus, the susceptibility
of various neurona populations for neurodegeneration differs. The reason for thisis unknown.

The damage to the entorhina cortex occurs very early in the disease course; layer 1l neuronsin the
transentorhind region and in the latera portion of the entorhind cortex contain neurcfibrillary tangles
(Brask and Braak 1991). At this stage the dementiais not obvious in the clinical dementia tests, and
thus it is consdered the preclinicd stage of the Alzheimer’s disease (Brask and Bragk 1991). In
addition to the tangle formation, cell lossin the layer |1 of the entorhina cortex is observed in mildly-
demented AD patients (Gomez Ida et d. 1996). The neurdfibrillary tangles are formed in the large
pyramida-shaped or sdlate cdls of layer Il and later dso in layer V' neurons, wheress the non-
pyramida cdls are mainly devoid of neurcfibrillary tangles (Bragk and Bragk 1985, Brion and
Resibois 1994, Solodkin et d. 1996). Layer 111 of the entorhinal cortex is often occupied by amyloid
plaques in later stages of Alzheimer’s disease (Braak and Bragk 1991). Furthermore, the number of
synapses is decreased in the entorhinal cortex of AD patients (Heinonen et . 1995). Also, as
reveded by magnetic resonance imaging studies, the entorhind cortex atrophies very early (Juottonen
et a. 1998). Although the generd loss of neurons has been previoudy described, the changes of the
gpecific cdl populations of the subfields of the entorhind cortex and the detalled fate of the various
non-pyramida cells has not yet been described. Furthermore, the consequences of selective neurona
lossinthe cdlular leve are not widdy studied.

Although cortical connectivity does not explain the etiology of AD, many pathomorphologic changes
and some aspects of the progresson of the disease can be explained on an anatomic basis (De
Lacogte and White 1993). In AD the cdls of origin the entorhino-hippocampal projections are
damaged and synaptic loss is observed in the outer molecular layer of the dentate gyrus. Although
the etiology and the time course of AD and entorhina lesions of rat are fundamentdly different, there
are numerous smilar changes in the leson modd and Alzheimer’'s disease (Geddes et d. 1985).
Sprouting of ether cholinergic or non-cholinergic cells and neuritic plagues occur in the outer two-
thirds of the molecular layer, which suggests that sprouting is related to the pathogeness in AD
(Aubert et d. 1994, Geddes et d. 1986). Furthermore, the growth-related molecules, synaptic-
axond proteins, and cytoskeletal proteins are localized in the regions where plagues are formed
(Madiah et d. 19948, Madiah et a. 1991a, Madiah et d. 1994b, Madiah et a. 1991D).



2.5.3 The destruction of the hippocampal formation in temporal lobe epilepsy: The role of
entorhinal cortex

Epilepsy is a syndrome of unpredictable spontaneoudy recurrent seizures. Its prevaence ranges from
150 to 1950 per 100000 (Keranen 1988). According to the etiologic factor, epilepies are divided
into three categories. In symptomatic epilepsies, brain damage or disease is the most probable cause
of sazures. In cryptogenic epilepsy, no certain etiologic factor can be determined. In idiopathic
epilepsy, cetan genetic factors most likely cause the seizures and no other etiology can be
determined. In addition, epileptic seizures are divided into ether partia or generdized epilepses. In
patid epilepses, there is a specific bran area that initiates the saizures, wheress in generdized
epilepsy no certain brain areas can be determined as an initiator of the seizures. Furthermore, the
consciousness of the patient in a smple partid saizure is undisturbed, whereas the consciousness of
patient in a complex partid sazure is disturbed (Commisson on Classficaion and Terminology of
the Internationa League Againgt Epilepsy 1989).

The tempord |obe epilepsy is the most common type of the partid epilepses. TLE usudly manifests
as complex partid seizures, which account for 40 % of the epileptic seizures in adults (McNamara
1992). Epileptic saizures, abnorma and excessve synchronized eectricd activities in a group of
neurons of the tempora lobe, present as psychosensory events including taste, smdll, fear, sexud,
pleasure sensations, and memory disturbances (Engd 1996). Symptomatic TLE is thought to be a
consequence of the initid neurond damage, which propagates reorganization of neurona circuitries,
an imbalance between excitation and inhibition, and causes saizures. Most of the neuropathologic
and dectrophysiologic knowledge about tempora lobe epilepsy is based on the findings in the
hippocampus, dthough severd medid tempora |obe Structures are damaged.

Sdlective neurond loss and active glioss are the basic morphologic changes observed in tempora
lobe epilepsy (Mathern et a. 1997). These changes are most prominent in CA1 region and in part of
the subiculum (the so cdled Sommer’s sector). The cdl loss and gliosis are cdled hippocampd
scleross (Mathern et d. 1997). Also, the hilus of the dentate gyrus and the CA3 region exhibit cell
loss (end folium scleross) (Mathern et d. 1997). On the other hand, the CA2 region and granule
cels of the dentate gyrus are often less severdly diminished (Mathern et d. 1997). The differentid
vulnerability of the subfields of the hippocampus proper and dentate gyrus raise a question as to
which cdl populations are susceptible. Differences are suggested to be related to the calcium-binding
protein content of the neurons and to differences in the receptor subtypes.

Hippocampa sclerosis occurring in TLE is accompanied by axona reorganization (Sutula et d.
1989, Sutula et d. 1992). In this sprouting process, the mossy fibers of the granule cdlls (dynorphin
immunoreactive) sorout into the inner portion of the dentate molecular layer (Houser 1992, Houser
et a. 1990). In addition to mossy fibers sprouting, axons containing neuropeptide Y, somatostatin,
and GABA demongtrate sprouting (Mathern et a. 1995). In addition to neurond loss, abnorma
localization of the granule cells, which is caled dispersion, is observed. Dispersed granule cdlls of the
dentate gyrus are locdized in the supragranular or inner molecular layer (Houser et d. 1990). The
reason and role of the diperson are not known.



In addition to the hippocampus proper, other media tempord lobe structures are involved in TLE,
such as the amygdala (Kdvidinen et d. 1997, Pitk&nen et a. 1998) and the entorhina cortex (Du et
a. 1993). Cdl lossis the most profound in layer 111 of the rostrd entorhind cortex (Du et d. 1993).
In experimenta studies of status epilepticus of rats, layer 111 of the medid portion of the entorhind
cortex is suggested to be the most vulnerable (Du et d. 1995a). Evidence is dso beginning to point
to the entorhina cortex as one of the primary Stes in which tempora |obe seizures propagate and
reverberate (Spencer and Spencer 1994). Furthermore, the structura changes in the entorhina
cortex might propagate changes in the hippocampus. On the other hand, there are studies that favor
the idea that the presubicular or thalamic connection to the entorhind cortex is the determining factor
of cell loss (Bertram et d. 1998, Eid et a. 1996). In recent magnetic resonance imaging studies, the
volume of the entorhind cortex was aso decreased in a subpopulation of patients with tempora |obe
epilepsy (Bernasconi et d. 1999, Samenperd et d. 1998). Very little is known, however, about
morphologica changesin the entorhind cortex in TLE.

2.6 Plagticity of the hippocampal formation

2.6.1 Plasticity of the central nervous system: Neural cell adhesion molecule and its
polysialylated form

Fadticity and the mechanisms controlling pladticity in the centra nervous sysem are presumably
essentid for development, but they are also important for learning and memory (Cremer et d. 1997,
Cremer et d. 1994). It has become increasingly evident that certain molecules, such as cell adhesion
molecules (CAMS), regulate neurond development. They aso regulate maintenance of the neuronda
connections and pladticity of these connections in the adult brain.

Adheson molecules are ligands and receptors that mediate cedl-to-cel and cell-to-substratum
interactions in a lock and key manner. The numerous adhesion molecules are classfied functionaly
into calcium-dependent or cacium-independent groups (Fields and Itoh 1996). The largest group of
cacium-independent cdl adhesion molecules (CAMS) is the immunoglobulin (1g) superfamily, which
differs in the number of Ig motifs and fibronectin repeats. The CAMs are located in the cdlular
membrane so that the COOH-tall is cytosolic and the NH2-terminus is located extracdlularly (Fields
and Itoh 1996). The three mgor forms have molecular masses of: 120, 140, and 180 kDa (NCAM-
120, NCAM-140, and NCAM-180, respectively), which have smilar extracdlular domains but
differ in their anchoring to the membrane (Jorgensen 1995). All three isoforms of NCAM have five
Ig loops and two fibronectin type 11l domains. Each 1g loop has been implicated in various functions.
Igl is important for cell adhesion and neurite outgrowth and 1g5 contains the Ste for polysiaylation.
NCAM-120 isthe predominant form in glid cells, whereas larger forms are expressed in neurons.

Polysdic acid (PSA) is a devdopmentaly regulated carbohydrate composed of a linear
homopolymer of a-2,8-linked sdic acid residues (Fryer and Hockfield 1996, Kiss and Rougon
1997, Rutishauser and Landmesser 1996, Seki and Aral 19933). NCAM is the mgor, perhaps the
only, carrier of PSA in the mammalian brain (Cremer et d. 1994). The polysaylation of NCAM
occurs presumably in the Golgi gpparatus by sayltrandferases (Kiss and Rougon 1997). The
polysdylated form of the neura cdl adheson molecule (PSA-NCAM) is highly expressed in
growing axons during embryonic stages when it is involved in neurite extenson and synaptogeness,
yet in the adult brain its expresson is normdly quite low (Muller et d. 1996, Seki and Aral 19933).



