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«Of course it is happening inside your head, Harry, but why on earth should that mean

that it is not real?»
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«El cielo es azul, just don’t go tell anyone»
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Part I. Introduction

“Once development was ended, the fonts of growth and regeneration of the axons and

dendrites dried up irrevocably. In adult center, the nerve paths are something fixed and

immutable: everything may die, nothing may be regenerated. It is for the science of the

future to change, if possible, this harsh decree."

This statement by Ramon y Cajal (Ramon Y Cajal, 1913) led to the scientific community to think

of the brain as a static structure. However, Ramon y Cajal also suggested other possibilities:

“To explain the acquisition of new skills in adults . . . it is necessary to admit . . . the

establishment of other new pathways, by means of branching and progressive growth of

the terminal dendritic and axonal arborizations.”

While the idea of neuroplasticity underlying learning was ignored, the concept of a fixed brain

prevailed until the first ideas of a plastic nervous system appeared in the 70’s, (Cummins et al.,

1973; Diamond et al., 1971; Greenough, 1976).

Now we know that the remodeling of neural connectivity allows the brain to adapt to new

situations, to learn and to cope with different intrinsic or extrinsic factors. These changes are

required for the correct establishment of functional connections by cell migration, axon guidance

and synaptogenesis during embryogenesis and early postnatal life (Hensch, 2004; De Graaf-Peters

and Hadders-Algra, 2006). However, neural plasticity is not restricted to development, but also

happens during the adult life, although to a much lesser extent. The adult brain retains the ability to

undergo experience-dependent synaptic reorganization (De Magalhães and Sandberg, 2005), which

is the basis for learning and memory (Sutton and Schuman, 2006). Moreover, this plasticity is crucial

to cope with aversive experiences (McEwen and Gianaros, 2011) and to recover from brain damage

or disease (Fox, 2009; Sabel, 2008).

In this regard, there are certain cerebral regions that have been demonstrated as extremely

plastic, in which we have decided to focus our research. In particular, the medial prefrontal cortex

(mPFC), the hippocampus and the amygdala undergo structural remodeling after many different

experimental paradigms, specially in chronic stress (McEwen, 1999) and with antidepressant drugs

(Castrén and Rantamäki, 2010; Nestler, 1998). Moreover, in these regions our laboratory and others

have demonstrated the presence of the polysialylated form of the neural cell adhesion molecule (PSA-

NCAM), a molecule involved in the modulation of different forms of structural plasticity (Bonfanti,

2006). Since various studies have also described the presence of structural remodeling in different

neocortical regions, specialy those involved in sensory processing, we have also included in our

analysis the somatosensory cortex. Finally, we have also included the study of the paleocortex, a

region in which immature neurons expressing PSA-NCAM have been described (Pekcec et al., 2006;

Shapiro et al., 2007).
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Fig. 1.1: Burdach’s drawings of the human amygdala

1 Regions studied

1.1 The amygdala

Early in the 19th century, Burdach discovered a structure with an almond-shaped morphology, the

amygdala (Fig. 1.1), which structure and function has been largely discussed all over these years.

Meynert analyzed microscopically tissue sections and began an anatomical description of this region;

then started the controversy about how to classify the amgydala . In fact, recent results suggest

that the amygdala refers to an arbitrary set of cell groups (Swanson and Petrovich, 1998). However,

based on immunohistological data, we can distinguish two different regions: The striatal amygdala,

composed by the central and medial nuclei, with a high density of glutamate decarboxylase (GAD)

expressing cells, resulting in a main γ-Aminobutyric acid (GABA) output. On the other hand, the rest

of the amygdala, with a main presence of glutamatergic elements, represents the cortical amygdala.

This region is divided into the chemosensory amygdala (composing the vomeronasal cortex and part

of the olfactory cortex), the associative basal complex (formed by the basomedial, basolateral and

lateral amygdala), and the extended amygdala (e.g. bed nucleus of the stria terminalis) (Gutiérrez-

Castellanos et al., 2010; Swanson and Petrovich, 1998). Lesions in the amygdala of human patients

lead to a behavioural disorder called Kluver-Bucy syndrome, characterized by changes in emotional

behaviour, such as the complete loss of fear. This, together with different studies conducted in

experimental animals, lead to the idea that the amygdala was an important part of the emotional

circuits (Mair et al., 1979). Studies on rats have shown that damage to the amygdala affects the
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acquisition and expression of fear conditioning (LaBar and LeDoux, 1996). Different experiments

have demonstrated that the basolateral and basomedial divisions are involved in the acquisition of

contextual conditioning, while the lateral nuclei is involved in auditory conditioning. These regions

process the information and project to the central nuclei of the amygdala, which is involved in the

interface with the motor system (freezing response) and other forms of expression of conditioned

fear, such as blood pressure control (LeDoux, 2000). The last of the amygdaloid nuclei analyzed in

this thesis is the medial amygdala, which represents an integrative area of vomeronasal and olfactive

information, and therefore it is involved in the reproductive behavior elicited in response to the action

of sexual pheromones (Wysocki et al., 1991; Halpern and Martínez-Marcos, 2003).

1.2 The hippocampus

The hippocampus is a structure formed by three layers: molecular, pyramidal and polymorphic. It

has been classically divided in two interlocking regions: the Ammon’s horn and the dentate gyrus.

The dentate gyrus is formed by a layer of granular cells, which extend their dendrites to the external

layer of this region, the molecular layer. In this stratum begins the so-called trisynaptic loop, where

granule cells recieve the projection of entorhinal afferents that carry information about the external

world. Beneath these granule cells is the hilus, where we can find a population of excitatory neurons

denominated mossy cells. The axons of these mossy cells mainly innervate the dendrites of the

granule cells in addition to some of their axons, which constitute the mossy fibers. These mossy

fibers project to the CA3 subfield of the pyramidal layer, where they form giant en passant boutons,

or mossy terminals, on the proximal dendrites of pyramidal cells. This connection represents the

second stage of the trisynaptic loop. These pyramidal cells extend their apical dendrites in the strata

radiatum and lacunosum moleculare, where they receive projections from the entorhinal cortex. The

basal dendrites of the CA3 pyramidal neurons are extended in the stratum oriens, as well as their

axons, which arborize profusely within CA3 and project densely to the CA1 subfield, a route originally

described by Schaeffer (Schaeffer, 1892). These axons generate collaterals which reach both the

stratum radiatum and, to a lesser extent, the stratum oriens, representing the third and final stage

of the trisynaptic loop (Freund and Buzsáki, 1996).

The hippocampus is a region that has been related to memory formation during the last 50

years, initially due to the information obtained from the clinical cases of HM and RB. HM received

surgery in an attempt to cure his epileptic seizures. The bilateral medial temporal lobe resection

removed the amygdala, uncus, hippocampal gyrus and anterior two-thirds of the hippocampus and

HM developed anterograde amnesia of declarative memories (those available to consciousness). His

past memories were intact, but he could not remember any posterior events to the surgery. In the

case of RB, after an ischemic episode during cardiac surgery, an anterograde amnesia was apparent,

he was also unable to remember anything since the ischemic episode. But in his case, the lesion

was restricted to the CA1 region of the whole hippocampus, demonstrating the role of this region

in memory function. Posterior experiments of hippocampal lesions in rats demonstrated that the
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hippocampus is also necessary for the establishment of new spatial memories (Eichenbaum, 2000).

Fig. 1.2: Trisynaptic loop of the hippocampus

1.3 The medial prefrontal cortex

The mPFC can be divided into three areas with distinct anatomical and functional features: (1) the

rostral portion of the anterior cingulate cortex, which in turn is divided into a dorsal (Cg1) and a

ventral (Cg2) area; (2) the infralimbic cortex (IL) and, (3) the prelimbic cortex (PrL) (Uylings and

Van Eden, 1990; Paxinos and Watson, 2007; Seamans et al., 2008).

The architectural order of cells and fibers in the rodent mPFC basically conforms to the structural

plan prevailing throughout the neocortical regions in mammals, but lacking the internal granule cell

layer (layer IV) (Gabbott et al., 1997; Fuster, 2008). Therefore, the rodent mPFC is organized in

five layers that run parallel to the cortical surface and are numbered from the outer surface of the

cortex (pia mater) to the white matter as follows (Kandel et al., 2000; Paxinos and Watson, 2007;

Fuster, 2008):

• Layer I (molecular or plexiform layer) is an acellular layer occupied by the dendrites of the cells

located deeper in the cortex and axons that travel through this layer or form connections in

there.

• Layer II (external granule cell layer) is comprised mainly of small spherical cells called granule

cells. Some small pyramidal cells are also present in this layer and connect with other cortical

areas from the same hemisphere.

• Layer III (external pyramidal cell layer) contains a variety of cell types, many of which are

pyramidally shaped and connect either with the contra-lateral hemisphere or with other cortical

areas from the same hemisphere. In cortices organized in five layers, layer III receives most of

the projections coming from the thalamus.
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Fig. 1.3: Layers of the mPFC

• Layer V (internal pyramidal cell layer) contains mainly pyramidal neurons that are typically

larger and more densely packed than those in layer III. Many of these neurons have been shown

to project to the basal ganglia, the thalamus, many nuclei of the brainstem and midbrain, and

to the spinal cord (Lambe et al., 2000).

• Layer VI (polymorphic or multiform layer) is a fairly heterogeneous layer of neurons. It blends

into the white matter that forms the deep limit of the cortex and carries axons to the thalamus

and to/from other areas of the cortex (DeFelipe and Farinas, 1992; Groenewegen et al., 1997).

Although each layer of the cerebral cortex is defined primarily by the presence or absence of neuronal

cell bodies, each layer also contains additional elements. Thus, layers I-III contain the apical dendrites

of neurons that have their cell bodies in layers V and VI, while layers V and VI contain the basal

dendrites of neurons with cell bodies in layer II. The profile of inputs to a particular cortical neuron

depends more on the distribution of its dendrites than on the location of its cell body (Kandel et al.,

2000).

On cytoarchitectonic grounds, these regions are considered equivalent to the human/primate

Brodmann’s areas 24, 25 and 32 respectively. However, although the rodent PFC is not as differen-

tiated as it is in primates, and the appearance of new specializations later in the evolution is likely,

dorsolateral-like features (Brodmann’s areas 46 and 9), including both anatomical and functional

ones, are also present in rodents. In general, it appears that the rodent PrL region is involved in

attentional and response selection functions, as well as visual working memory, whereas the more

dorsal regions (Cg) are involved in the generation of rules associated with temporal ordering and

motor sequencing of behavior. The IL region plays a special role in autonomic control, and especially

in the modulation of fear-related behaviors (Uylings and Van Eden, 1990; Paxinos and Watson, 2007;

Seamans et al., 2008).
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1.4 The somatosensory cortex

The somatosensory cortex is divided in six layers similar to those described for the medial prefrontal

cortex, but with a proper internal granular cell layer (or layer IV) that represents an exclusive feature

of the rodent somatosensory cortex. This layer is anatomically organized in cylindrical structures

denominated barrels, which receive the input from the rodent whiskers through the hypothalamus.

Every whisker projects selectively to one barrel, representing therefore, a good model to study

experience-dependent structural plasticity. In fact, it has been shown that whisker trimming induces

the remodeling of the barrel structure to adapt to the new number of whiskers. This neocortical

region is involved in the sensory representation of the different parts of the body. In fact, it contains a

somatotopic map of the contralateral body surface and codifies information for the location (Penfield

and Rasmussen, 1950) and orientation of stimuli (Mountcastle et al., 1967). In this line, lesions of

this region in humans have been shown to produce symptoms such as agraphesthesia (disorder of

cutaneous kinesthesia), astereognosia (inability to indentify an object by touch), loss of vibration,

proprioception and fine touch.

1.5 The paleocortex

The paleocortex is a wide region of the brain defined by its structure organized in three to six

layers, where the projections of the olfactory information terminate. In this regard, it is important to

remember that the olfactory system represents the most important source of information from the

outside world for rodents. Two different regions of the paleocortex were studied in this thesis: the

entorhinal and the piriform cortices. The entorhinal cortex is strongly connected to the hippocampus,

through axonal fibers that perforate the subiculum, therefore it has always been suspected that the

function of both regions must be somehow related. Now the entorhinal cortex is considered an

association area where inputs from different regions converge, before entering the hippocampus.

Consequently, this region provides sensory information to the hippocampus for the development

of learning and memory, and, in fact, lesions of this region are associated with failure in sensory

integration and spatial learning impairments (Davis et al., 2001). The entorhinal cortex can be

divided in two regions according to their projections to the dentate gyrus of the hippocampus: the

lateral and the medial subdivisions. These anatomical divisions are related to different functions: the

medial part receives spatial information, while the lateral part receives olfactory and somatosensory

information. The entorhinal cortex is organized in six layers, similar to the neocortex, but the piriform

cortex displays only three layers. However, in general terms, the cellular morphology, physiology and

local circuitry are similar to the six-layered neocortex (Haberly and Price, 1978). The piriform cortex

is characterized by the direct input that it receives from the olfactory bulb (Löscher and Ebert, 1996).

The main recipients of this input are the pyramidal cells in the piriform cortex layer II. However,

in addition to pyramidal cells in layer II, recent reports have described a distinct population of

cells expressing immature neuronal markers, such as doublecortin (DCX) and TOAD/Ulip/CRMP-4

(TUC-4) in both entorhinal and piriform cortices (Nacher et al., 2000, 2002a).The involvement of
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this region in olfactory processing has been shown by specific lesions, characterized by impairments

in odour perception and odour memory (Dade et al., 2002).

2 Major cell types

From the first studies of Ramon y Cajal, Camillo Golgi and their successors, two major groups of

cells were identified in the brain: neurons, specialized cells for electrical signaling over long distances,

and glia, cells specialized in the support and nourishment of neurons. Nevertheless, recent studies

have demonstrated that glial cells have a more complicated role, from synapse scaling to brain repair

(Ben Achour and Pascual, 2010).

Neurons are identified by their morphology, they have an extensive dendritic arbour, which

receives the main synaptic input from other neurons. On the other hand, the axon represents the

neuronal output. There are two major types of neurons: interneurons, or local circuit neurons defined

by a short axon, and the use of the inhibitory neurotransmitter GABA. This cell type represents a

20-30% of the total number of neurons in the cortex (Kawaguchi and Kubota, 1997). The rest of the

neurons correspond to the principal/projection type, which display long axons that extend to distant

targets and which mainly use the excitatory neurotransmitter glutamate. While excitatory neurons

are relatively homogeneous regarding their features, interneurons constitute a heterogeneous popu-

lation with diverse morphological, electrophysiological, neurochemical and synaptic characteristics.

Consequently, multiple subpopulations of interneurons can be defined attending to these features,

individually or in combination (Ascoli et al., 2008). A conservative classification describes four types

of interneurons: (I) fast-spiking chandelier and basket interneurons, expressing parvalbumin (PV),

(II) burst-spiking somatostatin-containing interneurons, (III), rapidly-adapting interneurons, which

usually have a bipolar or double-bouquet morphology and express calretinin (CR) or vasointestinal

peptide (VIP) and (IV) rapidly-adapting interneurons with multipolar morphology expressing reelin

and neuropeptide Y (NPY) (Gelman and Marín, 2010).

Both excitatory and inhibitory neurons are present and constitute the main cell types in all

the regions studied in this thesis. Nevertheless, there are characteristic differences in each region:

while in the mPFC, the somatosensory cortex and the paleocortex the excitatory neurons are almost

exclusively pyramidal neurons, in the hippocampus we have to include also the granule cells of the

dentate gyrus. In the amygdala, the excitatory neurons are denominated class I cells, although they

are also known as pyramidal-like neurons. Unlike the pyramidal neurons of the hippocampus and

the neocortex, these pyramidal-like neurons neither show a clear orientation nor a stratification.

Moreover, within this class I group there are also smaller cells, more similar to the spiny stellate cells

of the cortex. Regarding the inhibitory neurons, we can find the four groups described above in all

the regions studied in this thesis, although their specific function in each region is not completely

understood. However, it has to be noted that this classification in four groups is too reductionist

and does not represent the great diversity of interneurons present in the adult brain.

27



Fig. 2.1: Major cell types; interneuronal diversity

3 Neuronal plasticity

The term neuronal plasticity refers to the reorganization of the nervous system at different levels,

from molecular to structural changes (Xerri, 2008).

3.1 Molecular plasticity

There is evidence of complex molecular mechanisms and signaling cascades involved in the modu-

lation of neuronal plasticity. Many of these processes are largely dependent on protein dynamics in

synapses, such as neurotransmitter receptor dynamics at excitatory and inhibitory synapses or the

relationship between the exchange of these receptors and scaffolding proteins (Renner et al., 2008).

For example, GABA and glycine receptors are clustered by gephyrin (Fritschy and Harvey, 2008),

a scaffolding protein important for the appropriate activity-dependent diffusion of GABA receptors

(Mukherjee et al., 2011). Some of these molecular changes underlie the structural remodeling of

neurites and synapses and, consequently, they should involve regulation of the expression of neuronal

cytoskeletal proteins and proteins implicated in cell to cell and cell to extracellular matrix adhesion.

The remodeling of protein filaments in the neuronal cytoskeleton is highly regulated by conserved

signaling pathways, which are known to accompany different changes in the structure of synapses,

axons, dendrites and spines. In the synapse, the cytoskeleton is likely to control dynamic synaptic

functions and might induce morphological changes. In fact, microtubule-associated proteins have
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been implicated in synapse assembly and disassembly (Roos et al., 2000; Eaton et al., 2002). Differ-

ent signaling pathways are also likely to regulate the actin cytoskeleton at the synapse (Meyer and

Feldman, 2002). Actin remodeling in the postsynaptic compartment can also be initiated by a num-

ber of signaling molecules, such as the EphB2 receptor tyrosine kinase, via the small Rho GTPases,

Rac1 and Cdc42. Other signaling molecules associated with the Rho GTPase pathway and with

actin-binding proteins are also important for maintaining spine integrity (Dillon and Goda, 2005).

In addition, adhesion molecules bind to a cytoplasmic network of scaffolding proteins, regulators of

the actin cytoskeleton, and signal transduction pathways that control the structural and functional

organization of synapses (Yamada and Nelson, 2007). Moreover, cell adhesion molecules (CAMs),

such as N-cadherin, influence synaptic structure via indirect interactions with the actin cytoskeleton

(Dillon and Goda, 2005). The neural cell adhesion molecule (NCAM) also interacts with cytoskele-

tal proteins. The NCAM 140 and 180 isoforms, are normally associated with α- and β-tubulin, as

well as α-actinin 1. In contrast, β-actin, tropomyosin, microtubule-associated protein MAP1A, and

rhoA-binding kinase-α preferentially bind to NCAM 180 (Büttner et al., 2003). Neural cell adhesion

molecules can also activate per se transmembrane-signalling reactions and thereby contribute to the

initiation of cellular responses directed to the regulation of synaptogenesis and synaptic plasticity. L1

and NCAM, activate intracellular signaling pathways in the growth cone, mediated by two different

members of the src family of nonreceptor protein tyrosine kinases (PTKs), pp60 (c-src) and p59

(fyn5,6), and this activation induces neurite outgrowth (Maness et al., 1996). NCAM is also known

to stimulate neurite outgrowth by the activation of both the Ras-mitogen-activated protein kinase

(MAPK) pathway and the fibroblast growth factor (FGF) receptor-PLCg-PKC pathway (Kolkova

et al., 2000). NCAM also has marked influence on both the structure of dendritic spines and their

post synaptic densities (Stewart et al., 2010).

3.2 Structural plasticity

The term neuronal structural plasticity refers to all types of changes, which modify the shape and

structure of the central nervous system (CNS). These morphological changes can be organized in

different levels: (a) adult neurogenesis (proliferation of neuronal precursors, neuronal migration

and incorporation to functional neuronal circuits) (b) neuritic remodeling (axonal and dendritic

outgrowth/retraction) and (c) synapse turnover (synaptogenesis and synaptic removal); (McEwen

and Gianaros, 2011).

3.2.1 Adult neurogenesis

Adult neurogenesis involves recruitment of new neurons to functional circuits (Aimone et al., 2006).

The continuous production and incorporation of new neurons to the adult central nervous system

occurs mainly in two restricted regions: The subventricular zone of the lateral ventricle (SVZ)

(Alvarez-Buylla et al., 2000), which produces granule and periglomerular neurons which, through the

rostral migratory stream, migrate and become integrated into the olfactory bulb, and the subgranular
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Fig. 3.1: Markers of neurogenesis in the SGZ of adult rodents
Asterisk indicates that calretinin is only expressed as an immature neuronal marker in the SGZ of mice and not in

the SGZ of rats.

zone of dentate gyrus (SGZ) in the hippocampus (Gage et al., 1998), which produces granule neurons

that incorporate to the granule cell layer. Several investigators also have reported evidence for adult

neurogenesis in other areas of cerebral cortex, such as the neocortex or the piriform cortex. Different

techniques have been used to identify neurogenesis in these areas, where it is likely to occur at a

relatively low rate when compared with the SVZ and SGZ. The use of 3H-thymidine autoradiography

or bromodeoxyuridine (BrdU) labeling and antibodies that detect immature neuronal markers and

the subsequent analysis of labeled cells by electron and confocal microscopy, found double-labeled

cells in the adult neocortex of several mammalian species, including hamsters, rats and macaques

(Kaplan, 1981; Huang et al., 1998; Gould et al., 1999b, 2001; Dayer et al., 2005). However, several

studies have been unable to replicate these findings (Rakic, 1985; Ehninger and Kempermann, 2003;

Kodama et al., 2004; Kornack and Rakic, 2001; Bhardwaj et al., 2006). Moreover, other techniques

as retroviral and 14C labeling, have also failed to find positive evidence for cortical neurogenesis in

adults (Gould, 2007).