PSA-NCAM is only expressed in the adult brain in aress that retain neuroplastic potentia, such the
hippocampus, hypothalamus, and olfactory areas (Seki and Arai 19933). PSA in NCAM attenuates
adhesion forces and modulates overdl cdl surface interactions, thus dlowing the dynamic changesin
the shape and movement of cdls, aswell asin their processes (Rutishauser and Landmesser 1996).

The expression of PSA-NCAM s limited to certain areas of the hippocampus. In the adult human
hippocampus, the outer portions of the molecular layer of the dentate gyrus and the hilus contain
PSA-NCAM—postive profiles (Barbeau et . 1995, Miller et . 1993). Furthermore, recent data of
PSA immunoreactivity in a 5-month old human infant indicates that PSA is associated mainly with a
population of granule-like cdls and their mossy fiber axons (Ni Dhuill et d. 1999). The number of
granule cdls is maxima during the fira three years of life but it declines by an order of magnitude
between the second and third decades and remains relatively constant and restricted to the granule
cdl layer/nilar border (Ni Dhuill et d. 1999). In infants the immunostaining has been obsarved in the
inner molecular layer; however, as development advances, immunogtaining relocates to the outer
molecular layer from 2 years of age onwards (Ni Dhuill et d. 1999). In addition, numerous
polysiaylated hilar neurons become evident at 2 to 3 years of age and remain constant until the eighth
decade of life. These findings suggest that NCAM polysaylation has a crucia developmenta role,
Thus, an atenuated PSA-NCAM-mediated neuroplasticity continues throughout the human lifespan.

Expresson of PSA-NCAM is limited to the areas that are important for memory formation
suggesting that these areas undergo continuous remodeling under normd circumstances (Fryer and
Hockfield 1996). Indeed, removing PSA with endoneuraminidase, an enzyme that specificaly
cleaves the dpha-2,8-linked polysidic acid impairs the acquisition and retention of spatid memory of
rats in the Morris water maze (Becker et d. 1996). Furthermore, in adult rats the Salylation states of
NCAM trangently increase during the acquisition and consolidation of a passve avoidance task
(Regan and Fox 1995). The induction of long-term potentiation was also completely prevented by
endoneuraminidase treatment in hippocampa organotypic dice cultures (Muller et d. 1996).

The generd ideafor decades has been that there is no ability to form new neurons in the adult brain.
Recent data, however, indicate that in certain brain areas the ability to generate neuronsiis preserved
throughout lifei.e. a new kind of neuroplasticity has been observed. These brain areas are olfactory
areas (Murrdl et d. 1996) and the human hippocampus (Eriksson et d. 1998). Some of the newly-
formed granule cdls in the hippocampus are PSA-NCAM immunoreactive, suggesting that the
embryonic form of NCAM is a marker for newly-formed granule cells (Kuhn et d. 1996, Seki and
Ara 1993b, Seki and Aral 1995). There is a0 further interest in the posshbilty of regulaing
neurogenesis and the granule cdl changes in various diseases or disease modds (Cameron and
McKay 1998). Indeed, seizures, injections of kainic acid (Gray and Sundstrom 1998, Parent et al.
1997), or ischemic attack (Liu et a. 1998), increase the formation of dentate granule cells and
aberrant networks.

2.6.2 Lesion induced plasticity and changesin PSA-NCAM expression

The mechanisms regulating the development of the nervous system and pladticity in the adult nervous
system have traditionaly been thought to be separate from those thet drive the events following brain
injury. Brain plasticity, however, could aso be crucid for the recovery from brain damage (Aubert et
a. 1995). Following lesons of the perforant pathway in rat, an increase in PSA-NCAM



immunoreectivity is observed in the denervated outer two-thirds of the molecular layer of the dentate
gyrus, but dso in the inner one-third (Miller et d. 1994, Styren et d. 1994). Twenty-four hours after
lesoning, PSA-NCAM immunoreactivity in the inner-third was logt, but remained in the outer two-
thirds until the reinnervation was completed. The regulatory mechanisms of PSA-NCAM expression
in the dentate gyrus are not known. A decrease in the synaptic activity, regresson of presynaptic
processes, and reective gliosis in the denervated area could induce upregulation. This lesion-induced
increase in the expresson of the embryonic form of NCAM in the adult suggedts that the
reorganization process that occurs in response to damage in the hippocampus mimics norma
developmenta processes that occur during synapse formation.

Reorganization of neurond circuitries might be involved in neurologic disorders. The consequences of
sHective cdl lossin tempora 1obe epilepsy are fill unknown. One hypothesis is that the depletion of
the hilar neurons, which normaly form contacts with the granule cdl dendrites in the inner molecular
layer of the dentate gyrus, leads to free synaptic areas in the inner molecular layer. The granule cells,
in turn, might send axon collateras to these free synaptic Stes. This mossy fiber gorouting is thought
to be related to hyperexcitability and oversynchronization of the granule cdlls (Houser 1992, Houser
et d. 1990). In neurodegenerative diseases, such as AD, neurons in the entorhina cortex die
sequentialy in a process that tekes severd years. As a consequence, a diffuse loss of axons occursin
the molecular layer and degenerating axons are adjacent to yet unaffected axons from the entorhind
cortex. Thus, the sorouting of homologous fibers is likely to influence the course and duration of the
degenerative disease in a functionaly beneficid manner and the clinical manifetations of the disease
can take years to appear (Cotman and Anderson 1988, Deller and Frotscher 1997, Geddes et dl.
1985). During the progression of AD, a continuous but rather dow action of pathogenetic factors
might activate compensatory mechanisms, sarving to regain a neurond population much of its
synaptic connectivity in the presence of cell loss. Pladticity and sprouting are controversid issues in
AD, however, because of the thinking that plagticity might be diminished compared to that in the
norma aging adult or that regeneration might fall (Dewitt and Siver 1996).

AD and TLE both involve deterioration of the entorhina-hippocampa loop. The diseases, however,
damage somewhat distinct neurond populations. In the entorhina cortex, layer Il neurons are filled
with tangles in AD, whereas in TLE the layer |11 neurons are disgppeared. On the other hand, the
CA1 region is one of the most vulnerable areas in both diseases. Thus, the possible reorganization
process in the entorhinal-hippocampa loop between these diseases might differ, but dso amilarities
may exist. Consequences of the reorganization process might be different. Thus, in TLE sprouting is
thought to cause more saizures, whereas in AD, sprouting is thought to preserve and dow the clinicd
manifestations of the disease.



3. AIMSOF THE STUDY

The entorhina cortex is an important structure in the media tempora lobe memory system, serving to
connect the cortical structures and hippocampus. The entorhind cortex is particularly vulnerable in
AD and TLE. The evauation of the neurond organization of the entorhind cortex and its
hippocampal target areas in norma and diseased brain will contribute to a better understanding of
thisbrain areain normad brain and in AD and TLE.

The ams of the present series of studieswere:

1) To characterize the neuroanatomic organization of the human entorhina cortex using cacium-
binding protein immunohistochemigry (parvabumin, caretinin, and cadbindin) (A) and intracelular
microinjection technique (B). The distribution and the morphology of the neurona populations were
sudied in the normd adult human entorhind cortex. (1, 11)

2) To evduate the pathologic changes in a lamina and subfidd-gpecific manner in Alzheimer’s
disease with gpecid attention on the calcium-binding protein-containing neurons. (111)

3) To evauate and compare the reorganization processes of the entorhina cortex and itstarget areas
in hippocampus in contrals, and in AD (1V) or TLE (V) udng immunohigochemigry for highly
polysaylated neurd cdl adhesion molecule.



4. MATERIALSAND METHODS

4.1 Subjects

Brain tissue was obtained from 54 subjects. The autopsies (n = 29) were performed at the
Department of Pathology in the Kuopio Universty Hospitd. The brain tissue from biopsies (n = 25)
were obtained from surgical operations in drug-refractory TLE patients performed at the Department
of the Neurosurgery in the Kuopio Universty Hospital (Professor Matti Vapdahti). All the materia
used was sudied by a neuropathologist to confirm the neuropathologic diagnosis (Docent Irina
Alafuzoff or Docent Leo Pdjérvi). The studies were conducted with the gpprovad and following
guidelines of the Ethics Committee of the University of Kuopio. Permission to obtain the postmortem
tissue was provided by the Nationd Board of Medica Legd Affairs.

In the firg study, five brains with no evidence of clinicaly or pathologicaly observed brain disease
were used (1). The second study consisted of three cases that were clinicaly and pathologicaly
without any neurologic disease (11). The materid used in the third study consisted atotal of 20 brains
(14 from AD patients and 6 from control subjects) (111). The fourth study consisted of 22 brains (12
AD cases and 10 control cases) (1V). Thefifth study included 32 brains (25 TLE and 7 controls). In
sudies|, 11, IV, and V the control materia was partidly overlapping, as was the materid from AD
patientsin sudies |l and 1V.

Neuropathologic Diagnosis of AD. Prior to fixation, the brans were weighed and visudly
evauated for gross lesons and vessd abnormadities. Specimens from the right hemisphere were used
for histopathologic diagnosis. Samples were taken from six different cortica areas (frontal, tempord,
parietd, precentrd, and occipita cortices and the gyrus cinguli), from four regions of subcortical gray
matter (driatum, amygdda, thdamus, and hippocampus), and from five infratentorid regions
(substantia nigra, locus coeruleus, medulla, vermis, and cerebdllar cortex). The tissue samples were
embedded in paraffin, cut into 7 mm—thick sections, and processed for diagnostic purposes using
hematoxylin eosn countersain combined with a modified verson of Bidschowsky's slver
impregnation method or thioflavin-S stain. All cases were classfied into one of the neuropathologic
diagnostic groups described by CERAD (The Consortium to Establish a Regidtry for Alzheimer’'s
Disease) (Mirraet a. 1991).