3.2.2 Neurite remodeling

Dendrites represent the location where neurons receive their main synaptic input. The geometry of

the dendritic arbour influences the input that a neuron receives by modeling competitive interactions
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of the innervating axons (Hume and Purves, 1981). Some dendrites display protrusions denominated

dendritic spines, small morphological specializations considered to receive excitatory synaptic input.

Studies in vivo have shown that there is a baseline turnover of spines, which is increased after sensory

deprivation (Trachtenberg et al., 2002; Keck et al., 2008). In addition, changes in spine morphology

and head size have been related to long-term potentiation (LTP; (De Roo et al., 2008b)). Plasticity

associated with cognitive functions, aversive experiences or brain repair involves dynamic remodeling

of dendritic and axonal arbors, including branch formation/elimination, as well as collateral branching

and spine remodeling (Wong et al., 2000; Diana et al., 2007; Cline and Haas, 2008; Williams and

Atkinson, 2008).

3.2.3 Synapse turnover

Synaptic plasticity is a concept that describes changes in the efficacy of synaptic transmission, in-

cluding also the structural reorganization of synapses. Neurons communicate through synapses, and

this communication generates action potentials near the cell body, which sub-sequentially propagate

down the axon, opening Ca2+ channels that induce the release of vesicles containing neurotrans-

mitters. Synapses are regulated by short (from tens of milliseconds to several minutes) and long

term mechanisms that can lead to a decrease or an increase in synaptic strength. There are several

forms of short term plasticty: 1) Synaptic facilitation, which consist in a rapid increase of synaptic

strength when two action potentials concur a few milliseconds apart and which lasts tens of millisec-

ons. This facilitation is due to the slow return of calcium to the basal levels. 2) Synaptic depression,

which involves a decrease in the amount of neurotrasmitter released. 3) Synaptic potentiation and

augmentation, which increase the amount of neurotransmitter released, but at different time scales.

Finally, 4) an slower time course of the potentiation can lead to a post-tetanic potentiation (Zucker

and Regehr, 2002).

The long-term mechanisms have received more attention during the last years. These mecha-

nisms include a long-lasting increase (long-term potentiation; LTP) or a decrease (long-term depres-

sion; LTD) of the synaptic strength. They involve the transmission of a signal, by p42 MAPK, which

can be transported to the nucleus and phosphorylate nuclear targets, inducing the transcription of

specific genes (Pittenger and Duman, 2008). These changes in the strength of the synaptic trans-

mission have been related to memory formation. The inhibition of LTP in the hippocampus through

a local infusion of AP5 (a N-methyl-D-aspartate (NMDA) receptor antagonist) produced a profound

impaired learning in the Morris water maze (Morris, 1984). Other molecules, such as the protein

kinase PKM zeta and the NMDA receptor subunit NR1, have also been related to the blockade of

LTP and spatial memory formation (Shimizu, 2000). These experiments led to the formulation of

the “synaptic plasticity and memory hypothesis” by Morris and colleagues:

“Activity-dependent synaptic plasticity is induced at appropriate synapses during memory forma-

tion, and is both necessary and sufficient for the information storage underlying the type of memory

mediated by the brain area in which that plasticity is observed.”
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4 Molecular mechanisms involved in triggering structural plasticity

4.1 Neurotrophins

Trophic factors are molecules that promote growth and survival of cells (Purves et al., 2008). There

are several families of trophic factors, according to which receptor they activate: Neurotrophins,

Epidermal Growth Factor, FGF, Bone Morphogenetic Proteins, Insulin-like Growth Factor, neuro-

transmitters and neuropeptides, cytokines and non-peptidic hormones (Sizonenko et al., 2007). In

the CNS, the most relevant trophic factors are the neurotrophins, which mainly act through the

tropomycin receptor kinase (Trk) receptors. The “neurotrophic hypothesis” states that the correct

supply and availability of neurotrophins directs the formation of an appropriate number of connec-

tions, which will determine neuronal survival (Purves et al., 2008). Rita Levi-Montalcini and Viktor

Hamburger discovered in the early 1950s the first molecule that supported the assumptions of the

neurotrophic hypothesis: the nerve growth factor (NGF). They proved that the addition of this

molecule to the medium of a ganglion organotypic culture, promoted both the neuronal survival and

neurite outgrowth (Levi-Montalcini and Cohen, 1956). In addition to NGF, there are three other

neurotrophins: neurotrophin-3, neurotrophin-4/5 and brain-derived neurotrophic factor (BDNF).

Neurotrophins are polypeptides that homodimerize and have a mature and an immature form, each

mediating different signaling cascades (Russo et al., 2009), which are involved in axon guidance

(Baier and Bonhoeffer, 1992), clustering of postsynaptic ion channels (Elmariah et al., 2004), the

correct maintenance and proliferation of dendritic spines (Danzer et al., 2008; Chakravarthy et al.,

2006) or LTP (Fan et al., 2005). Therefore, it is accepted that neurotrophic dysfunction may un-

derlie degenerative diseases such as Parkinson’s disease, amyotrophic lateral sclerosis, Alzheimer’s

disease or Huntington’s disease. (Arancio and Chao, 2007).

4.2 Cell adhesion molecules

Neuronal structural plasticity is largely dependent on cell adhesion molecules. CAMs are proteins

located on the cell surface, which are involved in stabilizing and modulating cellular interactions with

other cells and with the extracellular matrix. They are critical for the assembly of CNS architecture

during developmental stages and are critical for the proper function of the mature nervous system.

There are four important families of adhesion proteins according to their functional and structural

resemblance. These families of CAMs are: (a) The immunoglobulin superfamily, which includes

NCAM and L1; (b) Integrins; (c) Cadherins; and (d) Selectins (Walsh and Doherty, 1997; Murase

and Schuman, 1999; Chothia and Jones, 1997). Among CAMs, NCAM is the most studied protein

regarding cellular recognition processes and it is expressed on the surface of most neurons (Hoffman

et al., 1982; Friedlander et al., 1986). NCAM is a surface glycoprotein (Gascon et al., 2007; Maness

and Schachner, 2007; Katidou et al., 2008), which presents three major isoforms, generated by

alternative splicing, denominated NCAM 120, NCAM 140 and NCAM 180, based on their molecular

weights (Gegelashvili et al., 1990; Olsen et al., 1993; Kramer et al., 1997). All three isoforms share
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Fig. 4.1: NCAM isoforms

identical extracellular structures, consisting on five immunoglobulin-like domains and two fibronectin-

type III repeats. The extracellular domain is a globular structure composed by around 70-110 amino

acids. Both NCAM 140 and NCAM 180 isoforms contain a transmembrane and an intracellular

domain, but the NCAM 120 isoform lacks those domains and it is anchored to the cell membrane

via a glycosylphosphatidylinositol (GPI) linkage. Consequently, only NCAM 140 and NCAM 180

isoforms are detectable in synaptosomal membranes (Persohn et al., 1989; Rougon et al., 1990).

NCAM 180 has a long cytoplasmic domain, it is predominantly expressed on mature neurons and

it is particularly abundant at sites of cell contact and postsynaptic densities (Persohn et al., 1989);

NCAM 140 has a shorter cytoplasmic domain and it is particularly expressed on developing neurons,

mediating growth cone guidance and neurite outgrowth responses, although it can also be found

in mature neurons, both in pre- and postsynaptic densities (Persohn et al., 1989; Doherty et al.,

1992). While NCAM 140 is expressed both by neurons and glia (Williams et al., 1985), NCAM 120

is predominantly expressed by glial cells (Bhat and Silberberg, 1986; Walmod et al., 2004). NCAM

molecules interact with like molecules (homophilic interaction) and non-like molecules (heterophilic

interaction) on neighboring cells or on the extracellular matrix to regulate their position and dynamic

interactions with other cells by diverse signal transduction pathways (Walmod et al., 2004). The

functional properties of NCAM are strongly influenced by the addition of long chains of a complex

sugar, the polysialic acid (Rutishauser, 1996; Bonfanti, 2006; Gascon et al., 2007).
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4.3 The polysialylated form of NCAM (PSA-NCAM)

The NCAM protein core is subjected to several post-translational modifications, such as phosphory-

lations, addition of the carbohydrate epitopes L2 or HNK-1, sulfation, glypiation and glycosylation

(Rougon et al., 1990; Walmod et al., 2004). One of the most important glycosilation events is the

addition of PSA. This unique and highly regulated post-translational modification of NCAM is critical

during brain development, neural regeneration and plastic processes, including learning and memory

(Bork et al., 2007; Hildebrandt et al., 2007). In mammals, this molecule is a linear homopolymer of

α-2,8-linked N-acetylneuraminic acid, which chains can extend to lengths ranging from 50 to 150

units (Kiss and Rougon, 1997; Livingston et al., 1988). PSA is attached exclusively to NCAM at

the fifth immunoglobulin-like domain (Hoffman et al., 1982; Acheson et al., 1991). The degree of

NCAM polysialylation is tightly regulated: PSA-NCAM levels are high during brain development

but there is a progressive reduction until adulthood (Rutishauser, 1996; Bonfanti, 2006; Gascon

et al., 2007). The synthesis of PSA in the Golgi compartment is catalyzed by two resident polysia-

lyltransferases, ST8SiaII (also known as STX) and ST8SiaIV (also known as PST). Both enzymes

are strongly expressed during prenatal development and this expression is dramatically downregu-

lated after the perinatal period. During adulthood, the expression of ST8SiaII and ST8SiaIV is

Fig. 4.2: Expression of the two polysialyltranferases during development

low, but the later is more abundant than the former (Nakayama and Fukuda, 1996; Kojima et al.,

1996; Hildebrandt et al., 1998). PSA has been found also on other proteins: the α-subunit of the

rat brain voltage-sensitive sodium channel (Zuber et al., 1992), SynCAM (Galuska et al., 2010),

podocalyxin (Vitureira et al., 2010) and the polysialyltransferases ST8SiaII and ST8SiaIV, which

are autopolysialylated in vivo (Close et al., 2000). However, NCAM is the principal carrier of PSA

in the nervous system (Rutishauser, 1996, 2008). Carboxyl groups give their peculiar biochemical

characteristics and negative charge to PSA, attracting water and ionic molecules. This large hy-
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drated volume inhibits cell-cell apposition (steric impediment), which prevents both the homotypic

and the heterotypic binding of NCAM (Yang et al., 1992). Therefore, the post-translational addition

of PSA on NCAM increases the range and magnitude of intermembrane repulsion by increasing the

nonspecific repulsive force between cells (Johnson et al., 2005). These anti-adhesive properties of

PSA-NCAM are particularly evident during neuronal migration. This molecule is expressed by neural

precursors migrating from the SVZ to the olfactory bulb by a mechanism in which the cells move

forward in a stream by using each other as a substrate and PSA-NCAM enhances the cycles of

adhesion and de-adhesion (Rousselot et al., 1995; Petridis et al., 2004). PSA-NCAM expression

also participates in the axophilic migration of luteinizing hormone releasing neurons to the forebrain

(Yoshida et al., 1999). Moreover, PSA-NCAM plays a permissive role in axon guidance, reducing

the fasciculative interactions between axons and allowing them to respond more effectively to a va-

riety of extrinsic signals and to reach their target, both in the peripheral and in the central nervous

systems (Rutishauser and Landmesser, 1996; Kiss and Rougon, 1997; Brusés and Rutishauser, 2001;

Rutishauser, 2008).

Multiple lines of evidence implicate NCAM in synaptic functions and suggest a role for PSA-

NCAM in synaptic strength modulation (Dalva et al., 2007; Dityatev et al., 2008). One possibility is

suggested by the finding that enzymatic removal of PSA (by Endo-N-acetylneuraminidase; EndoN)

or its blockade with antibodies, prevents LTP, LTP-associated formation of perforated synapses and

LTD in the CA1 region of the hippocampus (Becker et al., 1996; Muller et al., 1996; Dityatev et al.,

2004). Hippocampus-dependent spatial learning protocols increase the expression levels of PSA-

NCAM (Venero et al., 2006) and mice deficient in one of the two polysialyltransferases ST8SiaII or

ST8SiaIV show normal basal synaptic transmission but defects in LTP and LTD in CA1 (Eckhardt

et al., 2000; Angata et al., 2004). Functionally, PSA weakens homophilic and heterophilic NCAM

interactions (Rutishauser, 1996, 2008), indicating that PSA-NCAM might mediate a downregulation

of adhesion, which is a prerequisite for the structural changes underlying plasticity. In this model,

PSA linkage would act as a switch between structural stability and plasticity.

On the other hand, it has been shown that the removal of PSA induces neuronal differentiation

(Seidenfaden et al., 2003; Petridis et al., 2004) and increases BDNF binding capacity (Burgess and

Aubert, 2006). These results led to the enunciation of the “shielding” hypothesis for the action of

PSA: The addition of PSA to NCAM may cover membrane receptors, such as TrkB or p75, limiting

their action on the portion of plasma membrane where PSA is expressed. Since BDNF increases

dendritic spine density (Tyler and Pozzo-Miller, 2003) and its diffusion in the nervous parenchyma

is very restricted (Horch and Katz, 2002), it is possible that PSA-NCAM expression may regulate

some features of structural plasticity by limiting the binding of BDNF and other neurotrophins to

their receptors.

PSA-NCAM might also indirectly regulate synaptic plasticity through interactions with other

synaptic proteins. Currently, NCAM and PSA-NCAM have been shown to interact with a large

number of molecules or signalling pathways that regulate aspects of LTP including AMPA receptors

(Vaithianathan et al., 2004), NMDA receptors (Hoffman et al., 1998), brain-derived neurotrophic
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factor (BDNF)-tyrosine receptor kinase B (TrkB) signaling (Muller et al., 2000b), the spectrin-based

scaffold (Wechsler and Teichberg, 1998; Sytnyk et al., 2002, 2006), the FGF receptor (Cambon et al.,

2004) and the non-receptor tyrosine kinase Fyn (Beggs et al., 1997). Unfortunately, in most of these

cases, a direct link between the interactions and LTP has not been demonstrated. The exception

is BDNF-TrkB signalling, where defects in LTP caused by enzymatic PSA removal are rescued by

exogenous treatment with BDNF, indicating that PSA-dependent defects in LTP are due to an

impaired BDNF signaling (Muller et al., 2000a). Nevertheless, the numerous interactions between

NCAM and LTP-influencing pathways show that NCAM is a multifunctional protein capable of

influencing synaptic plasticity at multiple levels (Dalva et al., 2007). PSA expression is also important

in the development and function of the immune system. For instance, human NK cells modulate

NCAM expression and its degree of polysialylation according to their activation state (Drake et al.,

2008, 2009). PSA and NCAM have also a prominent role in oncology. These two molecules have

been found in different human cancers, including small-cell lung carcinomas and multiple myeloma

(Miyahara et al., 2001; Suzuki et al., 2005). As commented before, although PSA-NCAM levels

are very high during the embryonic and early postnatal development of the mammalian brain, the

expression of this molecule during adulthood remains relatively high in brain regions that display a

high degree of neuronal plasticity, including the mPFC, the hippocampus or the amygdala (Bonfanti,

2006; Varea et al., 2005, 2007b, 2009; Nacher et al., 2002c). PSA-NCAM expressing cells in these

regions mainly show a multipolar morphology, although their density is not homogeneous. In the

mPFC there is a higher density of PSA-NCAM expressing cells in deep layers than in superficial layers

(Varea et al., 2005) and there is a higher PSA-NCAM expression in the neuropil of the IL and the PrL

than in the cingulate cortex. In the hippocampus there is a higher density of PSA-NCAM expressing

cells in the ventral hippocampus (Nacher et al., 2002b) and a more intense neuropil expresion in

the stratum lucidum or lacunosum moleculare than in other hippocampal layers. A higher neuropil

expression of PSA-NCAM can also be found in the medial division of the amygdala when compared

with the rest of amygdaloid nuclei (Nacher et al., 2002c). The expression of PSA-NCAM has been

studied in other regions as well, such as the hypothalamus, where it is expressed by neurons and

glia (Theodosis et al., 1991) or the suprachiasmatic nucleus, where it fluctuates rhythmically (Glass

et al., 2003). It is also present in a subpopulation of primary sensory neurons (Quartu et al., 2008)

and in the adult spinal cord gray matter (Seki and Arai, 1993b). PSA-NCAM is also expressed in

certain regions of sub-ependymal tissue and at the surface of CNS ventricular cavities, on both sides

of the ependymal wall (Aaron and Chesselet, 1989; Bonfanti et al., 1992; Szele et al., 1994). This

molecule is also expressed in the adult optic nerve and the retina by astrocytes and Muller cells, as

well as in the neuropil of specific retinal layers (Sawaguchi et al., 1999).
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Fig. 4.3: PSA-NCAM functional hypothesis
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5 Modulation of structural neuronal plasticity

5.1 Modulation of adult neurogenesis

Several intrinsic and extrinsic factors modulate the production of new neurons in the adult CNS and

they are particularly well characterized in the hippocampus. Increases in the survival of newborn

neurons in the SGZ have been found in rodents exposed to an enriched environment (Kempermann

et al., 1997). Physical exercise, such as running, also promotes SGZ neurogenesis by increasing

cell proliferation and the survival of the new granule neurons (Van Praag et al., 1999). Certain

hippocampus-dependent learning tasks also increase the survival of new granule neurons that have

been generated just before the training (Gould et al., 1999a; Leuner et al., 2003). Consequently,

it has been proposed that integration of new neurons into functional circuits might be involved

in learning and memory processes (Aimone et al., 2006). Pharmacological blockade of NMDA

receptors also increases neurogenesis in the adult and aging SGZ (Cameron et al., 1995; Nacher et al.,

2003). Besides, various neurotransmitters including dopamine, serotonin, acetylcholine, glutamate,

neuropeptides and gaseous signaling molecules, have been implicated in regulating adult neurogenesis

(Kempermann, 2002). Glutamate may influence neural progenitor cells either directly, as in cultured

human neural progenitor cells, which respond to glutamate by increasing their neurogenic potential;

or indirectly, by stimulating the production of neurotrophic factors and other signaling molecules

in neurons, like BDNF, which increases in the hippocampus in response to exercise and cognitive

stimulation and may mediate the increased survival of newly-generated neurons (Mattson, 2008).

Recent studies have revealed GABA as a key signal within the neurogenic niche, which regulates the

development of neural progenitor cells (Ge et al., 2007).

Elevated glucocorticoid levels and chronic stress also lead to decreases in cell proliferation in the

SGZ (Duman et al., 2001). These effects on neurogenesis are not restricted to adrenal hormones,

other hormones, such as estrogen and prolactin, also regulate adult neurogenesis (Ming and Song,

2005). Finally, all major classes of antidepressants stimulate neurogenesis in the dentate gyrus of

adult rodents, as well as in non-human primates (Perera et al., 2008). Serotonin (5HT) modulation

through chronic antidepressant treatment, increases neurogenesis in both the SGZ and the SVZ

(Nasrallah et al., 2010; Couillard-Despres et al., 2009), and this increase appears to be required at

least for part of the behavioral improvement observed in the treated animals (Santarelli et al., 2003).

However, other studies are in disagreement with these findings and have found that antidepressants

do not produce an increase in neurogenesis in the SGZ (Marlatt et al., 2010; Navailles et al., 2008).

It has to be noted that most of the experiments are performed using young-adult rodents, usually

2-3 months old. Consequently, there is controversy on whether antidepressants, and specifically

5HT reuptake inhibitors, exhibit the same efficacy within different age groups. This is particularly

interesting because aging reduces adult neurogenesis in the SGZ (Kuhn et al., 1996) and SVZ

(Enwere et al., 2004; Jin et al., 2003). However, antidepressant treatments are not able to avoid

this age-dependent decrease of neurogenesis, at least in the SGZ (Couillard-Despres et al., 2009;

Cowen et al., 2008). The decrease of neurogenesis during aging may occur in response to chronically
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elevated levels of glucocorticoids (Cameron and Gould, 1994). In fact, reducing corticosteroid levels

in aged rats can restore the rate of cell proliferation in the SGZ (Cameron and McKay, 1999).

5.2 Modulation of structural remodeling

The structural remodeling of neurons is a basic mechanism of neural plasticity that allows the brain

to cope with a changing environment (McEwen, 2000a). This morphological remodeling can occur

at different levels, involving changes in the length of the dendritic branches, the complexity of the

dendritic arbor, the density of dendritic spines or their morphology (Fu and Zuo, 2011). During the

last 20 years, it has been shown that excitatory neurons experience structural plasticity when animals

are subjected to a variety of experimental conditions. Animals raised in environmental enriched con-

ditions have an increased dendritic branching in the visual cortex (Markham and Greenough, 2004).

Different learning paradigms also influence neurite remodeling: Passive avoidance response increases

spine number in the mid-molecular layer of the dorsal dentate gyrus at different post-training times

(O’Malley et al., 1998, 2000) and trace eye blink conditioning, an associative learning task, also

increases the density of dendritic spines on the pyramidal cells in hippocampal CA1 region (Leuner

et al., 2003). Fear conditioning, another learning paradigm, increases dendritic spine density in the

lateral amygdala (Radley et al., 2006a). Moreover, there is a strong correlation between long-term

potentiation (LTP) and morphological changes in dendritic spines. Several studies have shown the

possible association between this structural remodeling with LTP (Muller et al., 2000b; Yuste and

Bonhoeffer, 2001). Abundant experiments have demonstrated that chronic stress affects dendritic

branching: it induces dendritic atrophy in various hippocampal regions, like retraction and simplifi-

cation of dendrites of pyramidal neurons in the CA3 region (McEwen, 1999, 2000b). Interestingly,

the effects of chronic stress on neurite structure can be reverted or blocked by antidepressant treat-

ment. Daily treatment with tianeptine, an atypical antidepressant (a selective serotonin reuptake

enhancer), prior to stress sessions, prevented the structural effects of chronic stress in hippocampal

CA3 pyramidal dendrites (Watanabe et al., 1992). The effects of chronic stress and antidepressants

on neuronal structural remodeling will be further discussed later. Estrogens play also an impor-

tant role in dendritic and spine remodeling within the CNS. Ovariectomy decreases the density of

dendritic spines in the CA1 region of the hippocampus, but not in CA3, and this effect can be

reversed by estradiol replacement (Wallace et al., 2006). Furthermore, an increment of spine and

synapse density occurs within the natural late proestrous (Moult and Harvey, 2008), when estrogen

levels are high. In the rodent mPFC, ovariectomy decreases spine densities in pyramidal neurons

(Wallace et al., 2006). Long-term cyclic treatment with estradiol in ovariectomized rhesus monkeys,

does not affect total dendritic length and branching in the mPFC, but increases apical and basal

dendritic spine density (Hao et al., 2006). The structure of amygdaloid neurons is also a target

for sexual steroids: In the posterodorsal medial amygdala, dendritic spine density increases follow-

ing estradiol injections and this effect is potentiated by progesterone (De Castilhos et al., 2008).

Age also influences dendritic and spine structure: Aging induces a reduction in spine density in the
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mPFC (Markham and Juraska, 2002; Markham et al., 2002, 2005). By contrast, although aged

rodents display significantly more dendritic material in basolateral amygdala, aging does not appear

to influence spine density in this region (Rubinow et al., 2009).

5.3 Modulation of synaptic plasticity

Changes in synapse number and morphology are frequently associated with learning. Raising animals

in an enriched environment or training them on a motor skill-learning task results in increases in

the number of synapses in the visual cortex and in various hippocampal areas, including the dentate

gyrus and CA3 (Markham and Greenough, 2004; Bruel-Jungerman et al., 2007). Stereological

electron microscopy studies of the hippocampal dentate gyrus have shown that training rats to find

a hidden platform in a Morris water maze induces a significant but transient increase in axo-spinous

synapse density and in the ratio of synapse per neuron (Eyre et al., 2003). There is also strong

evidence pointing at different hormones as major players in synaptic remodeling. Chronic stress

and glucocorticoids strongly influence synaptic plasticity (McEwen, 2005). Other steroid hormones,

such as the estrogens, also influence synaptic plasticity by increasing the density of axospinous

synapses in the hippocampal stratum radiatum of CA1, both after estradiol treatment and during

proestrus, when estradiol levels are naturally increased (Woolley and Mcewen, 1992). Aging also

has a notorious influence in synaptic plasticity, especially in the hippocampus, where a decrease

in the number of synaptic contacts in the mid-molecular layer of dentate gyrus has been found in

aged animals (Rosenzweig and Barnes, 2003). Similarly, the numerical density of excitatory and

inhibitory synapses is reduced in the neuropil of the primate prefrontal cortex during aging (Peters

et al., 2008).

6 Structural plasticity of interneurons

As we have commented before, neuronal structural plasticity is known to have a major role in learning

and memory, in the response to aversive experiences and in process of brain damage and repair

(McEwen and Gianaros, 2011). However, the study of how these structural changes occur has been

focused mainly on the major cell type in the brain, the excitatory neurons. Little attention has been

paid to interneurons, despite the importance of these cells in the control of the activity of principal

neurons (Buzsáki et al., 2007). It is known that a certain level of structural plasticity in inhibitory

circuits must be involved in many psychiatric and neurological disorders (Kalus et al., 2002). In fact,

it has been proposed that the aetiology of these disorders, from epilepsy to schizophrenia, may be

based on a disruption of the excitatory/inhibitory balance and, therefore, the study of the structural

changes of the inhibitory system is relevant to the understanding of these disorders (Nestler et al.,

2002).

In this line, most of the studies on interneuronal structural plasticity have been focused on

different neurological and neuropsychiatric disorders. A model of post-traumatic epilepsy called
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“undercut” causes changes in the structure of interneurons, such as shrinkage of dendrites, decrease

in axonal length and in the percentage of axonal boutons, as well as loss of inhibitory synapses

on pyramidal neurons (Prince et al., 2009). In schizophrenic patients, changes in the structure of

different groups of parvalbumin interneurons have been reported. Namely, decreases in soma size

and the dendritic arbour, including reduced number of primary dendrites and a global reduction of

the dendritic length (Kalus et al., 2002). A recent study from our laboratory has shown that mice

subjected to chronic restrain stress experiment a decrease of interneuronal dendritic arborization in

the amygdala (Gilabert-Juan et al., 2011). Other studies have reported decreases of interneuron

density of different cerebral regions in different psychiatric disorders, as well as reductions in cer-

tain interneuronal subpopulations, like those expressing calbindin (Chance et al., 2005; Benes and

Berretta, 2001). These changes in the cell number can be due to different factors, such as increased

cell death, decreased neurogenesis or decreased expression of their molecular markers. Moreover,

the possibility that some of these interneurons may be able to change the calcium binding proteins

or neuropeptides that they express should also be contemplated.

In addition, recent work in vivo has shown that structural remodeling of interneurons also occurs

in the adult brain, without the intervention of an external perturbation (apart from the unavoidable

anesthesia). Using multiphoton microscopy in mice with cranial windows located on the visual or

somatosensory cortices, it has been demonstrated that a wide range of different subpopulations of

interneurons show structural changes, such as elongation/retraction of dendritic branch tips, whose

dynamic is increased after sensory deprivation (Lee et al., 2008; Chen et al., 2011a).

Although dendritic spines once were thought to be a distinctive feature of principal neurons,

some subpopulations of interneurons, such as those expressing somatostatin display dendritic spines

(Kawaguchi et al., 2006). Unfortunately, studies focused on interneuronal dendritic spines are still

scarce and we do not have abundant information on whether their synaptic inputs are similar to

those found contacting the spines of excitatory neurons. Only a recent study has described that

a subpopulation of interneurons in the visual cortex expressing VIP display dendritic spines, which

receive mainly a glutamatergic input, and that their density and turnover rate are dynamic (Keck

et al., 2011).

7 Implication of neuronal structural plasticity in depression and

antidepressant treatment

Since the 1960s, major depression diagnoses is based on a subjective and variable set of symptoms

such as depressed mood, irritability, feeling of hopelessness or decreased interest in pleasurable

stimuli. These symptoms have to be reported for more than 2 weeks and they should disrupt normal

social or occupational function (American-Psychiatric-Association, 2000). Around a 40-50% of the

risk for depression is genetic (Fava and Kendler, 2000), however, non-genetic factors such as stress

or emotional trauma have been implicated in the aetiology of this disorder (Akiskal et al., 2000;

Nemeroff, 2007). Therefore, animal models of depression rely on stress response or on the action
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of antidepressants (Nestler et al., 2002). One of the most studied animal models of depression

is chronic stress (Willner, 1997). Consequently, the study of this aversive experience is highly

relevant to understand human depressive illness. The stress response consists in the activation of the

autonomic nervous system and the hypothalamo-pituitary-adrenal (HPA) axis, which usually allows

body homeostatic maintenance. Glucocorticoid secretion is accomplished by HPA axis activation

and has an important role in controlling the correct stress response.

Structural remodeling has been repeatedly found both in depression and after antidepressant

treatments. Decreases in the volume of certain regions, such as in the hippocampus, the medial

prefrontal cortex or the amygdala have been observed in both depressed human patients (Phillips

et al., 2003) and chronically stressed animal models (Uno et al., 1994; Isgor et al., 2004; McEwen,

2008). This reduction of hippocampal volume is probably the reflection of changes in the structure

and connectivity of hippocampal neurons. In fact, chronic stress also induces contrasting patterns

of dendritic and spine remodeling in the hippocampus, mPFC and the amygdala of adult rats:

Chronic stress induces dendritic atrophy in various hippocampal regions, including retraction and

simplification of dendrites of pyramidal neurons in the CA3 region, CA1 pyramidal cells and granule

cells (McEwen, 1999; Sousa et al., 2000). Chronic stress also induces dendritic atrophy in the

mPFC (Radley et al., 2004; Cook and Wellman, 2003) and a reduction in spine density on proximal

basal dendrites of pyramidal neurons in the rat prelimbic cortex (Perez-Cruz et al., 2009). On

the contrary, it promotes dendritic growth in some regions of the amygdala (Vyas et al., 2002)

and spinogenesis in the basolateral amygdaloid nucleus (Mitra et al., 2005). These results show the

complexity of stress biology, which is regulated by multiple mediators and multiple systems, mediators

that include the excitatory amino acids, acting via NMDA receptors. The modulation of SGZ

neurogenesis and the neuritic remodeling induced by stress may be dependent on NMDA receptor

activation, in fact, adrenal steroids and NMDA receptor activation regulate neurogenesis through

a common pathway and NMDA receptor blockade prevents stress-induced dendritic remodeling

(McEwen, 1999). The structural effects caused by chronic stress are lasting, but they are reversible

if the stressful experience ends. However they may become irreversible if the stress persists for a

very prolonged time. The alterations in dentate gyrus neurogenesis and hippocampal CA3 dendritic

atrophy are normalized after 1 month of recovery (Sousa et al., 2000). Similarly, the dendritic

atrophy in the mPFC is reversible after 3 weeks of recovery period (Radley et al., 2005a). On the

contrary, there is a persistent dendritic hypertrophy effect in the basolateral amygdala, even after 21

days of recovery (Vyas et al., 2004). Structural changes induced by stress in experimental animals

are reverted by antidepressant treatment. This reversion does not only occur on neurogenesis, as

we have commented before, but also on the morphological remodeling. In this line, antidepressant

treatment produces an increase of dendritic spine density of CA1 and CA3 pyramidal neurons in the

hippocampus (Magariños et al., 1999; Hajszan et al., 2005).

The mode of action of most antidepressant drugs is based on the monoamine hypothesis of

depression, which posits that this disorder is caused by altered monoamine function in the brain.

Antidepressants increase monoamine transmission acutely, either by inhibiting neuronal reuptake or
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by inhibiting degradation. However, the relationship between depression and monoamine concen-

trations is more complex than previously thought. Although rapidly, the effects of antidepressants

on monoamine metabolism therapeutic usually need weeks to take place (Nestler, 1998). Few years

ago, a new hypothesis for depression was suggested, the “neuroplastic” hypothesis, which posits that

in the aetiology of depression alterations in the structure of neurons are involved. In this line, an-

tidepressants would revert these structural changes, promoting structural plasticity (Castrén, 2005)

(Fig. 7.1). In fact, recent studies have demonstrated that NCAM and its polysialylated form mediate

the effects observed after chronic stress or antidepressant treatments (Sandi and Loscertales, 1999;

Sandi et al., 2003).

Fig. 7.1: Neuroplastic hypothesis of depression

The lack of information regarding the plastic structure of interneurons, and specially their im-

plication in psychiatric disorders, prompted us to study the role of PSA-NCAM a plastic molecule

intensely expressed in a subpopulation of interneurons in the adult brain, in different aspects of neu-

ronal structural plasticity. If the neuroplastic hypothesis of depression is correct, the understanding

of the remodeling of the structure of interneurons will be crucial to design new drugs to palliate this

and other psychiatric disorders.
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Part II. Objectives

The main objectives of this thesis are to study the influence of PSA-NCAM expression on neuronal

structural plasticity and to evaluate the effects of the antidepressant fluoxetine on the expression of

PSA-NCAM and other features of neuronal structural plasticity in the rodent brain. From these two

main objectives, we derive the subsequent specific objectives:

1. To map the distribution and to analyze the neurochemical phenotype, structure and ultra-

structure of PSA-NCAM expressing interneurons, comparing them with other interneurons.

2. To study the basal plasticity of inhibitory networks analyzing the expression of gephyrin, a

protein specific of inhibitory synapses.

3. To study the ultrastructure of PSA-NCAM expressing cells in the paleocortex layer II.

4. To evaluate the divergent impact of the polysialyltransferases St8SiaII and St8SiaIV on the

polysialylation of NCAM.

5. To analyze the effects of PSA depletion from NCAM using the enzyme Endo-N-acetylneuraminidase

(EndoN) on the dendritic spine density of interneurons in vivo and on the turnover of these

spines in vitro.

6. To analyze the effects of the antidepressant fluoxetine on different parameters of neuronal

structural plasticity in the somatosensory cortex of young-adult rats, on different cerebral

regions of middle-aged rats and on the hippocampus and the medial prefrontal cortex of

young-adult transgenic mice displaying fluorescent interneurons.
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Part III. MATERIAL & METHODS

8 Animals

8.1 Rats

Twelve male Sprague-Dawley rats (3 months-old, Harlan Interfauna Iberica) were used to study the

effect of the selective serotonin reuptake inhibitor (SSRI) fluoxetine in the somatosensory cortex.

Sixty male Wistar rats were used as follows: 14 to analyze the effects of fluoxetine on the middle-aged

(8 months-old) brain, 6 (3 months-old) for electron microscopy analysis and 40 pups of postnatal

day 10 (P10) for the preparation of hippocampal organotypic cultures.

8.2 Genetically modified mice

Sixty-eight GIN (GFP-expressing inhibitory neurons, Tg(GadGFP)45704Swn) (Oliva et al., 2000)

male (3 months-old) mice were used in this thesis as follows: 12 received a chronic fluoxetine

treatment, 6 were used to study the neurochemical phenotype of PSA-NCAM expressing neurons

and 6 to study the dendritic arbour and spine density of these cells. Twenty-four mice were used to

study the effects of Endo-N-acetylneuraminidase (EndoN) injected intracerebrally. In addition, 20

pups (P7) of this mice strain were used to prepare hippocampal organotypic cultures.

Four NCAMff+ (CaMKII) and four wild-type littermates (NCAMff-) males (3 month-old) were

used to study whether PSA-NCAM expression was present in principal neurons. These mice were

generated by a Cre-loxP recombination system to generate a mutant, in which the NCAM gene is

ablated under the control of the CaMKII promoter (Bukalo et al., 2004). Since CamKII is expressed

in the somata of excitatory neurons throughout the rodent brain, these animals did not express

NCAM (and therefore neither PSA-NCAM) in excitatory neurons.

Five NCAM (–/–) mice and 5 wild-type littermates (NCAM+/+) on a C57BL/6J background

(males, 3 months old) (Cremer et al., 1994) were used to study whether PSA expression in interneu-

rons was associated to NCAM or to other putative polysialylated proteins. These animals were

processed for double PSA-NCAM/GAD67 immunofluorescence as described below.

Five ST8SiaII knockout mice and five wild-type littermates were obtained through backcrossing

with C57BL/6J mice for six generations (Angata et al., 2004), and the heterozygous mice were

interbred. Similarly, five ST8SiaIV knockout mice and five wild-type littermates were generated

(Eckhardt et al., 2000). These 20 males (5 knockout and 5 wild-type for each gene) were used to

analyze the impact of these enzymes on the polysialylation of the adult rodent brain.

8.3 Housing conditions and bioethics

Rats and mice were housed in groups of 3 or 4 in our animal facility, maintained in a temperature and

humidity controlled environment of light cycles, with ad libitum access to food and water. All animal
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experimentation was conducted in accordance with the Directives 86/609/EEC and 2010/63/EU of

the European Communities Council of November 24th 1986 and September 22nd 2010, respectively,

on the protection of animals used for scientific purposes and was approved by the Committee on

Bioethics of the Universitat de València. Every effort was made to minimize the number of animals

used and their suffering.

9 In vivo treatments

9.1 Fluoxetine

Rat males were injected daily at 10 am intraperitoneally (IP) with a dose of 10 mg/Kg of fluoxetine

hydrochloride (Ascent Scientific) in saline solution (0.9% NaCl) or only with saline, during 14 days.

Animals were weighted every day. The day after the last IP injection they were transcardially

perfused. The male mice receiving fluoxetine treatment were treated similarly, but with a dose of

20 mg/Kg.

9.2 EndoN

Twenty-four GIN mice were separated in 4 experimental groups (n=6). Under deep anaesthesia (5

mg/g xylazine and 0.5 ml/kg intraperitoneally), they were placed in a stereotaxic instrument (David

Kopf Instruments) and received a stereotaxic intracerebral injection (using a Flexifil tapertip syringe;

World Precision Instruments) of Endo-N-acetylneuraminidase (EndoN; 369 U/µl in glycerol; AbCys)

or the vehicle solution (1µl; saline and glycerol 1:1) in the primary somatosensory cortex (Bregma

-1.7 mm, Lateral ± 1.5 mm, Deep – 0.6 mm; (Paxinos and Franklin, 2001)). The needle was left

in position for 1 minute and then 1 µl of the enzyme EndoN was injected over a one minute period

into one hemisphere. After the injection was completed, the needle was left in place for 2 minutes

to reduce reflux of the solution into the track of the injection needle and then withdrawn. The

EndoN is a phage enzyme that specifically cleaves α-2,8-linked N-acetylneuraminic acid polymers

with minimum chain length of 8. One group injected with EndoN and other injected with vehicle

were perfused transcardially 2 days after the injection, while the other two groups were perfused

after 7 days.

10 Histological procedures

10.1 Perfusion and microtomy techniques

Rats and mice were transcardially perfused under deep chloral hydrate anaesthesia, first for 1 minute

with NaCl 0.9% and then with 4% paraformaldehyde in PB. In rats, the paraformaldehyde solution

was delivered for 30 minutes with a flux of 10 ml/min and in mice it was delivered for 15 minutes

with a flux of 4 ml/min. Thirty minutes after the perfusion, brains were extracted from the skull
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and their hemispheres separated. Brain hemispheres destined to Golgi impregnation were washed

in cold PB 0.1 M (4 ºC) for one day and then cut in 5 mm-thick coronal blocks, which were then

impregnated following the Golgi method as described below. Brain hemispheres destined to study

neuronal morphology were stored in PB 0.1 M (4 ºC) with sodium azide 0.05 % until cut with a

vibratome (Leica VT 1000E, Leica) into 150 µm thick coronal sections. The rest of the brains were

cryoprotected with 30% sucrose in cold PB 0.1 M (4 ºC) for 48 hours and then cut in 50 µm thick

coronal sections using a freezing-sliding microtome (Leica SM2000R, Leica). Slices were collected

in 10 (for rats) or 6 subseries (for mice) and stored at -20 ºC in a cryoprotective solution until

used (30% glycerol, 30% ethylene glycol in PB 0.1 M). Rats processed for electron microscopy were

perfused transcardially under deep chloral hydrate anesthesia, first with saline for 1 minute, followed

by 450 ml solution of: (1) paraformaldehyde 2% in a lysine-phosphate buffer, pH 7 for PSA-NCAM

immunohistochemistry, this is prepared 1:1 from a solution of PB 0.1 M pH 7.4 and a solution 0.2

M of lysine adjusted to pH 7.4 using a solution of Na2HPO4 0.1 M. The buffer was mixed with

a concentrated solution of paraformaldehyde 3:1 and 0.214 g of sodium peryodate were added for

each 100 ml just before use. (2) For TUC-4 immunohistochemistry, animals were perfused with

acrolein 3.8% and paraformaldehyde 2% in PB 0.1 M. Brains were then extracted and sliced with a

vibratome at 50 µm as described above.

10.2 Inclusion and ultramicrotomy

All the sections processed for electron microscopy were stained with uranyl acetate 1% in ethanol

70% for 1 hour at 20 °C, dehydrated through increasing graded ethanol series and propylene oxide and

flat-embedded in Durcupan (Fluka, Sigma-Aldrich). After analysis of this material under the light

microscope, selected PSA-NCAM expressing interneurons were re-embedded in Durcupan and 60

nm-thick ultrathin sections were cut with an ultramicrotome (Leica, EM-UC6). Ultrathin sections

were serially collected on formvar-coated single-slot copper grids and stained using lead citrate.

Selected cells were observed and partially reconstructed from serial sections under a JEOL JEM-

1010 electron microscope.

10.3 Golgi method

Coronal blocks were processed using the Golgi-Colonnier method (Colonnier, 1964) with some mod-

ifications. In brief, blocks were post-fixed with 3% potassium dichromate and 5% glutaraldehyde for

7 days at 4 ºC and then impregnated with 0.75% silver nitrate solution for 48 hours. Blocks were

then cut into 150 µm-thick coronal sections with a vibratome, dehydrated with ascending alcohols

and mounted with epoxy resin between two coverslips. To avoid any bias in the analysis, the slides

were coded and the code was not broken until the analysis was completed.
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11 Hippocampal organotypic slice cultures

P7 transgenic GIN mice pups were decapitated and their brains were removed from the skull under

sterile conditions. Brains were placed into Petri dishes filled with cold (4 ºC) dissecting medium

(1.2% Tris buffer, 1% Penicilin/streptomicin, 97.8% MEM). The hippocampus was extracted fol-

lowing the methodology described by Stoppini et al. (1991) and cut into 300 µm thick slices using

a McIlwain tissue chopper. The slices were placed on a small membrane confetti (Millipore), which

was on the top of the membrane inserts (Millipore) on 1 ml of culture medium (50% MEM, 25%

Horse serum and 25% HBSS, 1% penicilin/streptomicin, 0.6% Tris buffer). Three slices were cul-

tured in the same insert and six inserts were placed together in six-well plates. Cultures were stored

in a humid atmosphere at 33 ºC in 5% CO2 for 11-19 days (HERAcell 150i, Thermo Scientific) and

culture medium was changed 3 times per week. Rat pups were treated using the same methodology,

but using P10 animals instead of P7.