TLE patients Hippocampa specimens were obtained from patients who underwent epilepsy
surgery due to drug-refractory TLE. The epileptic focus was on the eft Sde in 10 patients and on the
right 9de in 15 patients. Entorhind tissue was available from five patients. The duration of epilepsy
was 21 + 14 years. The etiologies associated with epilepsy were asphyxia (n = 3), infection (n = 4),
vascular maformation (n = 1), brain tumor (n = 2), head trauma (n = 1), heterotopia (n = 1), and
dysplasa (n = 1). No clear etiologic factors associated with epilepsy could be identified in 12 cases
(cryptogenic  epilepsy). All  patients undewent a thorough dlinicd, dectrophysologic,
neuropsychologic, and imaging evauation prior to surgery for epilepsy.



4.2 Histologic procedures

Fixation and cutting. Coronal dabs (1.5-cm thick) through the hemisphere or the dabs obtained
from biopsy specimens were fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH
7.4) for 72 h a £C. The dabs were sectioned into smaler pieces and cryoprotected in 10%
glycerol with 2% dimethylsulfoxide (DMSO) in 0.1 M sodium phosphate buffer (pH 7.4) for one
day at 4°C and thereafter in 20 % glycerol with 2 % DM SO in 0.1 M sodium phosphate buffer (pH
74) a 4°C for 3 days. The bran tissue was then frozen and stored a -70°C until
immunohistochemica processing. Frozen 50 mm-thick corond sections were cut with a diding
microtome and collected in a 1:8 series throughout the entire rostrocauda extent of the entorhina
cortex.

Immunohistochemical stainings. For the immunohistochemicd staining of calcium-binding proteins,
mouse anti-parvabumin (monoclond, 1: 10000, Swant, Bdlinzona, Switzerland), rabbit anti-
cdretinin (polyclond, 1: 7500, Swvant), or rabhit anti-cabindin-D28k (polyclona, 1: 5000, Swant)
or mouse anti-cabindin-28k (monoclona 1: 5000, Swant) antibodies were used. The PSA-NCAM
immunohistochemigiry was performed by using a mouse monoclond antibody, 12E3 (a gift from Dr.
T. Seki, Tokyo, Japan; IgM, diluted 1:800), that recognizes the PSA portion of the highly
polysaylated form of NCAM (Seki and Ara 1991). Additiond stainings were performed for the
fifth sudy: dynorphin-A (R# 367-2; dilution 1:12 000; Peninsula Laboratories Inc., Belmont, CA)
and monoclond antibody raised againgt glid fibrillary acidic protein (GFAP; # 814 369; dilution
1:500-1:1000; Boehringer Mannheim Biochemica, Mannhem, Germany). For study 1V, anti-
NCAM (AB 1505, Chemicon International, Temecula, CA, USA) antibody was used in Western
blot analyss.

To reduce endogenous peroxidase activity, the sections were pretreated with 3% hydrogen peroxide
and 10% methanol in 0.02 M potassum phosphate buffer containing 0.9% sodium chloride (KPBS).
Non-specific binding was then blocked by preincubating the sections in a solution containing 10%
norma horse serum (for monoclond parvabumin and cabindin) or norma goat serum (for polyclona
caretinin and calbindin, and PSA-NCAM) and 0.5% Triton X-100 in 0.02 M KPBS. Sections
were incubated 2 to 3 days at 4°C in one of the four primary antibody solutions containing 1%
norma horse (parvalbumin and cabindin) or goat (caretinin, cabindin, PSA-NCAM) serum in 0.02
M KPBS and 0.5% Triton X-100. Sections were then rinsed and placed in the appropriate
secondary antibody (for parvalbumin biotinylated horse anti-mouse 1gG (1: 200), for caretinin and
cabindin biotinylated goat anti-rabbit 1gG (1:100; Vector, Burlingame, CA), and for PSA-NCAM
biotinylated goat anti-mouse IgM (1:300; #BA-2020, Vector)) in 0.02 M KPBS containing 0.3%
Triton X-100. After ringng, sections were further incubated in avidin-biotin complex, rinsed, and
reacted with 3,3 -diaminobenzidine tetrahydrochloride (DAB; 0.05% solution containing 0.04%
hydrogen peroxide). For the PSA-NCAM immunochistochemistry the peroxidase reaction was
developed using 0.0004% hydrogen peroxide as a substrate and 0.03% DAB as a chromogen
intengfied with 0.1% ammonium nickel sulphate in 0.1 M sodium phosphate buffer (pH 7.4). For
electron microscopy of PSA-NCAM, the reaction was developed usng DAB as the chromogen
with no nickd intengfication. The sections were mounted onto gelatin-coated dides, dried overnight

at 370C, and coverdipped. The calcium-binding protein sections were mounted onto glass dides and
intengfied with asmium tetroxide and thiocarbohydrazide prior to coverdipping.



For eectron microscopy, sections were trested with 1% osmium tetroxide (OsOg4) for an hour,

dehydrated, and embedded in Durcupan (AMC, FHuka) between a glass microscope dide and
coverdip. The coverdip was removed with the aid of arazor blade and the area of interest was re-
embedded for further ultrathin sectioning into a flat-bottom embedding capsule. Ultrathin sections
were mounted on copper grids.

Other stainings. One series of sections was sained with thionin to identify the cytoarchitectonic
subfields of the entorhina cortex. An adjacent series of sections was stained using the method of
Bidschowsky for characterizing any neuropathologic changesin the entorhina subfields of AD (111).

4.3 Antibody specificities and Western blot procedure

The specificities of the parvabumin, cdretinin, cabindin, and PSA-NCAM antibodies were
previoudy described (Braak et a. 1991, Cdio et a. 1988, Schwaller et d. 1993, Seki and Arai
1991). In the present andyses, no notable effect of postmortem delay on the immunoreectivity a the
light microscopic level was found. In addition, omitting any of the four antibodies from the primary
antibody incubation resulted in a complete absence of immunoreactive eements. To determine the
specificities of polyclona cabindin and cdretinin antibodies and PSA-NCAM, a Western blot
andydss was peaformed usng normd human or rat hippocampd tissue. Briefly, the tissue was
homogenized in phosphate-buffered saline containing 1% Triton X-100. Identical samples were
subjected to sodium dodecyl sulfate-polyacrylamide g eectrophoress as previoudy described
(Laemmli 1970). After immunoblotting the gd according to the method of Towbin et d. (1979), the
membrane was probed with ether the polyclond anti-cdretinin, polyclona anti-cabindin antibody,
PSA-NCAM, or with anti-NCAM (AB 1505, Chemicon International, Temecula, CA) antibody,
followed by a secondary incubation in horseradish peroxidase-linked anti-rabbit immunoglobulin
F(ab), fragment (Amersham). Immunoreactive bands were visudized using a chemiluminescence
sysem.

44 Lucifer yelow microinjection procedure

Fixation and cutting. The tissue specimen containing the whole rostrocauda extent of the entorhina
cortex was removed and immediately immersed in cold 4 % paraformadehyde in 0.1 M PB a pH
7.4 for 1 hour. Subsequently, the entorhind cortex was divided into smal blocks (20 x 10 x 10 mm)
and the pia mater was removed and the blocks were further fixed in a new batch of cold 4 %
paraformadehyde in 0.1 M PB for 3to 5 hoursin 4° C. Theredfter, the tissue was sectioned into
200-mm-thick sections perpendicular to the pid surface. The sections were collected in cold
phosphate buffer, and stored at 4° C until used.

Microinjection. A 200-nm-thick section was floated onto a glass plate held down by a piece of
millipore filter with a hole cut out to expose the injection area. The section was immersed in a petri
dish with 0.1 M PB and the injection chamber was placed under to a fluorescence microscope
(Nikon Optiphot). The glass microdectrodes were filled with 6 % agueous solution of lucifer yellow
(Sigma Chemicds, St. Louis, MO). After penetration of the microelectrode into a cell body, lucifer



yelow was iontophoreticaly injected with a negative congtant current of 2 to 5 nA for 5 to 10
minutes, until the dendritic tree and dendritic spines appeared fluorescent.

4.5 Analyses of thetissue

The sections were analyzed with either a Nikon Optiphot-2 or a Leica DMRB microscope under
brightfield, darkfiddd, and Nomarski Optics. In the fird study the parvabumin immunoreactive
neurons in four different levels of the entorhina cortex were plotted with a computer-aided digitizing
system (Minnesota Datametrics, St. Paul, MN). Camera lucida drawings were drawn from the most
typica morphologies of the parvalbumin, caretinin, and cabindin immunoreactive neurons. To obtain
gpproximate sizes of the somata, the cross-sectional areas were measured using a Quantimet 570
andyzing system (Cambridge instruments Ltd. Cambridge, UK.) Low power brightfield were taken
with a Nikon multiphot 6x9 cm system. High magnification photomicrographs were taken with a
LeicaDMRB system. (1)

With ad of the lipofuscin in most of the cdl bodies, it was possble to differentiate the subfields and
layers of the entorhina cortex. The photographs were taken with a Nikon Optiphot fluorescence
microscope equipped with a mercury lamp and epifluorescence optics. Lucifer yellow was excited at
450 to 490 nm and emission was detected using a 520-nm barrier filter. The confoca images were
prepared with Confocal Laser Scanning microscope (Leica Lasertechnik, Germany) equipped with
an argon-krypton laser mounted on a microscope (Letz Digphan). In this microscope, Lucifer yellow
was excited by 488 nm laser light and detected using a barrier band pass filter (535 nm). Optical
images were made in the XY plane a 0.5-1 mm intervas for a total of 70-100 optical sections per
scanning sequence using an image Sze of 512 x 256 pixels. Photographs were obtained through a
video printer (Sony Mavigraph, Japan). The sze of the somata was measured using stereologic
methods (Stereo Investigator, Microbrightfield, Colchester, VT). (I1)

In addition to the thionin staining, the Bielschowsky stain was used to compare the extent of
entorhina degeneration between control and AD cases. In two of the control cases, occasond
neurofibrillary tangles were observed in layer |1 of the ELr, El, ELc, EC, and ECL subfields. In
contrast, neurdfibrillary tangles were abundant in the entorhina cortex in cases that fulfilled the
diagnosis of AD based on CERAD criteria The material was assgned into groups: mild, moderate,
or severe dedtruction of the entorhind cortex based on neurdfibrillary and amyloid pathology in the
El subfield (see dso Solodkin et d. 1996). Mild cases of entorhind destruction had neurdfibrillary
tangles only in layer 11, moderate cases had neurdfibrillary tangles present in both layers Il and V,
and severe AD cases had neurdfibrillary tangles and plaguesin layers i, 111, V, and V1. Low power
brightfield pictures were taken with a Nikon multiphot 6x9 cm system. High meagnification
photomicrographs were taken with aLeicaDMRB system. (111)

For quantification of the PSA-NCAM immunostaining, the optica dengty (OD) in the dentate
granule cdl layer, and in the inner onethird and outer two-thirds of the molecular layer was
messured using the Image-Pro Plus System (Media Cybernetics L.P., Slver Spring, MD) connected
to an Olympus Provis microscope (Tokyo, Japan) with a 10x objective. The width of the measured
area (150 nm) pardld to the granule cdl layer was kept constant. Because the thickness of the
molecular layer varied from case to case, the entire thickness of the layer was measured, and
theresfter, divided it into the inner onethird and outer two-thirds. The OD of PSA-NCAM



immunoreactivity for each pixel was measured, defining the black level as 0 and the white levd as
255. Each case was messured twice and the mean value of the two measurements was used in the
andyds. The OD of the granule cell layer did not differ between controls and epilepsy cases or
controls and AD cases. Therefore, the OD in the inner and outer molecular layers was expressed as
an OD ratio = (OD measured/OD of the granule cdl layer). To cdculate the dendity of infragranular
PSA-NCAM postive neurons, the number of immunostained neurons was plotted in two successve
sections of each case. Therefter, the length of the granule cell layer was measured by drawing aline
adong the infragranular portion of granule cdl layer usng a Quantimet 570 image andyzer
(Cambridge Instruments Ltd., Cambridge UK). The dendty of immunopodtive infragranular cells in
each case was expressed as the number of neurons/mm. The ultragtructural localization of PSA-
NCAM (IV) was examined with a Jeol 1200 EX dectron microscope. In TLE patients, the density
of neurons in the granule cel layer, hilus, CA3 pyramidd cdl layer, CA2 pyramida cdl layer, and
CAL1 pyramidd cdl layer, the dengty of mossy fiber sprouting (Cavazos et d. 1991) and the severity
of glioss (Watson et a. 1996) were scored to estimate the destruction of the hippocampus. (1V-V)

Satistical analysis.  The data were andyzed usng SPSS for Windows V.6.0.1 software. The
Mann-Whitney U-test was used to compare differences between the two patient groups.
Correlations were cdculated usng a two-talled Pearson’s corrdation test (V) and Spearman’'s
correlation (1V). The data are presented as mean = standard deviation (SD). A p-vaue of less than
0.05 was consdered Satisticaly significant.



5.RESULTS
5.1 Intringc organization of the human entorhinal cortex

5.1.1 Morphology and laminar distribution of the calcium-binding protein-containing
neurons (1)

The parvabumin-, cdretinin-, and ca bindin-immunoreective neurons formed morphologically distinct
neurond populaions, which aso differed in their laminar digtribution in the human entorhinal cortex.

Parvalbumin. Parvalbumin-immunoreactive neurons had the typica gppearance of non-pyramida
cdls. The dendrites of these neurons were aspiny or sparsaly spiny. Based on the morphology and
Sze of their somata and the morphology of the dendritic trees they were divided into small, medium,
or large multipolar or bipolar neurons. Parva bumin-immunoreective fibers and neurons were most
densdy located in the deep portion of layer 111 and in the cellular clusters of layer I1. In the degpest
border of the cdlular cluster of layer 1, one to four large multipolar neurons typicaly had thick
dendrites reaching the adjacent cluster as well as layers | and I11. Typicad to parvabumin were the
immunoreactive axond baskets of layer 11 around the unstained somata. In the deep portion of layer
11, the medium-sized neurons formed the mgority of the parvabumin-postive neurons. In layers V
and VI, fewer parvalbumin positive neurons were observed; however, parvabumin-immunoreactive
cartridge-like structures were frequent in these layers.

Calretinin. Cdretinin-immunoresctive neurons were aspiny or sparsdy spiny smal multipolar or
bipolar neurons that were remarkably smaler and had rounder somata than the parvabumin-
immunoreactive neurons. These smal neurons were located in layers 1 and 1. In layer 11, they were
located in the clular dugters, mainly in the superficid regions, but aso between the cdlular clusers.
The dendrites of samdl caretinin neurons typicdly ran radidly. In the deep layers, layers V and VI,
cdretinin immunoreactivity was localized in the large neurons, which had typica gppearance of
pyramidd cels. These large neurons had prominent gpical dendrites running towards the more

upeficd layers.

Calbindin. Cabindin-immunoreactive neurons were multipolar or bipolar non-pyramida cells that
had a more divergent soma sze and morphology compared to caretinin-immunoreactive neurons.
Furthermore, the staining intengty varied from lightly-stained to darkly-stained cdll bodies. Cabindin
neurons were more homogeneoudy distributed throughout the layers, but they dso preferred the
supeficd layers. Lightly-gained multipolar cells with pyramidd shgped somata were typicaly
observed inthe layers |1l and 111 of EO and EMI.

5.1.2 Distribution of the calcium-binding protein-containing neurons in the entorhinal
subfields (1)

The overd| digtribution of the parvabumin, caretinin and, cdbindin immunoreactive fibers, terminds,
neuropil and cells largely followed the cytoarchitectonic borders of the eight subfields of the human
entorhinal cortex. The concentrations and distributions were largely dependent on the subfields
andyzed. For example, the border between the EMI and El was easly visudized with ad of



parvabumin immunoreactivity; the EMI was dmost devoid of parvabumin, and the dengity of fibers
was high in the EI. The regiond didribution of the three calcium-binding proteins was segregeted
rather than overlapping. The highest dengties of parvabumin-immunoreactive fibers and neurons
were observed in the caudd and latera subfields of the entorhinal cortex, whereas caretinin and
cabindin immunoreactivity were highest in the rostromedid subfields.

Parvalbumin. The EO, ER, and EMI subfieds were dmost devoid of parvabumin immunogtaining,
except for occasond fibers in layer | as wel as in the deep portion of layer 11l of the ER. The
number of parvabumin-immunoreactive profiles and the intendty of fiber saining was increased in
the ELr and El subfidds, especidly in layer Il and in the deep portion of layer 1ll. The
immunogtaining was mogt intense in the caudd subfieds, including the EC and ECL where the
dengty of parvabumin-immunoreactive neurons was the highest throughout the entorhind cortex and
where the fiber gaining was dso high.

Calretinin. Cdretinin immunoreactivity was locdized in the somata, dendrites, axons, punctae and
neuropil. Caretinin immunoreactivity was more homogeneoudy didributed than parvabumin
immunoreactivity throughout the entorhind subfidds. The multipolar and bipolar immunoreective
neurons were randomly distributed in the EO, ER, and EMI, more laminated in the ELr, and densdly
clugered in the El, ELc, EC, and ECL subfidds. Furthermore, large caretinin-immunoreactive
pyramidal-shaped neurons with long radialy-oriented apica dendrites were numerous in layers V
and VI of the EO, ER, and EMI, where immunoreactive fiber and neuropil staining were densest.
The pyramidal-shaped caretinin-immunoresctive neurons were also more sparsdly distributed in the
ELr, El, ELc, EC, and ECL subfields.

Calbindin. Cdbindin immunoreactivity was locdized in somata, dendrites, axons, punctae, and
neuropil. Cabindin immunoreectivity was homogeneoudy digtributed among the entorhina subfields
with only a few vishle differences. The EO, ER, and EMI subfidds typicdly had the densest fiber
and neuropil staining. The lightly-stained multipolar and pyramidal-shaped cabindin-immunoresctive
neurons of layers1l and Il were most numerous in the EO and EMI subfidds. The smaler multipolar
and bipolar immunoreactive neurons were scattered throughout the layers, athough they were less
numerous in layer 11 of the El subfidd.

5.1.3 Morphology and distribution of the microinjected spiny neurons of the human
entorhinal cortex (11)

The spiny neurons were divided into four mgor categories according to the shape of the somata and
the morphology of the primary dendrites:

A) Sellate cellgMultipolar cells had rounded and often circular cell bodies and multidimensiona
dendritic trees Stellate cells often had five or more primary dendrites, which were smilar in
diameter. The primary dendrites radiated from the somata in a Sar-like fashion and gave off severd
secondary and tertiary branches. The secondary and tertiary branches of the dendrites were covered
with spines having long necks and smal rounded heads, atypica drumstick gppearance.

B) Modified stellate/Oval “ unipolar” cells had ovd cdl bodies with one thick primary dendrite.
Thus, on the basis of the primary dendrite the neuron had unipolar gppearance. The other primary




dendrites were thinner and arborized in a sar-like fashion in dl directions from the somata. The
secondary dendrites and the thin primary dendrites were covered by drumstick-like spines.