12 In vitro treatments

12.1 EndoN

After 12 days in vitro (DIV 12), 2 U/ml of the enzyme EndoN were added to the culture medium

containing slices from the treated group, whereas slices from control group received the same amount

of vehicle solution (glycerol) in their culture medium. The morphology of eGFP expressing interneu-

rons, was studied 24 hours before the addition of EndoN (DIV 11), just prior to the addition of

EndoN and 24 hours after the addition of EndoN. Immediately afterwards (DIV 13), the slices were

fixed with 4% paraformaldehyde in PB during 1 hour.

12.2 Biolistic transfection

In the rat hippocampal cultures, to analyze the dynamic and distribution of gephyrin, the slices were

cotransfected with pcDNA-DsRed2 and pcDNA-GEPH-EGFP plasmids, using a biolistic method

(Helios Gene Gun, Bio-Rad) 3 days before the first observation. In brief, this method requires the

use of cartridges loaded with gold bullets covered with the plasmid DNA and shot with a pressure

gun. The number of cells suitable for the analysis (pyramidal neurons from the CA1 region) varied

between 0 to 5 per slice culture; fluorescence usually started to be expressed after 24-48 hours and

remained stable for all the time of analysis.

13 Immunohistochemistry

All the antibodies employed in this doctoral thesis, their dilutions and incubation conditions can

be found in Table 1. For each experiment, all the studied sections passed through all procedures

simultaneously to minimize any difference from immunohistochemical staining itself. To avoid any
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bias, all slides were coded prior to the analysis and the codes were not broken until the experiment

was finished.

13.1 Light microscopy

Tissue was processed "free-floating" for immunohistochemistry using the avidin-biotin-peroxidase

(ABC) method as follows. Fifty µm-thick sections were first treated for 1 minute with an antigen

unmasking solution (0.01 M citrate buffer, pH 6) at 100ºC. After cooling down sections to room

temperature, they were incubated with 3% H2O2 in phosphate buffered saline (PBS) for 10 minutes

to block endogenous peroxidase activity. After this, sections were treated for 1 hour with 10%

normal donkey serum (NDS; Jackson ImmunoResearch Laboratories) in PBS with 0.2% Triton-

X100 (Sigma-Aldrich) and then they were incubated with the appropriate primary antibody (table

1) in PBS with 0.2% Triton-X100 and 5% NDS. Next, sections were incubated for 1 hour with the

right biotinylated secondary antibody (table 1) diluted in PBS with 0.2% Triton-X-100 and 5% NDS,

followed by a 30 minutes incubation with an avidin-biotin-peroxidase complex diluted in PBS (ABC;

Vector Laboratories). Color development was achieved by incubating with 3,3’- diaminobenzidine

tetrahydrochloride (DAB; Sigma-Aldrich) and 0.033% H2O2 for 4 minutes. Finally, sections were

mounted on slides, dried for one day at room temperature, dehydrated with ascending alcohols and

rinsed in xylene. After this, sections were coverslipped using Eukitt mounting medium.

13.2 Confocal microscopy

In general, tissue was processed "free-floating" for immunohistochemistry as described above, but

omitting the endogenous peroxidase block. Sections were incubated with a cocktail of two, three

or four primary antibodies and then with the appropriate fluorescent secondary antibodies (table

1). Finally, sections were mounted on slides and coverslipped using DakoCytomation fluorescent

mounting medium (Dako North America Inc). When it was necessary to use two primary antibod-

ies generated in the same species in the same immunohistochemistry, subclass specific secondary

antibodies were used.

13.3 Electron microscopy

13.3.1 Immunogold labelling

The tissue was processed “free-floating” and, in addition to the incubations with serum, primary

and secondary antibodies; the slices were previously cryoprotected during 30 minutes (25% sucrose,

10% glycerol in 0.01 M phosphate buffer) and then procesed for freeze-thawing using liquid nitrogen.

Sections were then washed in 0.1 M phosphate buffer, pH 7.4 (PB) and sequentially incubated in: (1)

blocking solution, containing 2% BSA and 0.1% gelatin in PB for 45 min; (2) monoclonal anti-PSA-

NCAM antibody for 48 hours at 4ºC (1:700); (3) biotinylated donkey anti-mouse IgM secondary

antibody for 1 hour (1:200, Jackson Immunoresearch); (4) goat anti-biotin antibody conjugated
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Primary antibodies

Anti- Host Isotype Dilution Incubation Company

5HT1A Rabbit IgG 1:100 24 hours, 25ºC Santa Cruz Biotechnology

5HT2A Mouse IgG 1:1000 24 hours, 25ºC BD Pharmanigen

5HT2C Mouse IgG 1:1000 24 hours, 25ºC BD Pharmanigen

5HT3 Rabbit IgG 1:250 24 hours, 25ºC Calbiochem

c-fos Rabbit IgG 1:2000 24 hours, 25ºC Santa Cruz Biotechnology

CAMKII Mouse IgG1 1:500 48 hours, 4ºC Abcam

CB Rabbit IgG 1:2000 24 hours, 25ºC Swant

CCK Mouse IgG 1:1000 24 hours, 25ºC Cure

CR Rabbit IgG 1:2000 24 hours, 25ºC Swant

DCX Goat IgG 1:250 24 hours, 25ºC Santa Cruz Biotechnology

GAD6 Mouse IgG2a 1:500 24 hours, 25ºC DSHB

GAD67 Mouse IgG2a 1:500 24 hours, 25ºC Millipore

GFP Chicken IgY 1:1000 24 hours, 25ºC Millipore

Ki67 Rabbit IgG 1:2000 24 hours, 25ºC Novocastra

NeuN Mouse IgG1 1:100 24 hours, 25ºC Millipore

PSA-NCAM Mouse IgM 1:700 48 hours, 4ºC Abcys

PV Guinea pig IgG 1:2000 24 hours, 25ºC Synaptic Systems

SOM Rabbit IgG 1:200 24 hours, 25ºC Provided by Dr. Gorcs

SYN Rabbit IgG 1:1000 24 hours, 25ºC Millipore

TUC-4 Rabbit IgG 1:1000 24 hours, 25ºC Millipore

VGAT Rabbit IgG 1:1000 24 hours, 25ºC Synaptic Systems

VGluT1 Guiena pig IgG 1:2000 24 hours, 25ºC Millipore

VIP Rabbit IgG 1:1000 24 hours, 25ºC Provided by Dr. Gorcs

Secondary Antibodies

Anti- Host Label Dilution Incuabtion Company

Biotin Goat 0.8 nm gold particles 1:500 2 hours, 25ºC Amersham Biosciences

Chicken IgY Donkey Dylight 488 1:400 1 hour, 25ºC Jackson ImmunoResearch

Goat IgG Donkey Biotin 1:400 1 hour, 25ºC Jackson ImmunoResearch

Guiena pig IgG Donkey Biotin 1:400 1 hour, 25ºC Jackson ImmunoResearch

Guinea pig IgG Donkey Cy5 1:400 1 hour, 25ºC Jackson ImmunoResearch

Mouse IgM Donkey Biotin 1:400 1 hour, 25ºC Jackson ImmunoResearch

Mouse IgM Goat Alexa Fluor 555 1:400 1 hour, 25ºC Invitrogen

Mouse IgM Donkey Alexa Fluor 488 1:400 1 hour, 25ºC Invitrogen

Mouse IgG Goat Alexa Fluor 555 1:400 1 hour, 25ºC Invitrogen

Mouse IgG Goat Alexa Fluor 647 1:400 1 hour, 25ºC Invitrogen

Mouse IgG Donkey Biotin 1:400 1 hour, 25ºC Jackson ImmunoResearch

Rabbit IgG Donkey Biotin 1:400 2 hours, 25ºC Jackson ImmunoResearch

Rabbit IgG Donkey Alexa Fluor 555 1:400 1 hour, 25ºC Invitrogen

Rabbit IgG Donkey Alexa Fluor 488 1:400 1 hour, 25ºC Invitrogen

Rabbit IgG Donkey Alexa Fluor 647 1:400 1 hour, 25ºC Invitrogen

Rat IgG Donkey Alexa Fluor 488 1:400 1 hour, 25ºC Invitrogen

Rat IgG Goat Alexa Fluor 647 1:400 1 hour, 25ºC Invitrogen

Tab. 2: List of Primary and Secondary antibodies used
Abbreviations: 5HT1A, 5HT2A, 5HT2C, 5HT3, serotonin receptors type 1A, 2A, 2C and 3; CaMKII, α subunit of the Ca2+ /calmodulin dependent protein kinase II; CB, calbindin;
CCK, cholecystokinine; CR , calretinin; DCX, doublecortin; GAD6, both 65 and 67 kDa isoforms of the glutamate decarboxilase enzyme; GAD67, 67 kDa isoform of the glutamate
decarboxilase enzyme; GFP, green fluorescent protein; PSA-NCAM, polysialylated form of de neural cell adhesion molecule; PV, parvalbumin; SOM, somatostatin; SYN, synaptophysin;
TUC-4, Turned on After Division/Ulip/CRMP-4; VGAT, vesicular γ-aminobutyric acid (GABA) transporter; VGLUT1, vesicular glutamate transporter 1; VIP, vasoactive intestinal
peptide
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with 0,8 nm gold particles for 2 hours (1:500, Amersham Biosciences); (5) 2% glutaraldehyde in

PB for 10 min to fix the gold particles. After each step, sections were rinsed (3×10 minutes) in

PB. In order to improve the microscopic analysis of the staining, gold particles were enlarged using

silver enhancer Aurion R-Gent SE-LM (Electron Microscopy Sciences) for 15 minutes at 20 °C. The

enhancement was stopped in 0.03 M sodium thiosulphate in an enhancement conditioning solution

(Aurion) for 10 min. Afterwards, the sections were washed in PBS and then treated with 1% osmium

tetroxide in PB for 60 min at 20 °C. Then the tissue was procesed for inclusion and ultramicrotomy

as described above.

13.3.2 Diaminobenzidine immunohistochemistry

The sections destined for electron microscopy were cryoprotected as described above and then

underwent freeze–thawing three times with liquid nitrogen to enhance antibody penetration. Then,

sections were washed in PB and the endogenous peroxidase activity was blocked as described above.

Subsequently, non-specific binding sites were blocked with NDS 10% in PB with glycine 0.2% and

lysine 0.2%. After washing, sections were processed using primary antibodies against PSA or TUC-4,

as described for conventional immunohistochemistry. Immunolabeling was intensified by treating the

sections with 1% osmium tetroxide (EMS) in PB for 60 min, protected from light. After each step,

sections were carefully rinsed in PB. Finally, sections were processed for inclusion and ultramicrotomy

as described above. For animals perfused with acrolein, the procedure was similar but in addition,

sections were incubated with sodium borohydride 1% (in H2O for 10 minutes) and with Tris buffer

(0.5 N, pH 7.2 for 30 minutes) to block and quench free aldehydes, respectively.

14 Analysis of results

14.1 Body weight

In rats and mice from the chronic fluoxetine treatment experiments, body weight was measured daily

and the differences at the beginning and the end of the experiment were calculated and analyzed by

unpaired Student’s t-test.

14.2 Volumetric analysis

The volumes of the mPFC, the hippocampus and the lateral and basolateral regions of the amygdala

were estimated using Volumest, an ImageJ plugin for volume estimation using an stereological

method (Roberts et al., 2000). For this analysis we used the tissue processed for PSA-NCAM

immunohistochemistry and developed with DAB.
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14.3 Neuropil quantification

14.3.1 Analysis of gray levels

From each immunostaining analyzed, three sections per animal were selected within the different

regions studied: the rat primary somatosensory cortex (Bregma -2.8 mm to -3.1 mm, (Paxinos

and Watson, 2007) and the mouse cingulate cortex (Bregma +1.1 mm to +0.5 mm, (Paxinos

and Franklin, 2001)). Sections were examined with an Olympus CX41 microscope under bright-

field illumination, homogeneously lighted and digitalized using a CCD camera. Photographs to

the different areas and layers were taken at 20X magnification. Means were determined for each

experimental group and data were subjected to Student’s t-test or ANOVA.

14.3.2 Analysis of single confocal planes of puncta

We analyzed the density of puncta expressing different markers in focal planes of different regions

of the rat and mouse brain after the chronic treatment with the antidepressant fluoxetine. In the

rat brain, we analyzed layer V of the mPFC. In this layer reside the pyramidal neurons that provide

the main output projection of this region, which project extensively to the striatum (Berendse et al.,

1992; Jones et al., 1977; Lévesque and Parent, 1998). We analyzed two different regions of the

mPFC: the prelimbic cortex (PrL) in sections corresponding to Bregma +2.20 mm and the dorsal

cingulate cortex (Cg2) (Bregma +1 mm). In the amygdala, five nuclei were analyzed (Bregma

-3.30 mm): basomedial, lateral, medial, central and basolateral. Different regions and strata of the

hippocampus were also analyzed (Bregma -4.30 mm): the stratum lucidum, the molecular layer of

the dentate gyrus, the stratum lacunosum-moleculare, radiatum and oriens of CA1 and the stratum

lucidum of CA3. Confocal z-stacks covering the whole depth of the sections were taken with 1 µm

step size and only subsets of confocal planes with the optimal penetration level for each antibody

were selected. On these planes, small regions of the neuropil (505 µm2) were selected for analysis,

in order to avoid blood vessels and cell somata. Images were processed using ImageJ software as

follows: the background was subtracted with rolling value of 50, converted to 8-bit deep images

and binarized using a determined threshold value. This value depended on the marker and the area

analyzed and was kept the same for all images with the same marker and area. Then, the images

were processed with a blur filter to reduce noise and separate closely apposed puncta. Finally, the

number of the resulting dots per region was counted, as well as the colocalization between PSA-

NCAM and the different pre-synaptic markers. Means were determined for each animal group and

the data were subjected to two-way ANOVAs with repeated measures, followed by Bonferroni post

hoc tests. The methodology used with the GIN mice was similar, but the analysis was performed

using sections with the correspondent values of Bregma for the mouse hippocampus (Bregma -2.18

mm).
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14.4 Estimation of the total number of cells

The number of DCX, PSA-NCAM and Ki67 expressing cells in the SGZ of the dentate gyrus was

estimated as described before (Nacher et al., 2002b). Briefly, sections were selected by a 1:10

fractionator sampling covering the whole rostral to caudal extension of the dentate gyrus and on

each section all labeled cells within the region of interest were counted. Cell somata were identified

and counted with a 40x objective using an Olympus CX41 microscope. The volume of the different

areas analyzed was determined for each animal using the Cavalieri’s method. Student’s t-test

was performed for statistical analysis. In the SVZ, a single section between Bregma -0.26 and

+1 mm, was analyzed for DCX, PSA-NCAM and Ki67 immunohistochemistry. The number of

immunoreactive cells was estimated following a modification of the method described by Hansson

et al. (2010). Ki67 expressing nuclei were counted using automatic counting software as described

above for immunoreactive puncta, analyzing an area of 100 µm2 and then expressed as the number

of immunoreactive positive cells per mm2. Densities of DCX and PSA-NCAM expressing cells were

too high for a correct individual cell count. Therefore, we performed densitometry of small areas

within the SVZ using also 40x magnification.

14.5 Analysis of neurochemical phenotype

Sections double or triple labeled for PSA-NCAM and different markers were observed under a confocal

microscope (Leica TCS-SPE) using a 63X oil objective. PSA-NCAM expressing cells were first

identified using conventional fluorescence microscopy and then z-series of optical sections (1 µm

apart) covering all its three-dimensional extension were obtained using sequential scanning mode.

These stacks were processed with ImageJ software. In each immunostaining, fifty PSA-NCAM

immunoreactive neurons per animal from the region studied were randomly selected to determine

the co-expression of PSA-NCAM and each marker. Percentages of colocalization were determined

for each animal and means ± S.E.M. were calculated.

14.6 Quantification of dendritic spine density in pyramidal cells

Dendritic spine density was analyzed following a previously described methodology (Magariños and

McEwen, 1995) in rat tissue processed with the Golgi-Colonnier method. Spine quantification was

carried out in each animal in six pyramidal neurons from layers III, IV and V, which were randomly

selected inside the somatosensory primary cortex (S1) area. A total of 48 neurons were analyzed.

In order to be suitable for dendritic spine analysis, neurons should follow these features: (i) they

must display complete Golgi impregnation of the principal apical dendrite, (ii) the cell type must be

identifiable and (iii) the minimum length of the apical dendrite must be 200 µm from the soma. Each

neuron was traced using a 100X oil objective in a light microscope with a camera lucida drawing

tube attachment (Nikon, Japan) and spines were quantified in four successive segments of 50 µm

distances up to a total length of 200 µm. Overall spine density values or densities per segment
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were expressed as number of spines/µm length. For each experimental group, mean ± S.E.M. was

determined and the resulting values analyzed by one-way ANOVA with the number of neurons as

the “n”.

14.7 Quantification of dendritic arborization and spine density in

interneurons

Dendritic arborization and spine density were studied using confocal microscopy (Leica TCS SPE).

Z-series of optical sections (0.4 µm apart) covering the dendritic tree of selected interneurons (6

GFP+/PSA+ and/or 6 GFP+/PSA- per mouse). In order to be analyzed, GFP-expressing cells

had to fulfill the following features: (1) the cell must not show any truncated dendrites, (2) the

dendritic arbor of the cell must show at least a process with a length greater than 120 µm and (3)

the soma must be located at least 30 µm deep from the surface of the tissue. The stacks obtained

were then processed using ImageJ software (NIH) in order to render 3D reconstructions, in which

the exact distance of the branching and terminal points of the dendrites of a given interneuron were

analyzed. The degree of dendritic arborization was analyzed using a procedure for deriving the Sholl

profile (Gutierrez and Davies, 2007). The Sholl analysis consists on the measure of the number of

intersections of the dendrites with circles of increasing radius centered in the soma.

To study the spine density of interneurons we selected individual dendrites from hippocampal

GFP-expressing neurons. Stacks of confocal images were obtained with the 63x objective and an

additional 3.5 digital zoom. The spines were counted in three dendritic fragments (60 µm each)

expanding to 180 µm from the soma.

14.8 Quantification of dendritic spine turnover in cultured interneurons

For in vitro analysis in hippocampal organotypic cultures, short imaging sessions (10-15 minutes)

were carried out with a 40x water immersion objective. Using an additional 10x zoom to analyze

dendritic segments of about 35 µm in length and located between 100 and 150 µm from the soma (Z

step size of 0.5 µm). Laser intensity was kept at the minimum observable, and acquisition conditions

maintained mostly unchanged over the different days of observation. Control experiments showed

that this procedure does not produce any deleterious effect on cell viability by absence of cell death

or dendritic beadings.

14.9 Ultrastructural analysis

The density of synaptic contacts on the plasma membrane was studied analyzing profiles of in-

terneuron somata from selected regions of the ventral hippocampus and the deep layers of mPFC,

where PSA-NCAM expressing interneurons were specially abundant. Both DAB- and gold-stained

material was used in this study. The interneurons were identified by their profound invagination

of the nucleus and an electron-dense cytoplasm with high density of mitochondria, endoplasmic
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reticulum, and Golgi apparatus. Nine interneurons expressing PSA in the plasma membrane and 9

lacking expression of this molecule were analyzed in each region. Thirty profiles of pyramidal neuron

somata of the mPFC cortex were also studied under the electron microscope in order to analyze

PSA-NCAM expression in their perisomatic region.
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Part IV. Results I: Analysis of PSA-NCAM

expressing cells: distribution, phenotype, structure

and ultrastructure

15 Distribution of PSA-NCAM expressing cells throughout the adult

rodent telencephalon.

In the adult rodent dorsal telencephalon we can distinguish three subpopulations of cells expressing

the polysialylated form of the neural cell adhesion molecule (PSA-NCAM): (1) immature cells that

have been recently generated, such as those in the subgranular zone (SGZ) of the hippocampus

or the subventricular zone (SVZ) and the rostral migratory stream (RMS), (2) immature cells that

have not been recently generated, such as those in the paleocortex layer II and (3) interneurons

dispersed throughout the neocortex, paleocortex, archicortex and the amygdala (Fig. 15.1). This

thesis will be focused mainly on the immature PSA-NCAM expressing cells of the paleocortex layer

II and the cortical interneurons expressing PSA-NCAM. The distribution of PSA-NCAM expressing

cells in the telencephalon was similar in rats and mice. PSA-NCAM expressing cells with a multipolar

morphology, were found widely dispersed in every region and layer of the neocortex, although they

were more abundant in deep layers. These cells also populated the deep layers of paleocortex

(piriform cortex layer III and entorhinal cortex layers III to VI) but were extremely rare in layers

II or I. In the paleocortex layer II, most of the cells expressing PSA resembled those previously

described as neurogliaform neurons or semilunar-pyramidal transitional neurons, with a small soma

and with irregular trajectories and in clusters of 2 to 5 cells (Haberly, 1983). The distribution of

PSA-NCAM expressing cells in the amygdala and of PSA-NCAM expressing non-granule neurons

in the hippocampus was similar to that described previously in the rat (Nacher et al., 2002c,b).