C) Horizontal tripolar cells had triangular or fusform cdl bodies that were eongated horizontaly
and oriented pardld to the pid surface. The dendrites emanated from the three poles of the somata,
giving a tripolar appearance. The secondary branches were covered by spines without very
prominent heads. These neurons resembled pyramidd cells except that they were horizontaly
oriented and dl the primary dendrites were smilar in diameter.

D) Classical pyramidal cells had triangular somata and tripolar primary dendritic trees. These
neurons had thick gpical dendrites, which were oriented perpendicular to the cortical surface giving a
vertical orientation to the neuron. The two to three basal dendrites of the pyramida cells bifurcated
repeatedly. The secondary and tertiary branches were covered with drumstick-like spines.

In layer 11, the mgority of the neurons were stellate or modified sdlate cells. In the rostromedia
subfields, the layer [1-neurons were more often horizonta tripolar neurons. In layers 111, V and, VI
the neurons were mainly classca pyramida cdls and were amdlest in somd szein layer 1lI. Layer 1
neurons had the densest ramification of dendritic tree in the cdlular cluster of layer 11, but dso severd
branches of dendrites reached layers | and I1l. In the superficia portion of layer 11, the dendrites
aso reached the intercluster space of layer |1 or to the deep portion of layer 111. In the deep layers,
the apica dendrites of the pyramidal cells reached up to layer |11 or remained in the deep layers, V
and V1.

5.2 Vulnerability of the subfields and changesin calcium-binding protein containing-neur ons
in Alzheimer’sdisease (111)

Thionin and Bidschowsky dans reveded the most dramatic cdl loss and neurdfibrillary tangle
formation in layers Il and V of the laterd, intermediate, and caudd subfidds in AD cases.
Accordingly, immunohistochemicd staining reveded that neurons and fibers that contained cacium-
binding proteins were dso more frequently dtered in these subfidds than in the rostromedid
aubfidds. Detalled andyss further reveded that non-principad cdls containing parvabumin or
cabindin had morphologic dterations early in the entorhind pathology of AD, whereas non-principa
neurons containing caretinin were better preserved even in AD cases with severe entorhind
pathology. The degeneration of parvalbumin-immunoreective neurons and basket-like networks and
cabindin-immunoreactive non-principa neurons were observed mainly in layer Il. The cdretinin-
immunoreective non-principal neurons, however, were radialy organized and morphologicaly intact
longer than parvdbumin and cabindin non-principd cdls. In the most severe cases cdretinin
immunoreective cdls formed aggregates in the border region of layers Il and I. The pyramidd-
shaped neurons containing ether caretinin or cabindin were often preserved, athough morphologic
aterations were observed.



5.3 PSA-NCAM immunoreactivity in the entorhinal cortex and in its major target areasin
the hippocampus (1V-V)

5.3.1 Controls

In al studied areas, PSA-NCAM immunoreactivity gppeared as punctuate precipitates in cell
bodies, fibers, and neuropil.

Entorhinal cortex. In the entorhina cortex, only occasiond immunopositive cdl bodies were seen.
In contrast, radialy oriented and darkly stained 20- to 50-mmHong segments of fibers were typicdly
observed within the celular clugters of layer 11 in dl the subfidds and in the superficid portion of
layer 111 especidly in the EO, ER, and EMI subfields. Layer V had a dense mesh of fiber gaining in
the El, EC, and ECL subfields. Other layers dso had fiber and punctuate neuropil staining, athough
not as srong as that in layer V. The PSA-NCAM—postive bundles of layer 1l of the entorhina
cortex in control cases were characteristic of axon initid segments. Although PSA-NCAM
immunoreactivity was mainly attached to membranes, it was aso present in the cytoplasm.

Dentate gyrus. Mogt of the immunopaositive neurons in the hilus had multipolar somata with three to
five dendrites. A few large immunopositive fusform neurons were aso observed & the crest of the
granule cdl layer. In dl controls, there were immunopostive, medium-szed multipolar neurons that
lined up dong the infragranular region of the granule cdll layer. These cdls had an apical dendrite that
transgressed the granule cdll layer and extended toward the middle and outer thirds of the molecular
layer. The rest of the neurons in the granule cdl layer were immunonegative. Occasond medium-
szed multipolar cells were observed in the molecular layer. The outer two-thirds of the molecular
layer was more intensdy labeled in PSA-NCAM preparations than the inner third, and thus the
molecular layer gppeared laminated. Occasiondly, a dightly increased intengty of the labeling in the
upragranular region was obsarved. Within the granule cdl layer, the immunopostive fibers and
punctae surrounded the unstained or lightly-stained somata.

CAl. Immunopositive neurons were observed in the stratum oriens, stratum pyramidale, and
stratum lacunosum moleculare of the CA1 region. These neurons were either multipolar or
fusform. A subgstantia density of varicose fibers was observed in the stratum oriens, stratum
radiatum, and stratum lacunosum moleculare. The stratum pyramidale contained a lower
densty of punctate fibers and light neuropil labdling that was amilar in dengty throughout the
mediolatera extent of CA1 region.

5.3.2 Alzheimer patients

PSA-NCAM immunoreactivity was locdized in neurond cdll bodies, fibers, and neuropil.

Entorhinal cortex. In layer |l and the superficid portion of layer 111 of the entorhind cortex of AD
patients, the radially-oriented stained fiber segments observed in control tissue had disappeared and
were replaced by non-oriented fiber staining. This was most evident in the El, ELr, ELc, EC, and
ECL subfidds Layer V contained even denser fiber staining than did controls, especidly in the El,
EC, and ECL.



Dentate gyrus. PSA-NCAM immunoreectivity was especidly high in the outer molecular layer and
but dso increased in the inner molecular layer in the dentate gyrus of AD patients when compared to
controls. The opticd dengty of the granule cdl layer in the dentate gyrus did not differ Sgnificantly
between AD patients and control cases. The number of PSA-NCAM—-mmunopositive infragranule
cellswas higher in the AD group, however, compared to controls.

CAL. Themgor finding in the CA1 region of AD patients was the disorganization of PSA-NCAM—
immunoreective fibers, egpecidly in the stratum oriens, stratum pyramidale and stratum
radiatum.

5.3.3 Temporal lobe epilepsy patients

In TLE patients, PSA-NCAM was locdized in neurond cdll bodies, fibers, and neuropil. Glid-like
gtaining was observed only in one patient with cortica migrationd disorder.

Entorhinal cortex. In PSA-NCAM preparations, the most remarkable abnormality was the
gppearance of dense immunopositive plexi in layer 11 of the ER subfield of the entorhina cortex.
These plexi surrounded small immunopositive neurons, a pattern that was never observed in control
cas=s. This finding was present in three of five patients from which entorhind tissue was available for
andysis. In these three cases, substantid neurond loss in layer 111 of the ER in thionin preparaions
was observed.

Dentate gyrus. In patients with temporal lobe epilepsy, the optical density of punctate PSA-NCAM
immunoreactivity was increased both in the inner and outer molecular layers of the dentate gyrus,
compared to controls. The intengty of PSA-NCAM immunoreactivity in the inner molecular layer
corrdated with the duration of epilepsy, severity of hippocampad neurona loss, dendty of mossy
fiber sprouting, and agtrogliosis. In TLE patients with only mild neurond loss in the hippocampus, the
dendgty of infragranular immunopositive neurons was increased two-fold compared to controls,
whereasin TLE patients with severe neurond loss, the infragranular PSA-NCAM positive cells were
not present. In the hilus, the somata and tortuous dendrites of some surviving neurons were intensay
daned in patients with TLE.

CAL. The paitern of neuropil and fiber labeling in the CA1 pyramidd cdll layer differed from controls
in 15/23 cases. Typicdly, the loss of pyramidd cdls in thionin preparations was most severe in the
proxima portion (closest to CA2) of the CAl. The damaged region contained only scattered
clusters of thick and tortuous varicose PSA-NCAM-immunopostive fibers that surrounded the
darkly stained multipolar cells. At the border region between the damaged proxima and the better
preserved diga (closest to the subiculum) CA1L, a substantid increase in PSA-NCAM positive
varicose fibers and neuropil in the stratum oriens and stratum pyramidale was observed. This area
a0 contained numerous darkly-stained medium-sized multipolar neurons surrounded by varicose
fibers.



6. DISCUSSION

In the present series of sudies, the detailed distribution and morphologic types of the calcium-binding
protein-containing neurons (1) and the spiny neurons (11) in the human entorhind cortex were
described. Mogt of the earlier morphologic studies of spiny neurons were performed in rodents and
primates. No previous studies sysematicaly described the didribution of various cacium-binding
proteins in human entorhina subfields, athough there are more generd descriptions of parvabumin,
cdretinin, and cabindin dements in the human entorhina cortex (Bedl and Lewis 1992, Brion and
Resbois 1994, Schmidt et d. 1993, Tunon et d. 1992). The changes in the subfields of the
entorhind cortex in AD with thionin and Bidschowsky gans and cdcium-binding protein
immunohistochemigry (111) was adso described. The differences in susceptibility to damage of
various entorhina subfields and certain cell populations extend the understanding of the pathologic
changes of the entorhind cortex in AD. In addition, the changes in the cdlular organizetion of the
entorhina cortex and in its hippocampa projection areas in Alzheimer’s disease (1) and tempora
lobe epilepsy (V) were described with aid of PSA-NCAM immunchistochemidry.

6.1 Methodologic consder ations

Research Material. The research materid conssted of autopsy material from the brain bank system,
in which the autolyss time was as short as possible (Table 1 in sudies|, |11, and 1V). Differences in
postmortem time did not have a remarkable effect on the calcium-binding protein or PSA-NCAM
immunoreectivity (also shown by Ni Dhuill et d. (1999) at the light microscopica levd. Thus, the
autopsy materia was used as control materia to the tempora |obe epilepsy specimens obtained from
aurgeries for epilepsy. On the other hand, for ultrastructurd andyss a eectronmicroscopic leve,
brains with a long postmortem delay were not suitable. Furthermore, intracelular filling was not
possible to perform in tissue over 16 hour postmortem delay.

Immunohistochemistry. The specificities of antibodies used in the present series of studies were
previoudy described or studied in the context of these studies. Omission of the antibody resulted a
blank section without any immunoreactive profiles. The Western-blot andys's reveded the specific
bands of staining with certain molecular weights.

Microinjection technique. The microinjection technique is ussful for detecting Sngle neurons
without disturbing other neurona or glid eements. Compared to the traditiond Golgi method, it is
time-consuming in terms of the number of filled neurons per hour, but it is also more specific because
one can fill neurons of interest in specific layers or areas. The intracdlular filling technique is eesier in
human materid than in rat materid, because human neurons contain lipofuscin whereasin rat only old
animds have lipofuscin in their cel bodies. Sdection between the non-pyramidd and pyramida
neurons can be made even with ad of the lipofuscin of the somata, because in non-pyramida cdlls
the lipofuscin is rounded and compact, whereas in pyramidd cdls lipufuscin is more loosdy
aranged. Some neurond types, however, might be esser to fill than others. For example,
intracdlular filling is biased towards frequently-occurring cdl types with large somata. Furthermore,
some neurons remain weskly-fluorescent despite filling and they cannot be andyzed. Dendritic
ganing of a neuron located in the middle of the section might differ from that of neurons located on
the edges of the sections. In study |1, 369 neurons were filled, 17% of which had sparsely spiny or



aspiny dendritic trees and often smal somata. Therefore, they resembled interneurons that can be
stained with antibodies raised againg parvabumin, caretinin, or calbindin. In the present study, 52
neurons were in layer 1, 33 in layer 111, 39 in layer V, and 8 in layer VI. Thus, the data provided
from layer VI neurons are based on a relatively low number of observations. Furthermore, a large
mgority of dl dyefilled neurons were located in the ER, ELr, and El subfidds of the entorhina
cortex. The morphologic differences were, however, more remarkable between cdlular layers than
between the various subfields and, therefore, the location of most of the filled neurons was not
believed to influence the collection of the deta regarding the laminar differences in the morphology of
neurons.

6.2 Comments on the entorhinal nomenclature and divison of the entorhinal cortex into
subfields - Usefulness of the calcium-binding proteins

The medid and lateral borders of the entorhinal cortex are somewhat unclear. The area entorhina
dorsdis (area 34) medid to area entorhindis (area 28) was described according to Brodmann
(1909; see Garey (1994), Insausti et a. (1995). This area corresponds the EMI, and some
investigators Hill use the expresson “area 34" ingead of the EMI. In the present study the EMI
differed from the adjacent El and medidly-located periamygdaoid cortex in parvabumin as well as
in cdretinin sainings, and thus parcellation of the areawas easy. In the depth of the collatera sulcus,
the entorhind cortex gradudly changes to the perirhina cortex. In this region, which is cdled the
“transentorhina cortex” (Braak and Braak 1985), the cdlular clusters of layer 1l of the entorhina
cortex dide towards the layer I11. This trandtion area, which is not considered the entorhina cortex
proper, can dso be easlly visudized with parvabumin immunogtaining, when clusters gradudly dide
into deeper layers (Fig. 2 in study 1). Thus, the laterd and media border can be differentiated with
ad of cddum-binding protein ganing.

The nomencdlature of the entorhinal cortex used in this sudy is useful largely because it is comparable
with monkey and rat nomenclature (Amara et d. 1987, Insaudi et d. 1997). This ads the
comparison of the connections of the entorhina cortex, morphologies of the cdl types and
digribution of various markers between the species. On the other hand, in AD studies Braak’'s
nomenclature of entorhina layersis often used (Braak and Braak 1991). The nomenclature of layers
used here can be quite easily compared to that of Braak’s (see Table 1), while the subfield divisons
(16) (Bragk 1980) are more difficult to compare with the subfidds of Insausti. Also smplified
divisons have been dso used in AD dudies (laterd, intermediate, caudd), which might be too
amplified, because the location and borders might be difficult to define (Hyman et d. 1986). The
eight subfidds of the human entorhind cortex have differences in their cacium-binding protein
immunoreectivity, asindicated in Figures 11, 12 and 13 of sudy 1. The differentid digtribution of the
cacium-binding protein containing-neurons in the human entorhina cortex might aso have functiond
relevance.

6.3 Classification of the human entorhinal neuronsinto various mor phologic categories

All of the identified parvabumin, caretinin, or cabindin immunopostive dendrites were ether aspiny
or sparsaly spiny. As described earlier in the human tempord cortex (del Rio and DeFelipe 1996),
these three cacium-binding proteins labded largely non-overlgpping cdl populations of the human
entorhina  cortex. Morphologicdly, parvabumin-immunopostive cel bodies and dendritic



arborizations as well as basket-like plexi and cartridges resembled basket cdls and chanddier cdls
observed in the monkey prefrontal cortex (Lund and Lewis 1993), human amygdaa (Sorvari et al.
1995), and human entorhind cortex (Schmidt et d. 1993). The cdretinin-immunoreactive neurons
had bi-tufted dendritic trees that resembled the verticaly projecting local circuit neurons described in
monkey prefrontal cortex (Lund and Lewis 1993), in the human amygdaa (Sorvari et a. 1996b), in
the rat (Miettinen et d. 1997), and in the human entorhinal cortex (Brion and Resibois 1994).
Furthermore, cdretininimmunoreactive neuronsin layer | had the morphology of Cgd-Retzius cdls
(Bdichenko et d. 1995). Cdbindin-immunoresctive neurons often had verticaly oriented dendritic
trees that resembled double-bouquet neurons described in monkey neocortex (DeFdipe et d.
1989a) or in the human amygdaa (Sorvari et d. 1996a), and in the human entorhina cortex (Tunon
et a. 1992). In cdretinin preparations, there were also large pyramida shaped neurons in layers V
and VI with long gpica dendrites directed to superficid layers. These cdl types resembled those
earlier described in monkey prefronta cortex (Conde et d. 1994), but were not earlier described in
the human entorhind cortex (Brion and Resibois 1994). In the rat entorhina cortex, the caretinin-
immunoreactive neurons located in the deep layers were GABA-immunonegative (Miettinen et d.
1997), which supports the idea that these types of neurons are projection neurons. Furthermore, in
cabindin preparaions, lightly-stained pyramid- shaped neurons located in layers Il and Il were
observed, smilarly as previoudy described in monkey prefronta cortex and in human tempora
cortex (Conde et d. 1994, Ferrer et a. 1992).

There are only a few sudies of the morphology of spiny neurons in the human entorhina cortex
(Bedl and Lewis 1992, Belichenko 1993). The data obtained in study |1 was mostly compared to
the findings described in rat (Germroth et a. 1989, Germroth et d. 1991, Klink and Alonso 1997,
Schwartz and Coleman 1981) and monkey (Carboni et a. 1990) entorhind cortex. In the present
dudy, stdlate or multipolar neurons had multiple spiny primary dendrites of gpproximately the same
thickness and had no prominent apical dendrites. Neurons with smilar morphology in the
mammdian entorhind cortex were termed "star cells' by Lorente de No (1933). Stdlate cdls
resembled "spiny ddlae cdls' previoudy described in the entorhind cortex of the rat (Klink and
Alonso 1997) and "spinous multipolar neurons' in the entorhind cortex of monkey (Carboni et d.
1990). Modified gellate cdls or unipolar cells have one primary dendrite and severd thinner
dendrites arborizing in a dar-like fashion. In monkey, a morphologicaly smilar cdl is cdled a
pyramidal neuron (Carboni et a. 1990). According to Brask and Brask (Braak and Braak 1985),
this cdll type could dso be consdered a trangtiond type between the pyramidd cdl and stellate cdll.
In our materid, however, the primary dendrite of these neurons was shorter than that in neurons
classfied as pyramidd cdlls. Moreover, modified sdlate cells were typicdly located in superficid
layers wheress pyramidd cdlls were located in deeper layers. Therefore, the modified sdlate cdls
were classfied in ther own category. Neurons classified as horizonta tripolar cells had triangular
soma and horizontally-oriented dendrites. These neurons resembled the horizontal tripolar cells
described previoudy in the rat (Klink and Alonso 1997, Schwartz and Coleman 1981). Congstent
with classic studies by Lorente de No (1933) and more recent studies in the rat (Germroth et d.
1989) and monkey (Carboni et d. 1990) entorhinal cortex, classica pyramidal neurons were found
in layers 111, V, and VI of the human entorhina cortex. Taken together, comparison of the present
data with previous studies suggests that the morphologies of neurons in the human, monkey, and rat
entorhind cortex are smilar.