PSA-NCAM expression was detected in the neuropil of neocortical, paleocortical, archicortical and

extracortical regions, as described before (Nacher et al., 2002a; Varea et al., 2005, 2007c; Nacher

et al., 2002c; Seki and Arai, 1993a). In some cases, particularly in neocortical layers III and V, some

PSA-NCAM expressing puncta were found delineating the profiles of the soma and the juxtasomatic

portion of the principal apical dendrite of pyramidal neurons (Castillo-Gómez et al., 2011).

Since the ultrastructural details of the PSA-NCAM expressing cells in the subgranular zone of the

hippocampus have already been studied (Seki and Arai, 1991b; Seki, 2002b), only the ultrastructure

of PSA-NCAM cells resembling interneurons and those located in the paleocortex layer II will be

analyzed in this thesis.
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Fig. 15.1: Distribution of PSA-NCAM expressing cells
Distribution of PSA-NCAM expressing cells in the cerebral cortex and amygdala of adult rats (A) and mice (B).

Camera lucida drawings of 3 representative 50-µm coronal sections covering the rostral to caudal extent of the

rodent cerebral cortex. The somata of PSA-NCAM immunoreactive cells with the characteristic morphology of

interneurons have been represented as black dots. PSA-NCAM immunoreactive cells in the hippocampal SGZ and

the SVZ have been represented as red dots and those in the paleocortex layer II in blue. Scale bar: 3.4 mm for A

and 2 mm for B. The profiles of the representative sections have been modified from those in Paxinos and Watson

(2007) and Paxinos and Franklin (2001).

16 PSA-NCAM expressing cells in the rat paleocortex layer II

16.1 Ultrastructural features of tangled cells

A detailed analysis of PSA-NCAM or TOAD64 (Turned On After Division)/Ulip/CRMP-4 (TUC-4),

expressing somata in the paleocortex layer II showed that they had only a small rim of cytoplasm

surrounding the nucleus. Many astroglial lamellae were found in close apposition to the plasma

membrane and it was common to find swellings of the extracellular space adjacent to the portions of

the plasmatic membrane not covered by these glial processes. In the nuclei of labeled cells, chromatin

appeared slightly more compacted than in those of the neighboring non-labeled pyramidal neurons

and the presence of heterochromatin clumps was also more abundant in the labeled cells. None

of these immunoreactive cells had synapses on their somata or proximal processes in layer II (Fig.

16.1).
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Fig. 16.1: Electron micrographs of immature neurons in the paleocortex layer II
Electron micrographs of PSA-NCAM (A, B), and TUC-4 (C, D), immunolabeled cells of the paleocortex layer II.

(A, B) Somata of PSA-NCAM expressing cells. PSA-NCAM immunoreactivity is especially abundant in certain

regions associated with the plasma membrane (arrowheads). Note the presence of clear structures surrounding the

labeled somata (arrows), corresponding to astroglial lamellae and swellings of the extracellular space (asterisk).

Several heterochromatin clumps can be observed inside the nuclei of the labeled cells. (C) Soma of a TUC-4

expressing cell showing an intensely labeled cytoplasm and a nucleus displaying abundant heterochromatin. (D)

Transversal section of a proximal process from a TUC-4 expressing cell. Some mitochondria and cisternae can be

observed inside the immunoreactive cytoplasm. Note that this process is also surrounded by clear structures

resembling astroglial lamellae (arrows). Scale bar: 5 µm for (A), (B); 2.5 µm for (C); 1 µm for (D).
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17 PSA-NCAM expressing interneurons in the hippocampus

17.1 Neurochemical phenotype of PSA-NCAM expressing cells in GIN

mice

Most PSA-NCAM expressing cells coexpressed NeuN, a neuronal specific protein, indicating that they

were mature neurons. Many of these cells also expressed markers of interneurons, such as glutamic

acid decarboxylase 67(GAD67), calcium-binding proteins (parvalbumin (PV), calretinin (CR) and

calbindin (CB)) and neuropeptides (somatostatin (SOM)). There was also a low percentage of

PSA-NCAM expressing cells that coexpressed the immediate early gene c-fos (Fig 17.1 and Table

3). In addition, we analyzed the proportion of GAD67 expressing interneurons coexpressing PSA-

NCAM and observed that the subpopulation of PSA-NCAM expressing interneurons represents a 34

± 2.8% of the global interneuronal population.

Marker Mean ± SE
NeuN 90.2 ± 4.2

GAD67 42 ± 7.1
CB 31.5 ± 6.4
CR 10.2 ± 2.2
PV 14.4 ± 6.1

SOM 41.5 ± 6.8
c-fos 15.4 ± 5

Tab. 3: Phenotypic characterization of PSA-NCAM expressing non-granule neurons in the mouse
hippocampus

Numbers indicate the percentage (± SEM) of PSA-NCAM expressing cells that co-express the different cellular

markers.

Ultrastructural analysis of cortical pyramidal cells in pre-embedding PSA-NCAM immunostained

sections confirmed that none of these cells expressed this molecule in the plasma membrane of their

perisomatic region .

17.2 Expression of serotonin receptors in PSA-NCAM expressing

interneurons

We found that interneurons expressing PSA-NCAM also expressed different types of serotonin re-

ceptors, such as type 1a, 2a, 2c and 3 in the medial prefrontal cortex (mPFC), the amygdala and

the hippocampus. It has to be noted, that the serotonin type 1a receptor expression was located

in the soma, although its expression was faint in PSA-NCAM expressing interneurons of the mPFC

(Fig. 17.2) and the amygdala (Fig. 17.3). The serotonin type 2a receptor, was expressed mainly

in the cytoplasm and the plasmatic membrane, but in addition, its expression was intense in the

surrounding neuropil in the mPFC and the hippocampus (Fig. 17.4). We also identified expression

of this receptor in the proximal part of dendrites emerging from the soma. Finally, the expression of
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Fig. 17.1: Neurochemical phenotype of non-granule hippocampal PSA-NCAM expressing neurons
Confocal microscopic analysis of the phenotype of non-granule PSA-NCAM expressing cells in the ventral

hippocampus of GIN mice. A: CB/PSA-NCAM expressing cell. B: GAD67/PSA-NCAM expressing cell. C: SOM/

PSA-NCAM expressing cell. Scale bar: 15µm. All the images in this figure are single confocal planes. GAD67:

glutamate decarboxylase, isoform 67; CB: calbindin; SOM: somatostatin.
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receptors type 2c and 3 was found in the cytoplasm and the membrane of PSA-NCAM expressing

interneurons (see insets and figures 4, 5 and 6).

17.3 NCAM is the only polysialylated protein in interneurons

Although NCAM is the major carrier of polysialyc acid (PSA) in the vertebrate central nervous system

(CNS) (Hildebrandt et al., 2010), different reports have described the presence of this complex sugar

in some other proteins (Vitureira et al., 2010; Galuska et al., 2010; Zuber et al., 1992). Since the

antibody used in this thesis recognizes only PSA but not the protein to which it is attached, we

analyzed inhibitory elements in NCAM-deficient mice using PSA immunohistochemistry. Our study

revealed the absence of PSA expression in cortical somata or neuropil elements expressing GAD67

(Fig. 17.5A and B), indicating that in inhibitory elements, PSA was exclusively associated to NCAM.

Therefore, the appropriate nomenclature for the antigen recognized by our antibody is PSA-NCAM.

17.4 The expression of PSA-NCAM in interneurons is not affected by

the genetic deletion of NCAM in principal cells

The analysis of PSA-NCAM expression in NCAMff+ mice (in which the NCAM gene is ablated under

the control of the Ca2+/ calmodulin dependent protein kinase II (CaMKII) promoter and thus absent

from principal neurons) revealed very few differences when comparing these animals with their wild-

type littermates. NCAMff+ mice lacked PSA-NCAM expression in their hippocampal mossy fibers,

but presented several labeled cells in the SGZ of the dentate gyrus, as described previously (Bukalo

et al., 2004). Typical PSA-NCAM expressing interneurons were found in all the regions studied,

with similar morphology and distribution to those described before, and many of them coexpressed

GAD67 (Fig. 17.5C). We estimated the number of PSA-NCAM expressing cells in the CA1 region of

the entire hippocampus and there were no significant differences between the wild type (NCAMff-)

(1892 ± 224.4) and NCAMff+ mice (2004 ± 70.8) (Unpaired student’s t-test, p = 0.86). However,

analysis of PSA-NCAM expressing puncta in the neuropil revealed that NCAMff+ mice showed a

significant reduction in PSA-NCAM expression in the neuropil of CA1 lacunosum moleculare (wild

type: 83.556 ± 7.601, NCAMff+: 28.667 ± 3.908; p = 0.046, Fig. 17.5E and F). This reduction

was not detectable in deep layers of the infralimbic cortex (wild type: 24.443 ± 6.738, NCAMff+:

36.113 ± 10.794; p = 0.932, Fig. 17.5G and H).
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Fig. 17.2: Expression of different serotonin receptors in PSA-NCAM expressing interneurons of the
mPFC

Scale bar 7 µm.
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Fig. 17.3: Expression of different serotonin receptors in PSA-NCAM expressing interneurons of the
amygdala

Scale bar 7 µm.

66



Fig. 17.4: Expression of different serotonin receptors in PSA-NCAM expressing interneurons of the
hippocampus

Scale bar 7 µm.
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Fig. 17.5: Confocal microscopic analysis of PSA expression in inhibitory elements of NCAM-deficient
mice and NCAMff mice

GAD67 and PSA-NCAM expressing interneuronal somata are indicated by arrows. (A-F) CA1 hippocampal stratum

radiatum and (G and H) prelimbic cortex. (A) NCAM+/+ mice displayed PSA and GAD67 immunoreactivity in

neuronal somata and the neuropil. (B) In NCAM-/- mice, although GAD67 expression is still present, PSA-NCAM

labeling is completely absent. (C) NCAMff- mice show normal PSA-NCAM and GAD67 expression. (D) This

expression pattern is preserved in NCAMff+ mice. (E and F) PSA-NCAM expression in the CA1 stratum lacunosum

moleculare. Observe that immunoreactivity is considerably reduced in NCAMff+ mice. (G and H) PSA-NCAM

expression in prelimbic cortex layer IV. No differences in immunoreactivity intensity can be observed between

NCAMff- and NCAMff+ mice. All images are single confocal planes. Scale bar: 75 lm for A-D and 25 lm for E-H.
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17.5 Structure of PSA-NCAM expressing interneurons

In order to analyze the structure of PSA-NCAM expressing interneurons, using GIN mice, we com-

pared the dendritic arbor of enhanced green fluorescent protein (eGFP) labeled interneurons ex-

pressing PSA-NCAM (GFP+/PSA-NCAM+) and those lacking this molecule (GFP+/PSA-NCAM-

). Prior to this analysis, we also studied this subpopulation of eGFP expressing interneurons using

immunohistochemistry for different neuronal markers, in order to confirm their phenotype and the

synaptic input of the dendritic spines of these interneurons.

17.5.1 Phenotype of eGFP-expressing inhibitory neurons

For the morphological studies of interneurons, we have used a strain of mice, which expresses

eGFP under the GAD promoter (Oliva et al., 2000) and therefore it is expressed by a subset of

interneurons. A previous study has shown that in these mice most of these interneurons correspond to

the subpopulation expressing somatostatin (Oliva et al., 2000). We have analyzed the neurochemical

phenotype of these eGFP expressing interneurons in our material and have confirmed that indeed

most of them express somatostatin. We also found that these eGFP expressing interneurons did

not coexpress other neuropeptides, such as cholecystokinin (CCK) or vasoactive intestinal peptide

(VIP). However, we found a high proportion of eGFP interneurons expressing different calcium

binding proteins such as calbindin, parvalbumin or calretinin (Fig. 17.6, Table 4).

Marker Mean ± SE
PV 45.1 ± 5.4
CB 33.9 ± 0.9
CR 4 ± 1

SOM 70.7 ± 7.7
CCK 0
VIP 0

Tab. 4: Neurochemical phenotype of GFP-expressing interneurons

17.5.2 Synaptic input on eGFP-expressing neuronal spines

Another characteristic of this population of eGFP labeled interneurons is that they display dendritic

spines. Therefore, we also decided to analyze the synaptic input on these spines in the hippocampus.

We found that most of them (46.4% ± 4.4) were juxtaposed to vesicular glutamate transporter-1

(VGluT1) expressing puncta, while a 39.3% ± 6.7 were juxtaposed to vesicular γ-Aminobutyric acid

transporter (VGAT) expressing puncta. We also found a 14.4% ± 4.2 of spines associated with both

VGluT1 and VGAT expressing puncta. Finally, we found a 27.9% ± 2.5 of spines not associated

with any excitatory or inhibitory marker (Fig. 17.7).

69



Fig. 17.6: Neurochemical phenotype of eGFP expressing interneurons in the hippocampus
Expression of different interneuronal markers in the eGFP expressing cells of the hippocampus CA1 of GIN mice.

Single confocal planes showing the colocalization between eGFP (A1, B1 and C1), the calcium binding proteins

parvalbumin (A2), calbindin (B2) and calretinin (C2) and different neuropeptides, such as cholecystokinin (A3),

somatostatin (B3) and vasoactive intestinal peptide (C3). Scale bar: 20 µm

17.5.3 Morphologic features of PSA-NCAM interneurons

In the ventral hippocampus, Sholl analysis revealed reduced dendritic arborization in eGFP+/PSA-

NCAM+ expressing interneurons when compared with eGFP+/PSA-NCAM- cells (Fig. 17.8). These

differences were significant between segments 2 and 6 (i.e. in the distance between 20 and 120 µm

from the soma), reaching a maximum difference in the fourth segment (between 60 and 80 µm

of distance). The number of bifurcations was also significantly smaller in PSA-NCAM expressing

interneurons (Fig. 17.8D).

The analysis of dendritic spine density also showed significant differences in the dendrites of

PSA-NCAM expressing interneurons. The dendrites of interneurons expressing eGFP were divided

into 3 segments of 60 µm. We found a significant reduction in the dendritic spine density of PSA-

NCAM expressing interneurons in the 2 distal segments. This reduction was also significant when

taking into account the whole length of the dendritic fragment studied (Fig. 17.9).
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Fig. 17.7: Expression of presynaptic markers in the proximity of the dendritic spines of interneurons
Expression of presynaptic markers in the proximity of dendritic spines of interneurons. Reconstruction of a dendritic

segment of a CA1 hippocampal interneuron carrying spines on its dendrites (A). Focal plane showing puncta

expressing the vesicular GABA transporter (B2, D2) in close apposition to spines from an interneuron (B4, D4).

Focal plane showing a dendritic spine from a interneuron (C1, E1) in close apposition with puncta expressing

vesicular glutamate transporter-1 (C3, E3). Scale bar: 2 µm in A and 1.1 µm in the rest.

17.6 Ultrastructure of PSA-NCAM expressing interneurons

The ultrastructure of PSA-NCAM expressing non-granule neurons in the ventral region of the hip-

pocampus and of interneurons in deep layers of the mPFC was studied with transmission electron

microscopy (Fig. 17.10). All the cells studied showed typical interneuron features, such as a pro-

found invagination of the nucleus, reduced soma size when compared with pyramidal neurons, and

an electron-dense cytoplasm with high density of mitochondria, endoplasmic reticulum, and Golgi

apparatus (Schwartzkroin and Kunkel, 1985; Babb et al., 1988). Excitatory and inhibitory synaptic

contacts were observed in the perisomatic region of these interneurons. PSA-NCAM expression was

found restricted to the plasma membrane and located exclusively at the extracellular surface (Fig.

17.10B and D). Although immunolabeling was present in most of the surface of the somata stud-

ied, it was never found on the surface contacting a presynaptic membrane. By contrast, pyramidal

neuron somata in the hippocampus and mPFC cortex never showed PSA-NCAM expression in their

plasma membrane. Since the qualitative estimation of the number of perisomatic synaptic contacts

per µm of membrane in these hippocampal PSA-NCAM expressing interneurons revealed differences

with those lacking PSA-NCAM expression in their vicinity (Fig. 17.10E and F), a detailed compari-

son of this number was made. The number of perisomatic synaptic contacts normalized to the cell

perimeters sampled in PSA-NCAM expressing interneurons was significantly smaller than in those

lacking expression of this molecule (Fig. 17.11).
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Fig. 17.8: Dendritic arborization and spine density in eGFP+/PSA-NCAM- versus eGFP+/PSA-
NCAM+ expressing interneurons in the ventral hippocampus of GIN mice

3D reconstructions of GFP-expressing interneurons lacking PSA-NCAM expression (A) and coexpressing

PSA-NCAM (B). Insets are views of the somata displayed in A and B showing coexpression of PSA-NCAM (up)

and eGFP (bottom). Sholl analysis of eGFP-expressing interneurons, showing the intersection number per 20 µm

dendritic radial unit distance from the soma (C) and bifurcation number (D). White circles (C) and bars (D)

indicate interneurons lacking PSA-NCAM expression and black circles and bars correspond to PSA-NCAM

expressing interneurons. Scale bar = 50 µm. Asterisks indicate statistically significant differences (* p<0.05, **

p<0.01, *** p<0.001). Values represent means ± standard error of the mean.
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Fig. 17.9: Spine density in PSA-NCAM interneurons
Compositions, using fragments of different confocal planes, of spinous dendrites of GFP-expressing cells in

interneurons expressing PSA-NCAM (A) and in interneurons lacking this molecule (B). Histograms of the

differences in dendritic spine density in segments at different distances from the soma (C) and the total density of

dendritic spines (D). Scale bar = 10 µm. Asterisks indicate statistically significant differences (*p<0.05, **p<0.01,

***p<0.001). Values represent means ± standard error of the mean.
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Fig. 17.10: Immunogold detection of PSA-NCAM expressing interneurons in the hippocampus
Electron micrographs of gold-immunolabeled PSA-NCAM expressing cells in the hippocampus of adult rats. (A)

Panoramic view of a PSA-NCAM expressing interneuron soma. The letters “c” and “n” refer to the cytoplasm and

the nucleus respectively. The small inset, in the left top of the figure, shows an optical micrograph of the

PSA-NCAM expressing neuron in the resin-embedded sections from where ultrathins were obtained. (B) Detailed

view of the squared area in A, showing an asymmetric synaptic contact (white arrowhead) on the surface of the cell

somata. Asterisks indicate astroglial lamellae. Black arrowheads point to antigen location on the surface of the

plasma membrane. Note that gold particles are found in the surroundings of the synapse but not inside it. (C)

Panoramic view of a PSA-NCAM expressing interneuron soma. (D) Detailed view of the squared area in C, showing

the antigen location with diaminobenzidine (DAB) precipitation (black arrowheads) and the astroglial lamellae

(asterisks). (E) Panoramic view of an interneuron lacking expression of PSA-NCAM. (F) Detailed view of the

squared area in E, showing an asymmetric synaptic contact. Scale bar 5 µm for A, 4.5 µm for C, 4 µm for E, 1 µm

for D, 0.5 µm for B, 0.3 µm for F.
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Fig. 17.11: Histogram showing differences in the number of perisomatic synapses per µm between
interneurons lacking PSA-NCAM expression and those expressing this molecule

Asterisks indicate statistically significant differences (* p<0.05, ** p<0.01), and values represent means ± standard

error of the mean.

18 Distribution and dynamics of gephyrin

We have described that PSA-NCAM expressing cells outside the neurogenic niches and the pa-

leocortex layer II are mature interneurons. Interneurons make synaptic contacts on other neurons

using the neurotransmitter γ-Aminobutyric acid (GABA), whose receptors are clustered by gephyrin,

a scaffolding protein, which therefore is located in the postsynaptic part of the inhibitory synapse.

Consequently, the dynamics of its expression should parallel the basal plasticity of inhibitory networks

(Panzanelli et al., 2011). We have analyzed the distribution of gephyrin on transfected CA1 hip-

pocampal pyramidal neurons in organotypic cultures and have observed that this protein is expressed

in all the regions of the cell, including the basal and apical dendrites, the soma and the axon. In the

basal dendrites, we found a mean density of 1.18 puncta per 10 µm, a similar density in the apical

dendrites (1.06 puncta per 10 µm) and a higher density in the axon (2.16 puncta per 10 µm). The

expression of gephyrin in the somatic region was more intense than that of other regions, where the

intensity of fluorescence was lower (Fig. 18.1). We analyzed the basal turnover of gephyrin puncta

on different parts of the neuron and we found similar stability rates in the apical (82%), the basal

dendrites (80%) and the soma (77%). We also analyzed the apparition rate of new gephyrin puncta

and we also observed similar values in the apical and basal dendrites and the soma (Fig. 18.2).
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Fig. 18.1: Distribution and dynamics of gephyrin
(A) z-projection of a CA1 pyramidal neuron transfected with gephyrin, showing the distribution of gephyrin puncta

in different neuronal regions. 24 hour time lapse turnover of gephyrin puncta in an apical dendrite (B1-B3), the

soma (C1-C3) and a basal dendrite (D1-D3) of a pyramidal neuron. Scale bar 50 µm for A and 15 for the other

images.