6.4 Anatomic organization of the neurons in the human entorhinal cortex: Some functional
aspects

Spiny neurons in the cdlular clusters of layer 11 were composed of gellate, modified elate, and
horizontal tripolar cells. The spiny neurons had severd primary dendrites that branched extensvely
within the cluster of layer 1. Furthermore, they had dendrites extending to layer | or down to layer
I11. Thus, the present data indicate that entorhina spiny neurons that are located in layer 11 and give
rise to the perforant pathway to the dentate gyrus have dendritic fields extending through layers|, I,
and 111. These neurons are in the postion to integrate information from the olfactory areas, superior
tempora gyrus, presubiculum, and perirhind and parahippocampal cortices (Amard et d. 1983,
Caballero-Bleda and Witter 1994, Insaudti et d. 1987a). The parvabumin neurons localized in layer
Il ds0 had extensve dendrites reaching layers I, Il, and Ill. Furthermore, the parvabumin-
immunoreactive axona baskets were observed around primary neurons. Thus, parvalbumin
immunoreactive neurons might influence the synchronization of the primary neurons, which suggests
that they form a critica network that controls entorhina outputs to the hippocampus. The cdretinin-
immunoreactive neurons formed fiber plexi ingde the cdlular clusters but dso radidly organized fiber
bands between the cdlular clusers. The cdretininimmunoresctive non-pyramidd cdls form
symmetric synapses with the dendrites and somata of pyramida cells, but they adso form synapses
with non-principa cells (dd Rio and DeFdipe 1996, dd Rio and DeFdipe 1997, Freund and
Buzsski 1996). Thus they might modulate information of layer |l differently compared to
parvalbumin neurons, and they might form a dignhibitory network. The largdy non-overlgpping
digtribution of parvabumin, caretinin and cadbindin neurons in layer 1l of the entorhind subfieds
indicates that each of the cdl populations may modulate a different subset of topographicaly
organized entorhind outputs i.e. the caudolaterally-located parvabumin neurons regulate the output
to caudd hippocampus, whereas cdretinin and cabindin neurons control the information more
extendgvdy in dl rogrocaudd and mediolaterd levels.

The gpicd dendrites of layer V and VI neurons largely remained in deep layers 111, 1V, V and VI.
Thus, layers V and VI are mainly influenced by inputs coming from the CA1 region and subiculum.
The parva bumin-immunoreactive neurons located in the deep layers formed cartridge-like structures
around axor-initid segments of pyramida cdls. This eventudly has impact on the memory trace
transfer from the entorhinal cortex to neocortex. In conclusion, there appears to be more overlap in
the dendritic fidds in the layers Il and Il than between the superficid and deep layers, which
supports the idea of segregation of information flow targeted to superficid layers (layers projecting to
hippocampus) or deep layers (layers projecting to neocortex) of the human entorhina cortex.

6.5 Alteration of the organization of the entorhinal cortex

6.5.1 Changesin calcium-binding protein containing-neuronsin AD patients

Parva bumin-immunoreactive neurons are characterized as ether basket or axo-axond GABAergic
neurons that are respongble for perisomatic inhibition of the principa cdls (Freund and Buzsaki
1996). In this dudy, the parvalbumin-containing neurons and the parvabumin-immunoreactive
basket-like network in layer 11 were diminished in AD (see dso Figs. 3 and 4 in sudy 111). The
findings are in accordance with those from a previous study (Solodkin et d. 1996). The
parva bumin-immunoreactive neurons in layer [l and the fiber gaining in this layer were preserved



longer, and changes gppeared only in the most severe AD cases. The pyramidd cdls of layer 111
were also better preserved than principa cdls of layer I1. Therefore, the loss of the parvabumin-
immunoregactive neurons and fibers gppeared to pardld the degenerative sequence of the primary
neurons in a layer-specific manner.

Cdretinin was localized in pyramida-shaped neurons in layers V and VI, in Cgd-Retzius cdls in
layer |, and in non-pyramidd neurons dl over the human entorhind cortex. The cdretinin-
immunoreective nonpyramida cells form symmetric syngpses with the dendrites and somata of
pyramidd cdlls, but they dso form synapses with non-principa cdls (de Rio and DeFdipe 1996, dd
Rio and DeFdipe 1997, Freund and Buzsski 1996). In the present study, the caretinin-
immunoreective nonprincipa neurons of layers |1 and 111 in the entorhina cortex were preserved in
AD cases and the dendritic staining of these neurons was reduced only in Alzheimer cases with
severe entorhina pathology (see Fig. 8in study I11). In the previous study, caretinin immunoreective
neurons in the entorhind cortex of AD patients were dso preserved but they did have dendritic
changes (Brion and Resibois 1994). Taken together, the findings indicate that caretinin containing
neurons reect to pathologic changes at least in the later stages of AD, athough they are not shown to
contain neurcfibrillary tangles (Brion and Resibois 1994). The border between layers | and Il in the
AD cases had abundant aggregates of small caretinin-immunoreactive neurons, giving the impresson
that these neurons were actudly multiplying in the AD subjects relative to controls. Smilarly, an
increased dendty of caretinin-immunoreective neurons was previoudy found in the frontal cortex of
AD patients (Sampson et d. 1997). While these phenomena can be related to the generd atrophy of
the cortex, the observation that cdretininiimmunoreactive non-pyramida cdls had a hedthy
gppearance when the parva bumin-immunoreactive neurons were dmost log, indicates a differentia
susceptibility between these two neurona populations in the entorhina cortex of AD pdients.
Curioudy, the basd dendrites of the layer V pyramidd cdlsin AD cases were prominently stained in
caretinin preparations wheress the gpical dendrites of these neurons were only weekly stained. In
control subjects, this pattern of dendritic saining was reversed (see Fig. 9 in study 111). This might
reflect possible plastic changes, ether pre- or postsynaptic, occurring in the dendritic regions of the
layer V pyramidd cdlsin patientswith Alzhemer's diseese.

Cabindin immunohistochemica preparations revedled increased daining intendty in some neurons in
AD subjects compared to control subjects. Normally the calbindin-immunoresctive principa neurons
of layers 1l and Il of the entorhina cortex were faintly stained, but in AD cases their cytoplasm was
darkly stained (see Fig. 13instudy 111). On the other hand, calbindin-immunoreactive non-principa
cdls exhibited severd morphologic changes indicating ongoing degenerdive processes occurring in
these neurons (see Fig. 12, I11). These changes occured even in early stages of entorhina pathology,
as was dso obsarved in the parvalbumin neurons. In concluson, particular non-principa cdls
containing parvalbumin or calbindin undergo pathologic changes in the entorhind cortex of patients
with AD.

The cdcum-binding protein containing-neurons rarely contain neurdfibrillary tangles (Brion and
Resibois 1994, Sampson et a. 1997, Solodkin et a. 1996). In previous reports, these neurons either
degenerated or survived different insults in a region-specific manner (Ara et d. 1987, Brady and
Mufson 1997, Ferrer et al. 1991, Ferrer et al. 1993, Fonseca and Soriano 1995, Hof et al. 1991,
Hof and Morrison 1991, Hof et d. 1993, Morrison et a. 1998). The present study reveded that in
the entorhinal cortex these neurons were differentialy vulnerable in AD depending on which calcium-



binding protein they contained. However, it is not known what determines the vulnerability of a
neuron. The type of calcium-binding protein, but aso other conditions, like receptor types (Kondo et
a. 1997), might determine the fate of a cdl in neurodegenerative diseases. Rdating to this, AD
pathology of layer 11 was aso most prominent in the caudolateral subfields thet are shown to contain
cholinergic innervation (De Lacdle et d. 1994), which might be associated with the cholinergic
deficits of Alzheimer’s disease (Davis et d. 1999).

6.5.1 Reorganization of neuronal circuitries in the entorhinal cortex and in its
hippocampal target areasin Alzheimer’s disease and in temporal |obe epilepsy

Changes in PSA-NCAM in the dentate gyrus. In TLE, the expresson of PSA-NCAM was
increased throughout the molecular layer, particularly in its inner third (see Fig. 3 in dudy V). This
increase resulted in the disgppearance of lamination in immunogtaining. The dengty of PSA-NCAM
immunoreactivity corrdated with the dendty of mossy fiber sprouting in the inner molecular layer.
This indicates that a proportion of immunoreactivity is located in the growing axons of granule cdlls.
In addition to axond expresson PSA-NCAM might occur, in the granule cdll dendrites that extend
to the molecular layer and undergo plastic changes in tempora lobe epilepsy (von Campe et 4d.
1997) and were previoudy found to express PSA-NCAM as aresponse to injury in rat (Styren et
a. 1994). In contrast, in AD, the lamination was strengthened and the outer portion of the molecular
layer was clearly demarcated from the inner portion (see Fig. 2 in study 1V). On the other hand, in
AD the immunogtaining in the inner third of the molecular layer of dentate gyrus was aso increased.
In AD, the dendrites of granule cdlls are not degenerated ingde the amyloid plagues (Eingein et d.
1994) and dso sprouting in molecular layer is thought to occur (Gertz et d. 1987).

Newly generated granule cdls in the infragranular region of adult rats trangently express highly
polysialylated NCAM (Seki and Arai 1993b). Recently, it was reported that even afew seizures can
induce the differentiation of immeature infragranular cdls into granule cdls in the rat (Bengzon e 4d.
1997, Parent et d. 1997). In our study, there was a two-fold increase in the dengity of infragranular
PSA-NCAM immunopostive cdls in eght patients with tempord |obe epilepsy who had only amild
overd| neurond loss in the hippocampus and whose granule cell layer appeared intact. Only afew, if
any, infragranular immunopositive neurons were present in patients with severe hippocampa neurona
loss. In these cases, the loss of granule cells was apparent in thionin preparations. No decrease was
observed in the number of PSA-NCAM-pogtive infragranule cellsin savere Alzheimer’ s disease and
aso the granule cdls remain preserved (Brask and Brask 1998). The human granule cdl layer is
dtering its organization dso in adults (Eriksson et a. 1998). This might have an impact on endurance
athough its entorhina inputs are lost. The disgppearance of PSA-NCAM-positive infragranular cells
in tempora lobe epilepsy patients with severe hippocampa damage suggests that the capacity for
granule cdl differentiation is reduced in the scleratic hippocampus. In the hilus, even in the most
sclerotic hippocampus of tempora epilepsy, some of the remaining neurons were darkly PSA-
NCAM-immunolabeed and had tortuous thick immunopositive processes emanating from the soma.
In AD, however, these hilar neurons had an gppearance smilar to those of controls. This might
indicate differences in reorganization of hilar neurons depending on the disease.