Fig. 18.2: Histograms showing the differences in the distribution and dynamics of gephyrin
(A) Density of gephyrin puncta per 10 µm in the apical and basal dendrites and the axon of a CA1 pyramidal

neuron. (B) Stability, appearance and disappearance rate of gephyrin puncta in the different regions of a CA1

pyramidal neuron. Values represent means ± standard error of the mean.
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Part V. Results II: Effects of the ablation of

PSA-NCAM and its polysialyltransferases on

neuronal structural plasticity

19 Divergent impact of ST8SiaII and ST8SiaIV on PSA-NCAM

expression

19.1 Neocortex

In wild type animals PSA-NCAM expressing cells and PSA-NCAM expressing neuropil were detected

in all regions of the neocortex. As shown for the cingulate cortex (Fig. 19.2), PSA-NCAM expressing

cells were particularly abundant in deep layers. Similar to the situation in adult rats (Varea et al.,

2005, 2007a), many of the PSA-NCAM expressing cells displayed multipolar morphologies and neu-

ropil staining was generally more intense in deep layers, specially in the infralimbic and prelimbic

cortices (Fig. 19.2A, D). This staining was entirely absent from the neocortex of ST8SiaIV knock-

out mice (Figs. 19.2B, E). However, as noted before (Eckhardt et al., 2000), absence of ST8SiaIV

had no discernible effect on the strong PSA-NCAM labeling of neuroblasts in the SVZ/RMS (Fig.

19.2E, arrowheads). In addition, a small region of the superficial layers of dorsal peduncular, pre-

limbic and infralimbic cortices retained weak PSA-NCAM immunoreactivity (shown for IL in Fig.

19.2E, arrows). In contrast, distribution and morphology of PSA-NCAM expressing cells (including

SVZ/RMS neuroblasts) as well as staining of the neuropil in ST8SiaII knockout mice were similar to

that of wild type animals (Fig. 19.2C, F). Evaluation of the number of PSA expressing cells in the

cingulate cortex revealed no significant differences between wild type and ST8SiaII knockout mice

(Fig. 19.1).

19.2 Paleocortex

The paleocortex (entorhinal and piriform cortices) layer II of wildtype animals displayed an abundant

population of PSA-NCAM expressing cells (Figs. 19.1B and 19.3A, D, G). As previously described

in rats (Nacher et al., 2002a; Gómez-Climent et al., 2008) some of these cells showed long thick

vertical processes that radially traverse the piriform cortex layer III and the deep layers of the lateral

entorhinal cortex before entering the external capsule (Fig. 19.3A, J, K). Frequently, small cells

were found closely apposed to these processes (Fig. 19.3K) (Nacher et al., 2002a). Compared

to the wild type, ST8SiaIV-deficient mice had significantly more PSA-NCAM expressing cells in

layer II (Figs. 19.1B and 19.3B, E) and in addition to the thick vertical processes, thin PSA-NCAM

immunoreactive fibers were observed in layer III, which resembled typical axons with a small diameter

and a beaded appearance (Fig. 19.3L, M). In contrast, the number of PSA-NCAM immunoreactive

cells in paleocortex layer II was drastically reduced in ST8SiaII−/− mice (Figs 19.1B and 19.3C, F)
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Fig. 19.1: Estimation of the total numbers of PSA-NCAM and DCX immunoreactive neurons in
different regions of the cerebral cortex of adult wild type and polysialyltransferase-deficient
mice

(A) PSA-NCAM expressing neurons in the cingulate cortex (p=0.0005). (B) PSA-NCAM expressing neurons in the

piriform cortex layer II (p=0.0005). (C) Doublecortin (DCX) expressing neurons in the piriform cortex layer II

(p<0.0001). (D) PSA-NCAM expressing neurons in the hippocampal SGZ (p=0.0016). (E) DCX expressing

neurons in the hippocampal SGZ (p=0.049). (F) PSA expressing non-granule neurons in the hippocampus

(p=0.0005). One-way ANOVA followed by Student–Newman–Keuls post hoc tests.
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Fig. 19.2: PSA-NCAM expression in the neocortex of wild type and ST8SiaIV- and ST8SiaII-deficient
mice

(A–C) PSA expressing neurons (arrows) in deep layers of the cingulate cortex. Complete absence of

immunoreactivity in the neuropil and in neuronal somata, in ST8SiaIV−/− mice (B). Insets show enlarged views of

some of the neurons indicated by the arrows. (D–F) Infralimbic and dorsal peduncular cortices: despite the absence

of PSA-NCAM immunoreactivity in most of cortical the parenchyma, a small portion of neuropil in superficial layers

(arrows) displays some faint labelling. Arrowheads indicate PSA-NCAM expressing cells in the SVZ. Scale bar: 20

µm for (A–C) (10 µm for insets) and 40 µm for (D–F). IL, infralimbic cortex; DP, dorsal peduncular cortex.
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and only few thick processes could be observed in layer III (Fig. 19.3N, O).

In the deep layers of the wildtype paleocortex large PSA-NCAM expressing cells were found (Fig.

19.3K), resembling those described in the neocortex (see Fig. 19.2A). These cells were present in

ST8SiaII−/− (Fig. 19.3N) but absent in ST8SiaIV−/− mice (Fig. 19.3L, M). In wild type and

ST8SiaII-deficient animals, intense immunostaining was observed in the neuropil of the endopiriform

nucleus, and faint PSA expression was detected in the neuropil of all paleocortex layers (Fig. 19.3A,

C). In contrast, in ST8SiaIV knockout mice these neuropil structures were completely devoid of PSA

labeling (Fig. 19.3B). An abundant population of DCX expressing cells was found in the paleocortex

layer II of wild type animals (Figs. 19.1C and 19.4A). In ST8SiaII- and ST8SiaIV-deficient mice the

morphology of these cells appeared unaltered, but their numbers were significantly increased (Figs.

19.1C and 19.4B, C). This increase was more pronounced in the ST8SiaIV−/− situation. Moreover,

a small number of DCX-immunoreactive cells, with an interneuron-like multipolar morphology was

detected in the paleocortex layer III of ST8SiaIV-deficient animals. (Fig. 19.4D). This type of

DCX-positive cells was never observed in the wild type.

19.3 Hippocampus

The well-known pattern of strongly PSA-NCAM expressing cells in the SGZ of the dentate gyrus

(Seki and Arai, 1991b) was recapitulated for wild type animals (Figs. 19.1D and 19.5A, B). Likewise,

staining obtained in the neuropil of the hippocampus was mostly consistent with previous studies

(Seki and Arai, 1999; Seki, 2002a; Eckhardt et al., 2000). Intense PSA-NCAM immunoreactivity

was observed in the hilus and the mossy fibers of the CA3 stratum lucidum (Fig. 19.5A). The

molecular layer of the dentate gyrus displayed a weaker but dense PSA-NCAM staining, with a

slightly more pronounced labeling in a zone adjacent to the granule cell layer (Fig. 19.5A). Light

and less compact PSA-NCAM labeling was detected throughout the stratum lacunosum-moleculare

of CA1 and a plexus of markedly immunoreactive processes was found in the most dorsal region of this

layer, at the limit with the stratum oriens (Fig. 19.5A, J). Moreover, a diffuse, light immunostaining

was observed in the stratum pyramidale of CA1 (Fig. 19.5J).

In accordance with the previously described staining patterns of PSA-NCAM expressing cells in

the SGZ of ST8SiaII- or ST8SiaIV-deficient mice (Eckhardt et al., 2000; Angata et al., 2004), a

quantitative evaluation of these cells revealed a dramatic reduction in ST8SiaII−/− (Figs. 19.1D

and 19.5D, E), but no significant change in ST8SiaIV−/− animals (Figs. 19.1D and 19.5G, H).

Moreover, the few remaining PSA-NCAM expressing cells in the SGZ of ST8SiaII-deficient mice

displayed only some short processes and were devoid of the pronounced vertical (apical) PSA-

NCAM expressing dendrites (Fig. 19.5H). A prominent feature of the ST8SiaIV knockout mice is

the reduction of PSA-NCAM immunoreactivity on mossy fibers (Eckhardt et al., 2000). Accordingly,

we found that the intense labeling of mossy fibers as observed in wild type mice (Fig. 19.5A)

was reduced to few thin PSA-NCAM expressing processes in the hilus and the stratum lucidum

of ST8SiaIV-deficient mice (Fig. 19.5D). Some of these processes originated from PSA-NCAM
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Fig. 19.3: PSA-NCAM expression in the paleocortex of wild type, ST8SiaIV- and ST8SiaII-deficient
mice

(A–C) Panoramic views of piriform cortex in wildtype (A), ST8SiaIV−/− (B) and ST8SiaII−/− mice (C). Arrows

indicate the end of the external capsule. (D–F) Microphotographs of piriform cortex layer II. An abundant

population of PSA-NCAM immunoreactive cells (arrows) can be observed in wild type mice (D). The number of

these immunoreactive cells is increased in ST8SiaIV−/− mice (E), but they are almost absent in ST8SiaII−/− mice

(F). (G–I) High magnification views of PSA-NCAM expressing cells shows the reduced arborization of the scarce

cells in ST8SiaII−/− mice (arrows). (J–O) Vertical immunoreactive processes can be observed in layer III of wild

type (J, K), ST8SiaIV−/−(L, M) and ST8SiaII−/− mice (N, O). Black arrows indicate small cells resembling those

in layer II, while white arrows indicate cells similar to hippocampal non-granule PSA-NCAM expressing neurons. In

addition two types of processes were distinguished: thick vertical processes (black arrowheads) and thin fibers (white

arrowheads). Scale bar: 40 µm for (A–C), 10 µm for (D–F) and (J–O), 6 µm for (G–I). epn, endopiriform nucleus.
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Fig. 19.4: DCX expression in the paleocortex and the SGZ of wild type, ST8SiaIV- and ST8SiaII-
deficient mice

(A–C) Piriform cortex layer II. The population of DCX immunoreactive cells is more abundant in ST8SiaIV−/−

mice. (D) Piriform cortex layer III. DCX expressing multipolar cell resembling an interneuron. (E–G) SGZ. DCX

expressing cells are more abundant in ST8SiaIV−/− mice but their morphology is similar to that found in wild type

mice. In ST8SiaII−/− mice many of these cells had an aberrant morphology, that is, presence of short apical

processes restricted to the granule cell or horizontal/basal processes restricted to the SGZ and the hilus

(arrowheads). DCX expressing ectopic cells can be found in the hilus (arrows). (G–J) High magnification views of

DCX expressing cells in the SGZ. Note that while the morphology of most of the cells in wild type and

ST8SiaIV−/− mice is typical, many cells in ST8SiaII−/− animals have abnormal morphologies/orientations

(arrowheads) or ectopic locations (arrow). Scale bar: 10 µm for (A–G), 6 µm for (H–J).
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Fig. 19.5: PSA-NCAM expression in the hippocampus of wild type, ST8SiaIV- and ST8SiaII-deficient
mice

(A, D, G): Dorsal hippocampus. The neuropil expression of PSA-NCA in ST8SiaIV−/− mice (D) is reduced in the

molecular layer and restricted to a few thin PSA-positive processes in the hilus and the stratum lucidum (inset). (B,

E, H) Dentate gyrus. Only a faint PSA immunostaining can be detected in the inner third region of the molecular

layer of ST8SiaIV−/− mice (E). ST8SiaII−/− mice display neuropil PSA expression similar to that of wildtype

mice. The number of labeled cell somata in the SGZ is highly reduced (H). (C, F, I) Ventral hippocampus.

PSA-NCAM expressing non-granule neurons can be found in the wild type (C) and ST8SiaII−/− (I) but not in

ST8SiaIV−/− mice (F). (J–L) Strata pyramidale (pyr), radiatum (rad) and lacunosum moleculare (lac-molec) of

CA1. Wild type and ST8SiaII−/− mice show several PSA-NCAM immunostained cell somata resembling typical

interneurons (arrows) as well as neuropil in the stratum lacunosum-moleculare (arrowheads). PSA-NCAM

immunostaining is absent from the entire CA1 region of ST8SiaIV−/− mice (K). Scale bar: 40 µm for (A, D, G);

10 µm for (B, E, H); 20 µm for (C, F, I); 15 µm for (J–L).
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expressing somata in the SGZ indicating that they were mossy fibers. Moreover, the entire stratum

lacunosum-moleculare of the CA1 field (including the immunoreactive plexus next to the hippocampal

fissure) as well as most of the molecular layer of the dentate gyrus was completely devoid of PSA-

NCAM staining (Fig. 19.5D, K). Faint residual immunoreactivity, however, was detected in the

inner zone of the molecular layer (Fig. 19.5D, E). In accordance with the findings of Angata et al.

(2004), PSA-NCAM staining of mossy fibers in ST8SiaII knockout mice was as intense as in the

wildtype and revealed the aberrant projection of the infrapyramidal mossy fibers extending to the

CA3a field (Fig. 19.5G, H). In addition, we found that PSA-NCAM immunoreactivity of the other

neuropil structures of the hippocampus was not affected by the absence of ST8SiaII (Fig. 19.5G,

L). As described in the rat (Nacher et al., 2002b), numerous non-granule PSA expressing cells were

found throughout the hippocampus of wild type mice (Fig. 19.1F), particularly in its ventral region

and in the vicinity of the fimbria (Fig. 19.5C). While these cells were completely absent in mice

lacking ST8SiaIV (Figs. 19.1F and 19.5F), their numbers and their morphology were unaffected in

ST8SiaII knockout mice (Figs. 19.1F and 19.5I). Evaluation of DCX expressing cells in the SGZ

revealed similar numbers in wild type (Figs. 19.1E and 19.4E) and ST8SiaII-deficient mice (Figs.

19.1E and 19.4G). Compared to the ST8SiaII−/− situation, the amount of DCX-positive cells

was significantly increased in the absence of ST8SiaIV (Figs. 19.1E and 19.4F) but most of them

retained the characteristic morphology of immature granule cells as well as their position within the

SGZ (Fig. 19.4E, F, I). In contrast, the appearance of many of the DCX-positive cells in the SGZ

of ST8SiaII-deficient mice was aberrant. Instead of the apical dendrites typically extending into

the molecular layer, some of these cells displayed short apical vertical processes that did not reach

beyond the granule cell layer, or they presented horizontal or basal processes that were restricted to

the SGZ or extended into the hilus. Moreover, several DCX expressing ectopic cells were found in

the hilus (Fig. 19.4G, J). Some of these cells with aberrant morphology and/or ectopic locations,

as described previously in control adult rats (Nacher et al., 2001) could also be found, although in

reduced numbers, in ST8SiaIV-deficient and wild type mice.

19.4 Extracortical regions

PSA-NCAM expression was also studied in selected extracortical regions. As in the rat (Nacher et al.,

2002c), the neuropil of the central and medial amygdaloid nuclei displayed intense immunoreactivity

in wild type mice, while faint immunostaining was observed in the lateral and basolateral nuclei

(Fig. 19.6A). PSA-NCAM expressing cells were detected in all amygdaloid nuclei (Fig. 19.6D).

In the amygdala of ST8SiaIV knockout mice, PSA-NCAM expression was strongly reduced in the

central and medial nuclei and completely absent from the basolateral and lateral nuclei (Fig. 19.6B).

The number of PSA-NCAM expressing somata was reduced to a few, small immunoreactive cells

mostly located within the basolateral and lateral nuclei (Fig. 19.6E). PSA-NCAM expression in the

amygdala of ST8SiaII-deficient mice was indistinguishable from the wild type situation (Fig. 19.6C,

F). In the neuropil of the septum PSA-NCAM expression was markedly reduced in ST8SiaIV−/−,
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but not ST8SiaII−/− mice (Fig. 19.6G–I). In clear contrast to the PSA-NCAM positive cells in the

cortex, PSA-NCAM expressing cells in the septum (Foley et al., 2003) were present in ST8SiaIV-

and in ST8SiaII-deficient mice (not shown). Likewise, PSA-NCAM staining patterns of neuropil in

the striatum (Fig. 19.6G–I) and the hypothalamus (Fig. 19.6J–L) were not noticeably affected by

genetic deletion of either polysialyltransferase.

19.5 Phenotype of PSA-NCAM expressing cells in the ST8SiaII- and

the ST8SiaIV- knockout mice

In consonance with previous results (Varea et al., 2005), none of the PSA-NCAM expressing cells

analyzed outside the neurogenic regions and the paleocortex layer II of wildtype and the ST8SiaII

knockout mice expressed CAMKII, a marker of excitatory neurons. In addition, none of the PSA

expressing cells in the paleocortex layer II of wildtype and the ST8SiaIV expressed CAMKII (Fig.

19.7).

19.6 The expression of presynaptic markers is not affected in the

ST8SiaII- and the ST8SiaIV- knockout mice

We analyzed the expression of two presynaptic markers in the layer V of the cingulate cortex, a

region of the mPFC: synaptophysin (SYN), a reliable marker of synaptic transmission, and GAD6, a

marker of presynaptic inhibitory synapses (The GAD6 antibody recognizes both 65 kDa and 67 kDa

isoforms). We observed no change in the expression of neither SYN (p=0.861) nor GAD6 (p=0.555)

(Fig. 19.8)

20 Effects of PSA removal on the structural plasticity of hippocampal

interneurons

20.1 Dendritic spine density 2 and 7 days after intracerebral EndoN

injection

We studied the dendritic spine density of interneurons expressing eGFP in the hippocampal CA1

region, 2 and 7 days after an intracranial injection of the Endo-N-actylneuraminidase enzyme. In

all interneurons analyzed, the spine density increased with the distance from the soma to each

segment (two-way ANOVA; 2 days: p<0.0001; 7 days: p<0.0001). When analyzing the different

60 µm segments 2 days after the injection, we did not observe differences in dendritic spine density

between the control and the treated animals neither in the first (protected LSD p=0.6659) nor in the

second segment, where there was a trend towards an increase (p=0.0706). However, we observed a

significant increase in the distal segment (p=0.0205) in the animals injected with EndoN compared

with the controls (Fig. 20.1D1 and D2). We also observed a significant increase (t-test p=0.0256)

85



Fig. 19.6: PSA-NCAM expression in cell somata and neuropil of different extracortical regions of
wild type, ST8SiaIV- and ST8SiaII-deficient mice

(A–C) Amygdala. ST8SiaIV−/− mice display a severe reduction in the general intensity of PSA-NCAM expression

in the neuropil. However, some faint immunostaining can be detected in the central amygdala. (D–F) Basolateral

amygdala. The number of PSA-NCAM expressing cells (black arrows) and the neuropil intensity in this amygdaloid

nucleus is reduced in the ST8SiaIV−/−mice. However, some scarce small cells with faint PSA-NCAM expression

can be observed in these animals. (G–I) Septum and striatum. The striatum of all the different animals studied

shows a similar intensity of PSA-NCAM expression. However, a marked reduction in immunostaining can be seen in

the septum of ST8SiaIV−/−mice. (J–L) Hypothalamus. No major differences in PSA-NCAM expression can be

observed in the neuropil of the hypothalamic regions observed. Scale bar: 40 µm. BLA, basolateral amygdaloid

nucleus; CeA, central amygdaloid nucleus; LA, lateral amygdaloid nucleus; SPT, septum; STR, striatum.

86



Fig. 19.7: Phenotype of PSA-NCAM expressing cells in wild type, ST8SiaII and ST8SiaIV mice
PSA-NCAM (red) and CAMKII (green) immunohistochemistry. (A, B) Hippocampal CA1 stratum radiatum in

ST8SiaII-deficient mice (A) and wild type (B). Note that in both cases PSA-NCAM expressing cells lack CAMKII

immunoreactivity, which, by contrast, is specially intense in the pyramidal cell layer. (C, D) Cingulate region of the

mPFC of ST8SiaII-deficient (C) and wild type mice (D). (E, F) Paleocortex layer II in ST8SiaIV-deficient (E) and

wild type mice (F). All images in this figure are single confocal planes. Scale bar 20 µm for (A) and (B); 12.5 µm

for insets.87



Fig. 19.8: Histograms showing the expression of presynaptic markers in the mPFC of wild type,
ST8SiaII and ST8SiaIV mice

SYN (A) and GAD6 (B) expression in the mPFC of ST8SiaII and ST8SiaIV deficient mice. Values represent means

± standard error of the mean.

when considering the total number of spines in the dendrite between the animals injected with

EndoN and those injected with the vehicle. Comparing the control and the EndoN treated animals

7 days after the injection in the different dendritic segments analyzed we found a decrease in spine

density in the distal segment (p=0.0484) of the animals injected with EndoN compared with those

injected with vehicle (Fig. 20.1E1 and E2), but we did not find significant changes in the proximal

(p=0.7516) or the intermediate segments (p=0.1766). When analyzing the total density of spines

we only found a tendency towards a decrease in the EndoN injected group (p=0.0892).

20.2 Effects of EndoN treatment on spine dynamics

In control conditions, in our organotypic hippocampal cultures (see methods section) the stability rate

of CA1 hippocampal interneuronal spines in a 24 hour time-lapse experiment represented between

66 and 69 % of the total pre-existing spines, while the apparition rate of new interneuronal spines

represented a 35% of the total of pre-existing spines (Fig. 20.2). Under experimental conditions,

the apparition rate of new spines was significantly increased 24 hours after the addition of EndoN

to the culture medium, when compared to either the internal (p=0.0024) or the external control

(p=0.0063).

However, there was no effect of EndoN on the stability of pre-existing spines (Fig. 20.2). When

analyzing the relative variation of the spine density, we observed a strong increase in the spine density

in the slices treated with EndoN when compared to the internal (p=0.0003) and external controls

(p=0.0008).
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Fig. 20.1: Effects of PSA removal on the hippocampus of GIN mice
A-C: Micrographs showing the expression of PSA-NCAM in the hippocampus of mice 2 days after intracerebral

injections of vehicle (A), EndoN (B) and 7 days after intracerebral injections of EndoN (C). D-E: Z-Projections of

the distal portion of interneuron dendrites in CA1 showing the difference in spine density between animals injected

with vehicle (D1) or EndoN (D2) sacrificed 2 days after the injection and between animals injected with vehicle

(E1) or EndoN (E2) sacrificed 7 days after the injection. F-I: Graphs representing the spine density of interneuron

dendrites between vehicle and EndoN injected animals per 60 µm segments (F: 2 days after the injection; H: 7 days

after the injection) and the total spine density (G: 2 days after the injection; I: 7 days after the injection) at 2 days

and 7 days respectively. White bars represent vehicle injected animals and black bars represent EndoN injected

animals. Tendency (# p < 0.1) and statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001) student

t-test. Scale bar: 500 µm for A, B and C and 15 µm for D1, D2, E1 and E2.
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Fig. 20.2: Effects of PSA removal on organotypic hippocampal cultures
A-B: Single confocal planes showing the expression of PSA-NCAM in the cultures 24 hours after the addition of

vehicle (A) or EndoN (B) in the culture medium. C-D: Z-Projections showing the complete morphology of

interneurons from slices treated with vehicle (C) or EndoN (D). E-F: Turnover of interneuronal spines: external

control between 0 (E1) and 24 hours (E2) and 24 hours after the addition of vehicle (E3). Internal control between

0 (F1) and 24 hours (F2) and 24 hours after the addition of EndoN (F3). Arrowheads indicate stable (white), new

(blue) and lost (red) spines compared to the previous time-point. G-H: Graphs representing the apparition rate of

new spines (G) and the stability rate of preexisting spines (H) during the internal control (t0-24) and the treatment

with either vehicle or EndoN (t24-48). I: Graph representing the spine density relative to the original spine density

at 0, 24 and 48 hours. White bars represent vehicle injected animals and black bars represent EndoN injected

animals. Statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001) student t-test. Scale bar: 125 µm for A

and B (700 µm for their insets), 75 µm for C and D and 5 µm for E1, E2, E3, F1, F2 and F3.
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Part VI. Results III: Effects of the antidepressant

fluoxetine on neuronal structural plasticity

21 Effects of chronic fluoxtine treatment in the somatosensory cortex

of young rats

21.1 Regional activation

We have analyzed the expression of the immediate early gene c-fos, and have observed that the

chronic fluoxetine treatment induced a three fold significant increase (P=0.021) in the number of

c-fos immunolabeled nuclei in the primary somatosensory cortex of young rats (Fig 21.1).

Fig. 21.1: c-fos expression in the somatosensory cortex of young rats after chronic fluoxetine treat-
ment

A, B: Photographs showing coronal sections of c-fos immunoreactive nuclei in layers III to V of the somatosensory

cortex of a control rat (A) and a rat treated for 14 days with fluoxetine (B). C: Graphs representing changes in the

number of c-fos immunoreactive nuclei in the primary somatosensory cortex after chronic fluoxetine treatment.

Statistically significant (* 0.01), unpaired t-test. White bar represents control animals and black bar represents

fluoxetine treated animals. Scale bar: 50 µm.

21.2 Expression of plasticity-related molecules

Chronic fluoxetine treatment did not induce significant changes in GAD67 immunostaining in the

neuropil of the different layers of the primary somatosensory cortex (layer II: p=0.2666; layer III:

p=0.1424; layer IV: p=0.0670; layer V: p=0.0704; layer VI: p=0.1122). However, a clear trend

towards an increase could be observed in all the layers (Fig 21.2). We did not observe any significant

change in VGluT1 immunostaining intensity in the neuropil of the different layers of the primary

somatosensory cortex (layer II: p=0.2624; layer III: p=0.9948; layer IV: p=0.6854; layer V: p=0.7260;

layer VI: p=0.6264) (Fig 21.2).
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Fig. 21.2: Effect of chronic fluoxetine treatment on the expression of GAD and VGluT1 in the
somatosensory cortex of young rats

Graphs represent the change in the intensity of GAD67 (A) and VGluT1 (B) in the layers II to VI of the

somatosensory cortex in control animals (white bars) and animals treated with fluoxetine (black bars).

21.3 Structure of pyramidal neurons

We observed that the dendritic spine density in pyramidal neurons of the primary somatosensory

cortex layers III and V was lower in the proximal segment and that it increased progressively towards

the apical extreme of the principal dendrite (Figure 13A). There were significant differences in the

spine density between the first and second segments (p=0.003), the second and the third (p<0.0001)

and the third and the fourth (p=0.042), according to the distance from the soma. After 14 days

of fluoxetine treatment, we did not found differences in the dendritic spine density of the proximal

segments (0-50 µm). However, significant increases were observed in the second (p=0.01, 50-100

µm), the third (p<0.0001, 100-150 µm) and the forth segments (p=0.0006, 150-200 µm) (Fig

21.3A). We also observed significant increases in spine density when considering the entire length

(0-200 µm) of the apical dendrites (p<0.001) (Fig 21.3B).

22 Effects of chronic fluoxetine treatment on neuronal structural

plasticity in middle-aged rats

22.1 Body weight and volumetric analysis of different cerebral regions

In concordance with previous studies (McNamara et al., 2010; Thompson et al., 2004), chronic

fluoxetine treatment produced a significant diminution of weight gain (p<0.001) after 14 days, when

comparing the relation final weight/initial weight between the treated animals (0.877 ± 0.017) and

the controls (1.017 ± 0.009) (Fig 22.1A).

We also analyzed the effects of chronic fluoxetine treatment on the volume of the different

cerebral structures studied. We did not observe changes in the volume of the mPFC or the amygdala,

but we found an increase in the volume of the hippocampus of the animals treated with fluoxetine

(p=0.001, Fig 22.1B).
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Fig. 21.3: Effect of chronic fluoxetine treatment on the spine density of pyramidal neurons of the
somatosensory cortex in young rats

Changes in spine density in the principal apical dendrite of pyramidal neurons in primary somatosensory cortex

layers III and V after chronic fluoxetine treatment. Spine density histograms in the different 50 µm fragments from

the soma (A) and in the total length of the measured dendrite (B). Statistically significant (* p<0.05, ** p<0.01,

*** p<0.001) unpaired t-test. White bars represent control animals and black bars represent treated animals. C:

Photographs of a principal dendrite of a control animal (left) and an animal chronically treated with fluoxetine.

Fig. 22.1: Body weight and volume changes in different cerebral regions after chronic fluoxetine
treatment in middle-aged rats

Graphs showing (A) the body weight change through the experiment for the control and fluoxetine group and (B)

the effect of the chronic fluoxetine treatment on the volume of the different structures studied. Statistically

significant (* p < 0.05, ** p < 0.01, *** p < 0.001) Student t-test.
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22.2 Expression of plasticity-related molecules in the mPFC

The expression pattern of PSA-NCAM in the mPFC was similar to that described previously (Varea

et al., 2005): All regions within the mPFC showed a moderate intensity of staining in layer I, nearly

lack of staining in layer II, weak staining in layer III and intense staining in layers V–VI (Fig 22.2C

and 22.3A and B).

In this cortical region, there was an increase in the density of PSA-NCAM expressing puncta in the

fluoxetine treated animals in the dorsal cingulate cortex (Cg2) (p=0.043), but not in the prelimbic

cortex (PrL) (Fig 22.3). No differences were found in the density of puncta expressing SYN, GAD6

or VGluT1 in any of the regions studied (Fig 22.3). We did not find changes in the density of puncta

colocalizing PSA-NCAM/SYN, PSA-NCAM/GAD6 or PSANCAM/VGluT1 neither in the PrL nor

in the Cg2 (Fig 22.3).

We did not find changes neither in the dot size nor in the surface covered by puncta in any of

the regions and the markers analyzed (Fig 22.4).

22.3 Expression of plasticity-related molecules in the amygdala

As described previously (Nacher et al., 2002c), low levels of PSA-NCAM expression were found in

the neuropil of the lateral and basolateral amygdaloid nuclei. By contrast, PSA-NCAM expression

was denser and more intense in the central, medial and basomedial nuclei (Fig 22.2D and 22.5A).

In the fluoxetine treated group we found significant increases in the density of PSA-NCAM express-

ing puncta in the central amygdaloid nucleus (p=0.001), of SYN expressing puncta in the lateral

(p=0.049) and basolateral amygdaloid nuclei (p=0.047) and of GAD6 expressing puncta in the

basolateral nucleus (p=0.005) (Fig 22.5). On the contrary, we found a significant decrease in the

number of VGluT1 expressing puncta in the basolateral amygdaloid nucleus (p=0.04) (Fig 22.5).

We also found an increase in PSA-NCAM/SYN (p=0.007) and PSANCAM/GAD6 (p=0.041) ex-

pressing puncta in the central amygdala. No changes in the density of these double-labeled puncta

were observed in any of the other amygdaloid nuclei studied (Fig 22.5).

We also found changes similar to those described for puncta density when analyzing the dot

size and the surface covered by these puncta. In the central amygdaloid nucleus we observed an

increase both in the dot size and the surface covered by PSA-NCAM expressing puncta (p=0.027

and 0.011). In the lateral nucleus we only observed an increase in the dot size of puncta expressing

SYN (p=0.038). By contrast, in the basolateral nucleus we found an increase in the dot size and

surface covered by puncta expressing GAD6 (p=0.011 and 0.018) and a decrease in both, the dot

size and the surface covered by puncta expressing VGluT1 (p=0.005 and 0.007) (Fig 22.6).

22.4 Expression of plasticity-related molecules in the hippocampus

PSA-NCAM expression in the hippocampus was similar to that described previously (Nacher et al.,

2002b): briefly, the most intense expression of PSA-NCAM was located in the somata and apical
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Fig. 22.2: Expression of different plasticity-related markers in the middle-aged rat brain
Confocal images showing the expression of PSA-NCAM, VGluT1 and GAD6 in the different regions of the

hippocampus (B, E and H), the amygdala (B, D and G) and the mPFC (A, C and F). Scale bar = 200 µm in A and

B, 100 µm in C, D and E and 1 µm in F, G and H.
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Fig. 22.3: Analysis of the density of puncta expressing different plasticity-related markers after
chronic fluoxetine treatment in the mPFC of middle-aged rats

Graphs representing the density of puncta expressing different markers and its colocalization in the prelimbic and

cingulate cortex of the medial prefrontal cortex. White bars represent control animals and black bars represent

fluoxetine treated animals respectively. A and B are focal planes showing the expression of PSA-NCAM in (1) the

prelimbic and (2) the cingulate cortex. Scale bar: 200 µm
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Fig. 22.4: Dot size and surface covered by puncta expressing different plasticity-related markers in
the mPFC after chronic fluoxetine treatment in middle-aged rats

Graphs representing the dot size and surface covered by puncta expressing different markers in the PrL and Cg2 of

the mPFC. White bars represent control animals and black bars represent fluoxetine treated animals respectively

dendrites of granule cells in the SGZ of the dentate gyrus, as well as in the neuropil of the hilus

and the mossy fibers. A weaker and more diffuse expression of PSA-NCAM could be found in the

neuropil of other regions of the hippocampus, such as the molecular layer of the dentate gyrus and

the strata lacunosum-moleculare, radiatum and oriens of CA1 and CA3 (Figs 22.2E and 22.7A),

where PSA-NCAM expressing cell somata could also be found (Nacher et al., 2002b).

After chronic fluoxetine treatment, we found significant increases in the density of PSA-NCAM

expressing puncta in the molecular layer (p=0.045), stratum lucidum (p=0.032) and stratum lacunosum-

moleculare (p<0.001) (Fig 22.8). Similar increases were found in the density of SYN expressing

puncta in the strata lucidum (p=0.012) and lacunosum-moleculare (p=0.038). We also found a

significant increase (p=0.018) in the density of GAD6 expressing puncta in the stratum lacunosum-

moleculare. By contrast, we found a decrease in the density of VGluT1 expressing puncta in the

strata lacunosum-moleculare (p=0.021) and radiatum (p=0.030) of CA1 (Fig 22.8). When study-

ing the density of puncta co-expressing PSA-NCAM and each of the other markers, we observed

an increase in the density of puncta co-expressing PSA-NCAM/SYN (p=0.008) in the stratum

lacunosum-moleculare, but no change was observed in those co-expressing PSA-NCAM/GAD or

PSA-NCAM/VGluT1 (Fig 22.8).

Finally, when analyzing the dot size and the surface covered by immunoreactive puncta, we

also observed changes in most of the regions that showed differences in the density of puncta in

these structures. In the stratum lacunosum-moleculare we observed an increase in the dot size and

the surface covered by puncta expressing PSA-NCAM (p=0.011 and <0.001) and GAD6 (p=0.047

and 0.021), while there was only an increase in dot size in those expressing SYN (p=0.044) and a

decrease in both dot size and surface covered by those expressing VGluT1 (p=0.035 and 0.017).

We also find a decrease in both the dot size and the surface covered by puncta expressing VGluT1

in the stratum radiatum (p=0.015 and 0.007) (Fig 22.9).
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Fig. 22.5: Analysis of the density of puncta expressing different plasticity-related markers after
chronic fluoxetine treatment in the amygdala of middle-aged rats

Graphs representing the density of puncta expressing different markers and its colocalization in different areas of the

amygdala. White bars represent control animals and black bars represent fluoxetine treated animals respectively. A

is a focal plane showing the expression of PSANCAM in the (1) basomedial (BMA) (2) lateral (LA), (3) medial

(MeA), (4) basolateral (BLA) and (5) central (CeA) nuclei of the amygdala. Scale bar: 200 µm
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Fig. 22.6: Dot size and surface covered by puncta expressing different plasticity-related markers in
the amygdala after chronic fluoxetine treatment in middle-aged rats

Graphs representing the dot size and the surface covered by puncta expressing different markers in different areas of

the amygdala. White bars represent control animals and black bars represent fluoxetine treated animals respectively.

Fig. 22.7: Expression of PSA-NCAM and SYN in the hippocampus of middle aged rats
Confocal image showing the expression of PSA-NCAM and SYN in the hippocampus. Focal planes showing the

original image and the processed image for the puncta analysis for (B1 and B2) PSA-NCAM, (C1 and C2) SYN and

(D1 and D2) the composite image. Scale bar: 320 µm in A and 5 µm in the rest.
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Fig. 22.8: Analysis of the density of puncta expressing different plasticity-related markers after
chronic fluoxetine treatment in the hippocampus of middle-aged rats

Graphs representing the density of puncta expressing different markers and its colocalization in different areas of the

hippocampus. White bars represent control animals and black bars represent fluoxetine treated animals respectively.

A is a single confocal plane showing the expression of PSA-NCAM in the strata (1) lucidum, (2) moleculare (Mol),

(3) lacunosum-moleculare (LMol), (4) radiatum (Rad) and (5) oriens (Or) of the hippocampus. Scale bar: 200 µm
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Fig. 22.9: Dot size and surface covered by puncta expressing different plasticity-related markers in
the hippocampus after chronic fluoxetine treatment in middle-aged rats

Graphs representing the dot size and the surface covered by puncta expressing different markers in different areas of

the hippocampus. White bars represent control animals and black bars represent fluoxetine treated animals

respectively.
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22.5 Neurogenesis

No change in the density of cells expressing DCX or PSA-NCAM was observed in the SGZ of the

dentate gyrus after chronic fluoxetine treatment (Fig 22.10A). However, when analyzing the number

of Ki67 expressing nuclei there was a trend towards a decrease in the treated group (p=0.061) (Fig

22.10A). In the SVZ we also failed to find changes in the expression of DCX or PSA-NCAM, but

we observed a dramatic significant decrease in the number of Ki67 immunoreactive nuclei in the

treated group (p<0.001) (Fig 22.10B).

23 Effects of chronic fluoxetine treatment on neuronal structural

plasticity in young GIN mice

23.1 Expression of plasticity-related molecules in the hippocampus

The pattern of PSA-NCAM expression in the hippocampus of this strain of GIN mice (Oliva et al.,

2000) was similar to that described above for young rats. After chronic fluoxetine treatment, we

found significant increases in the density of PSA-NCAM expressing puncta in the strata lacunosum-

moleculare (p=0.040), radiatum (p=0.048), oriens (p=0.002) (Fig 23.1) and in the hilus (p=0.005)

(Fig 23.2). Similar increases were found in the density of SYN expressing puncta in the strata

lucidum (p=0.045), moleculare (p=0.008), oriens (p=0.027) and radiatum (p=0.016). We also

found a significant increase (p=0.016) in the density of GAD6 expressing puncta in the hilus.

However, we did not find any change in the density of VGluT1 expressing puncta in any of the

areas analyzed (Fig 23.2). When analyzing the density of puncta co-expressing these molecules,

we observed an increase in the density of puncta co-expressing PSA-NCAM/GAD6 in the stratum

oriens (p=0.035) and in the hilus (p=0.002) (Fig 23.2).

23.2 Perisomatic innervation of pyramidal neurons in the hippocampus

We analyzed the effects of a chronic fluoxetine treatment on the perisomatic innervation of pyramidal

neurons in GIN mice, using CAMKII immunohistochemistry to delimit the profile of pyramidal neurons

in the stratum pyramidale of the CA1 region of the hippocampus. Pyramidal neurons receive typically

the perisomatic synaptic innervation from basket interneurons expressing parvalbumin (Freund and

Buzsáki, 1996). Therefore, we analyzed the density of parvalbumin positive puncta surrounding the

somata of pyramidal neurons and its colocalization with SYN (Fig 23.3). We did not observe any

change in the density of PV (p=0.708) or SYN (p=0.201) expressing puncta or in that of puncta

colocalizing PV and SYN (p=0.581) after the fluoxetine treatment (Fig 23.4).
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Fig. 22.10: Effects of chronic fluoxetine treatment on neurogenesis in middle-aged rats
A & B: Graphs representing (A) the total number of cells expressing immature and proliferative markers in the SGZ

of the hippocampus and (B) the gray level of DCX and PSANCAM and the density of Ki67 in the SVZ. White bars

represent control animals and black bars represent fluoxetine treated animals respectively. C & D: Micrographs

showing the expression of Ki67 in the SVZ (C) and DCX (D) in the SGZ. Scale bar: 100 µm (C and D) and 50 µm

(insets in D).
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Fig. 23.1: Effects of chronic fluoxetine treatment on the expression of different plasticity-related
markers in the hippocampus of GIN mice

Confocal images showing the differences in the expression of different plasticity-related molecules. (A, D) Single

confocal plane of the stratum oriens of the hippocampus of saline (A) and fluoxetine (D) treated animals. (B, E)

Regions squared in A and D represent a fraction of the area analyzed of saline (B) and treated (E) animals, showing

the composite image with the different markers. (C, F) The images in B and E were processed for image analysis

and the different channels were separated showing the puncta expressing synaptophysin (C1 and F1), GAD6 (C2,

F2) and PSA-NCAM (C3, F3), for the control (C) and fluoxetine (F) groups. Scale bar = 20µm in A and D, and

4.2 for the rest of the images.

23.3 Perisomatic innervation of interneurons in the hippocampus

We analyzed the effects of a chronic fluoxetine treatment in GIN mice, which allowed us to study

in detail the morphological features of a subpopulation of interneurons. We observed an increase in

the density of GAD6 expressing puncta surrounding the somata of interneurons expressing eGFP in

the CA1 region of the hippocampus of animals treated chronically with the antidepressant fluoxetine

(p=0.015) (Fig 23.5). Although there were no changes in the density of puncta expressing SYN

surrounding the somata of these interneurons (p=0.163), we found an increase in the density of

perisomatic puncta co-expressing GAD6 and SYN (p=0.028) (Fig 23.6).

23.4 Structure of interneurons in the mPFC

Analyzing interneurons in GIN mice in deep layers of the prelimbic area of the mPFC, we observed

that their dendritic spine density was, as it happens in pyramidal neurons, lower in the proximal

segment and that it increased towards the apical extreme of the dendrite. After 14 days of fluoxetine

treatment, we did not found differences in the dendritic spine density of the proximal segments (0-

50 µm; p=0.070). However, significant increases in the spine density were observed in the second

(p=0.006, 50-100 µm) and the third segments (p=0.008, 100-150 µm) (Fig 23.7). Significant

increases were also observed when considering the entire length of the dendrite of interneurons of

fluoxetine treated animals compared to the saline injected animals. (p=0.005) (Fig 23.7).
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Fig. 23.2: Analysis of the density of puncta expressing different plasticity-related markers in the
hippocampus of young GIN mice after chronic fluoxetine treatment

Graphs representing the density of puncta expressing the different markers and their colocalization in different areas

of the hippocampus. White bars represent control animals and black bars represent fluoxetine treated animals

respectively. Bars represent the mean ± the standard error of the mean.
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Fig. 23.3: Effects of chronic fluoxetine treatment on the perisomatic innervation in pyramidal neu-
rons of the hippocampus of young GIN mice

Confocal images showing perisomatic puncta surrounding the somata of pyramidal neurons and expressing different

markers. (A, D) Single confocal planes of the CA1 stratum pyramidale of the hippocampus showing CAMKII

expressing pyramidal neuron somata (green) and perisomatic puncta expressing PV (blue) or SYN (red) in a control

(A) and a fluoxetine treated (D) animal. (B, E) Single confocal planes showing PV expressing puncta surrounding

the somata of a pyramidal neuron of a control (B) and a fluoxetine treated (E) animal. (C & F) Single confocal

planes showing the expression of PV (1), SYN (2) and its colocalization (3) in perisomatic puncta in the control (C

series) and the fluoxetine treated (F series) animals. Scale bar = 200 µm for A and D, and 63.5 µm for the rest of

the images.