PSA-NCAM changes in CAL. In cases of TLE where neurond loss primarily involved only the
proxima portion of the CA1 region, the border region between the damaged and undamaged cdllular
layer of CA1 wasintensely PSA-NCAM-immunopositive. At the border area, stratum pyramidale



and stratum oriens contained intensdy labeled varicose fibers and punctate neuropil labeling. Also,
the somata of immunopostive neurons were darkly stained. In the area where the loss of CAl
pyramida cdls was dmost complete, only a few large darkly stained multipolar neurons with
tortuous dendrites were found mixed with a lower density of varicose fibers. In AD, the cdll lossin
CAL1 region was enormous. In AD, however, there were darkly-stained PSA-NCAM positive
fibers. These data suggest that the remaining neurons in CA1 express plagticity in human TLE and
AD, and thus, the pladticity in humans might occur outside the dentate gyrus.

PSA-NCAM in the entorhinal cortex. Layer Il of the entorhina cortex projects to the outer two-
thirds of the molecular layer of the dentate gyrus. In three of five cases of tempora Iobe epilepsy,
increased PSA-NCAM immunogtaining in cells and the surrounding neuropil in layer 1l of the
rostromedia portion of the entorhina cortex (subfield ER) was observed. In dl three cases, there
was dso a clear neurond loss and increased gliods in layer I1l. From two of these cases,
hippocampa PSA-NCAM preparations were available for andysis. Both cases had an increase in
the dengty of PSA-NCAM immunoreectivity in the outer two-thirds of the molecular layer
compared to the controls. These data indicate that the expresson of PSA-NCAM might be
increased in the entorhind cortex in a subpopulation of patients with tempord |obe epilepsy. Even
though the number of cases is low, these findings suggest thet as in the hippocampus the expression
of PSA-NCAM in the entorhind cortex is associated with neuronad damage and might occur
smultaneoudy with increased PSA-NCAM expresson in its monosynaptic projection field. In
Alzheimer's disease, the layer 1l was filled with neurdfibrillary tangles and cdlular clusters had largdy
disappeared in the intermediate, lateral, and caudal subfields. In contrast to control tissue in which
the PSA immunogtaining was locdized in the axon-initia segments, in AD tissue the PSA-NCAM
daining was mainly localized in non-oriented fiber saining ingde the former clusters of layer II. This
suggests that the changes are dso occurring in the axon initid segments of neurons in Alzhemer’s
dissese. The gaining intendity in the outer two-thirds of the dentate gyrus was dightly incressed in
those control cases in which layer 1l of the entorhinal cortex contained occasiond neurdfibrillary
tangles. This suggests that PSA-NCAM expresson increases with increasing degeneration of

perforant pathway.

PSA-NCAM expresson is upregulated in regenerating axons during axond eongation and
downregulated upon target innervation (Aubert et a. 1998). On the other hand, PSA-NCAM
remains upregulated in areas which do not find appropriate contacts (Aubert et a. 1998). Thus,
PSA-NCAM isamarker for ongoing remodeling. Changesin PSA-NCAM in the dentate gyrus, the
CAL1 region, and the entorhinal cortex support the idea that synaptic remodding is an ongoing
process in TLE and AD. In the present study, the dengity of immunoreactivity in the molecular layer
was the highest in patients with the longest duration of TLE or AD patients with severe Alzhaemer
pathology. TLE patients also had the most severe hippocampal pathology according to assessments
of thionin, dynorphin, and GFAP stained sections. The increase in PSA-NCAM immunoreactivity in
the hippocampus and the entorhina cortex paralds the neurona cdll loss observed in tempora lobe
epilepsy and Alzheimer’s disease. There is increasing evidence that aberrant sprouting contributes to
the neuronal aterations observed in these diseases (Houser et a. 1990, Phinney et a. 1999). The
molecular mechanisms underlying sprouting and reorganization remain to be explored, but they might
involve a sdective reactivation of certan developmentad mechanisms. The embryonic form of
NCAM is massvely re-expressed in hippocampa areas where neurdfibrillary tangles, amyloid
plagues, and neurona loss occur or where neurons suffer from a lack of inputs, or are targets of



mossy fiber sorouting. Whether the re-expresson of this molecule contributes to the etiology of
neuropathologic changes or is beneficid is not known. Negatively charged PSA epitopes dter the
adhesve properties of the membranes and might therefore guide the reinnervaion of surviving
neuronsin TLE and AD.



7. CONCLUSIONS

The gods of the thess were: (1) to characterize the anatomic organization of the human entorhind
cortex with aid of cacum-binding protein-containing neurons (1) and using intracdlular filling of spiny
neurons with lucifer ydlow (11), (2) to describe changes in the organization of the human entorhina
cortex of AD patients, especidly in neurons containing parvabumin, cdretinin, and cabindin (11),
(3) to study the reorganization process in the entorhina cortex and its hippocampa target aress in
normd brain, in AD and TLE using the polysidylated neurd cdl adheson molecule (1V, V).

The results can be summarized:

(1A) The digtribution of parvabumin, cdretinin, and cabindin largely followed the cytoarchitectonic
borders of the eight subfields of the human entorhina cortex. The regiona and laminar distribution of
these cacium-binding proteins was segregated rather than overlgpping. Thus, the highest densty of
parvabumin-positive neurons and fibers was observed in the caudolatera subfields, whereas
cdretinin and cdbindin immunoreectivities were high in rostromedid subfields, dthough both
immunoreectivities were dso found in the caudolaieral subfidds. Parvadbumin neurons were
morphologicaly non-pyramidd cdls, forming ether basket-like structures around cell somata or
catridge-like structures around the axor-initiad segments. Although, cdretinin and cabindin were
a0 locdized in non-pyramidd cdls, they additiondly labeed pyramidd-like neuronsin layers V and
VI (cdretinin) and in layers Il and 111 (cabindin) in the entorhina cortex. The high dengty of non-
pyramida neurons containing these cacium-binding proteins in layers 1l and [l suggedts that they
form a critica network that controls entorhina outputs to the hippocampus. In addition, the largely
non-overlgoping digtribution of the parvabumin, caretinin, and cabindin neurond populaions in the
entorhind cortex indicates that each of them may modulate a different subset of topographicaly
organized entorhina outputs.

(1B) Based on the shape of the somata and primary dendritic trees, spiny neurons were divided into
four categories classca pyramidd, sdlate, modified selate and horizonta tripolar cdls. The
morphologic differences were more varied between the layers than between subfieds. In layer I,
majority of neurons were stellate or modified sdlate. In the rostromedia subfields, however, there
were dso tripolar cdls. In layers 11, V, and VI the mgority of neurons were classca pyramida
cdls. Verticd extenson of the dendritic branches to adjacent layers supports the idea that inputs
terminating in specific layers influence target cells located in various entorhing laminae. There is more
overlap in the dendritic fields in the layers Il and 111 than between the superficid and deep layers,
which supports the idea of segregation of information flow targeted to superficid or deep layers of
the human entorhind cortex.

(2 In AD, the mogt profound neurond loss and neurcfibrillary tangle formation was found in the
intermediate, lateral and, caudd subfields of the entorhina cortex. Detalled andysis reveded that the
parvalbumin- and cabindin-containing non-pyramida neurons were morphologically dtered earlier
than cdretinin-containing non-pyramida cdlls in the entorhind pathology of AD. Our study suggests
that specific subfields and layers of the entorhina cortex that contain distinct calcium-binding proteins
are differentidly vulnerable. This might impact the topographicadly organized inputs and outputs of the
entorhina cortex.



(3) Inthe entorhina cortex, the changesin PSA-NCAM immunoreactivity were observed in layers||
and Il of AD and TLE patients when compared to controls. The PSA-NCAM immunoreactivity in
the outer two-thirds of molecular layer of the dentate gyrus was increased in AD, wheresas the inner
third of the molecular layer had mgor changes in TLE. The increese in PSA-NCAM
immunoreectivity in the hippocampus paraleled the neurond cell loss observed in TLE and AD. In
TLE cases with mild overdl neurond loss in the hippocampus and in AD the number of PSA-
NCAM-positive infragranule cells was increased, wheress in severe hippocampa damage in TLE no
PSA-NCAM-podtive infragranule cells were observed. The granule cell layer is preserved in AD
but disgppears in severe TLE cases. Whether the loss of granule cdlls is related with the reduced
capacity of granule cdl differentiation remains to be explored. Together, however, the findings
indicate that reorganization processes are somewhat different in these diseases. These sudies
provide evidence that the embryonic form of NCAM is upregulated in hippocampa areas where
neurons are thought suffer from a lack of inputs, or are targets of maossy fiber sprouting, or where
neurofibrillary tangles, amyloid plagues, and neurond loss occur.

In conclusion, the present studies provide new information about the entorhind cortex which is
involved in memory processing, highly vulnerable in AD and is damaged in some patients with TLE.
These sudies extend the knowledge of the normd organization of human entorhind cortex and
confirm that the human entorhind cortex is a neurochemically heterogeneous sructure in which
information flow is presumably differentidly modulated by loca interneurons. Furthermore, the
subfields and laminae of the human entorhina cortex have differences in their vulnerability to AD and
TLE. Moreover, these studies provide evidence that reorganization of neurona circuitries occurs in
the entorhina cortex and its hippocampal target areasin TLE and AD.
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