Fig. 23.4: Effects of chronic fluoxetine treatment on the density of puncta surrounding the somata
of pyramidal neurons in the hippocampus of GIN mice

Graphs representing the density of puncta expressing PV, SYN and its colocalization, surrounding the somata of

pyramidal neurons in the CA1 region of the hippocampus. Bars represent the mean ± the standard error of the

mean.
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Fig. 23.5: Effects of chronic fluoxetine treatment on the perisomatic innervation of interneurons in
the mPFC of young GIN mice

Confocal images showing puncta surrounding the somata of interneurons in the mPFC. (A, C) Single confocal

planes of the mPFC showing the expression of eGFP in interneuron somata (green), as well as GAD6 (blue) and

SYN (red) expressing perisomatic puncta in a control (A) and a fluoxetine treated (C) animal. (B, D) Single

confocal planes showing perisomatic puncta expressing GAD6 (1), SYN (2) and its colocalization (3) for the control

(B series) and the fluoxetine treated (D series) animals. Scale bar = 5 µm.

Fig. 23.6: Effects of chronic fluoxetine treatment on the density of puncta surrounding the soma of
interneurons in the mPFC of GIN mice

Graphs representing the density of puncta expressing GAD6, SYN and their colocalization surrounding the somata

of interneurons of the mPFC. Bars represent the mean ± the standard error of the mean.
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Fig. 23.7: Effects of chronic fluoxetine treatment on the spine density of interneurons in the prelimbic
area of the mPFC of young GIN mice

Spine density histograms in the different 50 µm fragments from the soma (A) and in the total length of the

measured dendrite (B). Statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001) unpaired t-test. White

bars represent control animals and black bars represent treated animals. C: Reconstructions of focal planes showing

the difference in dendritic spine density between the control (left) and the fluoxetine (right) groups.
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Part VII. Discussion

24 Distribution of cells expressing the polysialylated form of the neural

cell adhesion molecule (PSA-NCAM) in the adult rodent

telencephalon

We can distinguish three different subpopulations of PSA-NCAM expressing cells regarding their

origin and function: (1) the recently generated ones in the subgranular zone (SGZ), the subventricular

zone (SVZ) and those of the rostral migratory stream (RMS), which will loose their PSA-NCAM

expression as they mature and become integrated in the neuronal circuitry, (2) the PSA-NCAM

expressing cells in the layer II of the paleocortex, which show features of immature neurons during

adulthood, but were generated during embryonic developmental stages, and (3) the rest of the

PSA-NCAM expressing cells throughout the dorsal telencephalon, which display features of mature

interneurons. The present results describe the ultrastructural features and phenotype of PSA-NCAM

expressing cells located in the paleocortex layer II, as well as many aspects of the mature interneurons

expressing PSA-NCAM in different regions of the brain, specially in the medial prefrontal cortex

(mPFC), the hippocampus and the amygdala. These results expand previous findings describing the

existence and possible role of PSA-NCAM expressing cells in different regions of the adult rodent

brain (as shown in figure 15.1), such as the hippocampus (Nacher et al., 2002b; Seki, 2002a; Bonfanti

et al., 1992), the mPFC (Varea et al., 2007a), the amygdala (Nacher et al., 2002c) or the entorhinal

cortex (Nacher et al., 2002a; Seki and Arai, 1991a).

25 PSA-NCAM expressing cells in the paleocortex layer II

25.1 Nomenclature

To date, there is not a consensus on the identity of the PSA-NCAM expressing cells in the paleocortex

layer II. Seki and Arai (1991a) described some of them as semilunar neurons. O’Connell et al. (1997)

described these PSA-NCAM expressing cells and classified most of them as small neurons (5 to 10

µm) and also acknowledged the presence of some scarce PSA-NCAM expressing neurons, which

they classified as pyramidal-like neurons (10 to 20 µm). In a previous study, our laboratory has

classified these cells mainly as neurogliaform neurons and pyramidal/semilunar transitional neurons

respectively, although some PSA-NCAM expressing cells were found with a morphology similar to

that of pyramidal neurons and fusiform cells in the paleocortex layer II (Nacher et al., 2002a).

However, we have demonstrated that the abundant population of small PSA-NCAM expressing

cells does not correspond to neurogliaform neurons (Gómez-Climent et al., 2008). Neurogliaform

neurons are mature interneurons, which usually express γ-Aminobutyric acid (GABA), glutamate

decarboxylase (GAD), or α-actinin (Price et al., 2005), and none of these markers is expressed

by the small cells in layer II. Given the intricate trajectories of their processes, we have chosen to
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denominate them “tangled cells.” However, it has to be noted that some cells with characteristics of

both tangled cells and semilunar-pyramidal transitional neurons can be found, which may indicate

a transition state between these cell types. Although in rodents the distribution of PSA-NCAM

expressing cells in layer II appears to be restricted to the piriform, entorhinal, and perirhinal cortex

(with some scarce cells located in the adjacent agranular insular and ectorhinal cortices), in mammals

with larger cerebral cortices, such as rabbits, cats or primates, there is a more widespread distribution

of these cells, which can be found in layer II of most neocortical regions (Cai et al., 2009; Varea

et al., 2011a; Bonfanti, 2006).

26 Ultrastructural features, phenotype and fate of PSA-NCAM

expressing cells in the paleocortex layer II

But what is the phenotype of PSA-NCAM expressing cells in the adult paleocortex layer II? Our

results indicate that they are early immature neurons, which apparently have detained their differen-

tiation program and are in a “dormant” stage. Their ultrastructure gives support to this hypothesis:

These cells commonly show heterochromatin clumps and they appear to be surrounded by multi-

ple astroglial lamellae and swellings of the extracellular space adjacent to the plasma membrane,

which isolate them from the surrounding nervous parenchyma. Moreover, they normally do not

show synaptic contacts on their somata or proximal processes. These are 2 characteristics found

in early immature neurons in the adult dentate gyrus (Seki and Arai, 1999; Shapiro et al., 2007).

Moreover, the presence of astroglial processes and the absence of synapses on doublecortin (DCX)

expressing cell somata in the piriform cortex layer II has also been reported (Shapiro et al., 2007).

However, it appears that a subpopulation of PSA-NCAM expressing cells in the paleocortex layer

II, mostly constituted by semilunar and semilunar–pyramidal transitional neurons does receive, al-

though sparsely, excitatory synapses in its apical dendrites located in layer I (Gómez-Climent et al.,

2008), suggesting that these cells are in a more differentiated state. Although we have previously

suggested that the expression of PSA-NCAM (Nacher et al., 2002a) in paleocortex layer II cells

was linked to neuronal structural plasticity, these results indicate that this expression together with

the astroglial covering probably has an insulating role, which will prevent these cells from receiving

synaptic inputs. We still do not have a plausible explanation for the expression of DCX or Turned

on after division/Ulip/CRMP-4 (TUC-4) proteins in these cells, because during development these

proteins are associated with a dynamic cytoskeleton, which is participating in neurite development

or neuronal migration (Minturn et al., 1995). The second intriguing point arisen by our study

is the fate of PSA-NCAM expressing cells in the adult paleocortex layer II. Several studies have

demonstrated that the number of these cells dramatically declines during aging (Abrous et al., 1997;

Murphy et al., 2001; Varea et al., 2009). There are 2 possible explanations for this reduction in

the number of inmmature neurons: 1) the cells expressing these proteins are progressively dying or

2) they are differentiating into mature neurons, which lack these markers. The second possibility

appears more likely, and it is tempting to think that tangled cells could mature eventually into some

110



of the larger PSA-NCAM expressing cells, and then into mature neurons. This is supported by the

fact that intermediate cell types between tangled and larger cells are habitually found in layer II

and that, as discussed above, larger cells appear more mature than tangled cells. Then PSA-NCAM

expressing cells in the paleocortex layer II may constitute a “reservoir”, which in different circum-

stances may complete its differentiation program. However, as we will discuss later, in transgenic

knockout mice for the polysialyltransferases, the abscence of PSA-NCAM does not seem necessary

to maintain the immature phenotype of these cells. Nevertheless, experiments that follow the fate

of this cellular subpopulation after different experimental treatments and during aging will shed light

on the mysterious nature of these cells.

27 PSA-NCAM expressing interneurons

27.1 Neurochemical phenotype

Although the neural cell adhesion molecule (NCAM) is not the exclusive carrier of polysialic acid

(PSA) (Zuber et al., 1992; Close et al., 2000; Galuska et al., 2010; Vitureira et al., 2010), the

present results strongly suggest that NCAM is its only carrier in cortical interneurons. Consequently,

following the terminology used in the literature, we will refer to this molecule as PSA-NCAM.

Due to its intense expression in immature neurons, PSA-NCAM has been erroneously considered

in many studies an exclusive developmental marker. However, previous works have clearly demon-

strated its presence in mature neurons and its involvement in their structural plasticity (Bonfanti,

2006; Gascon et al., 2007; Rutishauser, 2008). The present thesis also argues against this incorrect

view and clearly indicates that most PSA-NCAM expressing cells outside adult neurogenic regions

and paleocortex layer II are mature neurons. In this thesis we provide different lines of evidence

indicating that mature cortical neurons expressing PSA-NCAM constitute a subpopulation of in-

terneurons: 1) the expression of the enzyme responsible for GABA synthesis (revealed by GAD67

immunohistochemistry and by the analysis of transgenic mice expressing the enhanced green fluo-

rescent protein (eGFP) under the GAD67 promoter, 2) the expression of different neuropeptides and

calcium-binding proteins considered markers of mature interneurons, 3) the ultrastructural character-

istics and 4) the analysis of PSA-NCAM expression in transgenic mice where NCAM is absent from

neurons expressing Ca2+/calmodulin dependent protein kinase II (CAMKII) (a marker of excitatory

cells). The fact that many PSA-NCAM expressing cells sometimes do not appear to colocalize with

inhibitory markers can be explained because none of these markers is present in all interneurons.

Even the expression of GABA or their synthesizing enzymes is not found in all interneuronal somata;

some interneurons, depending on their activity or the distance to their axonal terminals, may have

low levels of these molecules in their somata (Freund and Buzsáki, 1996). PSA-NCAM expressing

elements in the cortical neuropil also appear to belong to inhibitory neurons because they express

markers associated with interneuronal neurites or synapses. Most of these elements must correspond

to neurites of local interneurons, although since PSA-NCAM is expressed in interneurons of extra-
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cortical regions such as the amygdala (Gilabert-Juan et al., 2011) or the septum (Foley et al., 2003),

some of them may correspond to projections from extracortical origin. Moreover, the present data

demonstrate that PSA-NCAM expression is clearly absent from mature principal neuron somata in

the adult cerebral cortex, using electron microscopy, CAMKII immunohistochemistry, and transgenic

mice. The absence of PSA-NCAM expression in principal neurons of the neocortex is supported

by our analysis of NCAMff+ transgenic mice, in which NCAM is absent from excitatory neurons.

However, certain mature excitatory neuronal populations in the hippocampus of wild-type rodents

express PSA-NCAM only in their axons or their terminal boutons: the axons (mossy fibers) of most

mature granule cells in the hilus and CA3 stratum lucidum (Seki and Arai, 1999) and the terminal

boutons of axons of CA3 pyramidal neurons (Schaffer collaterals), some of which terminate in the

CA1 stratum lacunosum moleculare (Muller et al., 1996; Schuster et al., 2001). This may explain

the lack of PSA-NCAM expression in the mossy fibers of NCAMff+ mice (Bukalo et al., 2004) and

the reduction observed in the stratum lacunosum moleculare. However, in NCAMff+ mice, not only

PSA but also NCAM are ablated and, consequently, the effects observed may be NCAM dependent.

Cortical interneurons can be classified on basis of their neurochemical properties by the expres-

sion of different calcium-binding proteins and neuropeptides (Freund and Buzsáki, 1996; Markram

et al., 2004; Ascoli et al., 2008). The present results indicate that cortical PSA-NCAM express-

ing interneurons do not belong to any of the previously described categories. It seems more likely

that different subpopulations of interneurons have the possibility to express PSA-NCAM. It is also

conceivable that some interneurons do not express PSA-NCAM in their somata but only in their

terminal fields, as it has been recently reported for parvalbumin (PV) expressing neurons in the

mPFC (Castillo-Gómez et al., 2011).

27.2 Possible dynamics of PSA-NCAM expression in interneurons

In contrast to PSA-NCAM expression in the hippocampal subgranular zone or the paleocortex layer

II, which is strongly downregulated during aging (Seki and Arai 1995; Abrous et al. 1997; Varea

et al. 2009), PSA-NCAM expression in cortical interneurons is stable over lifetime (both in the

number of PSA-NCAM expressing cells and in the intensity of PSA-NCAM expressing neuropil)

(Varea et al., 2009). However, we do not know whether PSA-NCAM is expressed always in the

same subgroup of interneurons or whether different groups of interneurons can switch on and off

this expression depending on synaptic activity. It is also possible that all, or a subset, of PSA-

NCAM expressing interneurons retain this expression constitutively since their generation during

embryonic development. In any case, our laboratory has demonstrated that different pharmacological

manipulations can increase or decrease the number of PSA-NCAM expressing neurons in the adult

cerebral cortex (Varea et al., 2007b,a; Castillo-Gómez et al., 2008), indicating that, at least to some

extent, inhibitory neurons can stop expressing, express de novo, or reexpress PSA-NCAM.
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28 Impact of the polysialyltransferases ST8SiaII or ST8SiaIV on

PSA-NCAM expression

The comparative immunohistochemical analysis of PSA-NCAM expression in mice lacking either of

the two polysialyltransferases, ST8SiaII or ST8SiaIV, provides a detailed picture of the divergent

impact of the two enzymes across different regions of the mature mouse forebrain. In overview,

the data demonstrate that both polysialyltransferases contribute to PSA synthesis in the mature

brain, but their share is clearly different. As assessed before by real time RT-PCR and Western

blot analyses of whole brain lysates, ST8SiaII is predominant during development, while ST8SiaIV

is the major polysialyltransferase of the adult brain (Galuska et al., 2006; Oltmann-Norden et al.,

2008; Schiff et al., 2009) (see Fig. 4.2). A direct comparison of the PSA-NCAM fraction isolated

from perinatal brain of wild-type, ST8SiaII- and ST8SiaIV-deficient mice indicated clear differences

in the quantity of NCAM that can be processed by the amounts of ST8SiaII or ST8SiaIV available

in vivo, but only minor differences in the chain length pattern and number of PSA chains per N-

glycosylation site (Galuska et al., 2006, 2008). Moreover, PSA produced by either enzyme is able

to prevent axon tract defects caused by the complete loss of PSA indicating that both enzymes are

equally able to modulate NCAM functions (Hildebrandt et al., 2009). Thus, rather than producing

PSA-NCAM species with distinct properties, the difference between the two enzymes appears to

be the context- and site-specific regulation of PSA-NCAM synthesis. The patterns of PSA-NCAM

immunoreactivity in the forebrain of 3 month old ST8SiaII- and ST8SiaIV-deficient mice provided

by the current thesis confirm this predominance of ST8SiaIV and largely corroborate comparative

analyses of ST8SiaII and ST8SiaIV mRNA expression in the wildtype and of PSA-NCAM expression

levels in ST8SiaII−/− and ST8SiaIV−/− mice (Hildebrandt et al., 1998; Ong et al., 1998; Galuska

et al., 2006; Oltmann-Norden et al., 2008). More important, however, are the new insights into the

allocation of the two enzymes to PSA synthesis in brain regions and cell types not studied previously.

28.1 ST8SiaIV is the major polysialyltransferase of mature interneurons

in the mouse forebrain

The present results on the distribution of PSA-NCAM expressing cells in the polysialyltransferase-

deficient mice are in good agreement with a previous in situ hybridization study detecting no

ST8SiaII, but widely dispersed ST8SiaIV expression in all neocortical layers of young rats (Hildebrandt

et al., 1998). In rats and mice, our laboratory has characterized PSA-NCAM positive cells as mature

interneurons (Nacher et al., 2002b; Varea et al., 2005; Gilabert-Juan et al., 2011). As demonstrated

for the prefrontal cortex, the PSA-NCAM positive processes or puncta also belong to inhibitory

interneurons (Varea et al., 2005). The lack of PSA-NCAM expression, therefore, indicates that

ST8SiaIV is solely responsible for PSA synthesis in mature cortical interneurons during adulthood.

ST8SiaIV-deficient mice also lack PSA-NCAM expressing cells with an interneuron-like appearance

in the deep layers of the paleocortex. Moreover, PSA-NCAM in the stratum lacunosum-moleculare
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of CA1 and most of the staining in the molecular layer of the dentate gyrus depends on ST8SiaIV.

Similarly, a dramatic (although not complete) reduction of PSA-NCAM positive neuropil and in the

number of PSA-NCAM expressing cells has been observed in the amygdala of ST8SiaIV-deficient

mice. In the wildtype, these cells have features of interneurons (Gilabert-Juan et al., 2011), suggest-

ing that also in this region ST8SiaIV is responsible for the polysialylation of mature interneurons.

Similarly, we found that PSA-NCAM expression of cells in the septum is uncompromised in both,

ST8SiaIV- and in ST8SiaII-deficient mice. These cells, however, have previously been characterized

as interneurons (Foley et al., 2003) indicating that both polysialyltransferases can incorporate PSA

in interneurons outside of the cerebral cortex.

28.2 ST8SiaII is the major polysialyltransferase of immature neurons in

the adult cerebral cortex

The present results demonstrate a predominant impact of ST8SiaII on PSA-NCAM expression of

specifically immature neuron populations in the adult cerebral cortex. ST8SiaII, but not ST8SiaIV

deficient animals have strongly reduced PSA-NCAM expression in the neurogenic region of the hip-

pocampal SGZ (as described before by Angata et al. (2004)), as well as in the paleocortex layer II, a

region of the brain of young rodents, in which immature cells have been described (Gómez-Climent

et al., 2008). As noted before (Eckhardt et al., 2000; Angata et al., 2004), neither of the two

polysialyltransferase-deficient single knockout strains displayed marked reductions of PSA-NCAM

staining of neuroblasts in the SVZ/RMS system. These data imply that in the neurogenic system

of the anterior SVZ both polysialyltransferases are co-expressed and that under these conditions

each enzyme can compensate, at least to a certain extent, for the loss of the other. Such compen-

sation is perfectly consistent with previous data obtained by analyses on the level of whole brain

homogenates (Galuska et al., 2006). On the other hand, in almost all other forebrain areas of the

3 month-old mice investigated in the current thesis, the loss of ST8SiaIV virtually eliminates PSA-

NCAM immunostaining, whereas ST8SiaII deficiency had no discernible effect. During hippocampal

neurogenesis granule cell precursors within the SGZ acquire PSA-NCAM immunoreactivity at an

early neuroblast-like stage, before they migrate and differentiate into granule cells with transient

PSA-NCAM expression on their axonal and somato–dendritic compartments. By contrast, mature

granule cells only retain PSA-NCAM expression on their mossy fiber axons (Seki and Arai, 1993a,

1999; Schuster et al., 2001). As shown in the current thesis, expression of PSA-NCAM on cell so-

mata of granule cell precursors of the hippocampal SGZ in 3 month old mice depends mostly, but not

exclusively, on the presence of ST8SiaII, while it was unaffected by the genetic ablation of ST8SiaIV.

The PSA-NCAM staining in the SGZ of ST8SiaII knockout mice was found on cells with only short

processes, suggesting a contribution of ST8SiaIV to polysialylation in some immature SGZ neurons.

On the other hand, PSA-NCAM expression on mossy fibers was almost completely abolished in 3

months old St8siaIV−/− mice. Some of the remaining thin, isolated PSA-NCAM positive processes

in the hilus and in the CA3 subfield, arose from PSA-NCAM expressing granule neurons in the SGZ.
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These profiles, therefore, seem to correspond to immature mossy fibers and, consequently, ST8SiaII

may still contribute to PSA production during early stages of mossy fiber formation. These findings

are in good agreement with the first reports on ST8SiaII- and ST8SiaIV-deficient mice (Eckhardt

et al., 2000; Angata et al., 2004) and in line with earlier in situ hybridization data showing ST8SiaII

expression in the SGZ, where new granule cells are born, but ST8SiaIV expression in most mature

granule cells (Hildebrandt et al., 1998). The differential loss of PSA-NCAM in the dentate gyrus

of the two polysialyltransferase knockout models, together with the expression patterns of the two

enzymes, indicates that PSA is predominantly synthesized by ST8SiaII in newly generated and by

ST8SiaIV in older granule cells. Thus, during adult hippocampal neurogenesis the general develop-

mental profile of the two polysialyltransferases seems to be reproduced on the cellular level. Despite

the dramatic reduction of PSA-NCAM expression, we found that the number of DCX positive cells

in the SGZ of ST8SiaII-deficient mice was unaffected, suggesting the uncompromised generation

of granule cell precursors. This is consistent with unaltered rates of progenitor cell proliferation in

the dentate gyrus reported for either ST8SiaII-deficency or in mice depleted of PSA due to ablation

of NCAM (Angata et al., 2004; Aonurm-Helm et al., 2008). However, in ST8SiaII−/− mice an

unusually high number of DCX positive cells was found, displaying abnormal lengths and trajectories

of their dendritic trees, many of them ectopically located in the hilus, suggesting aberrant differen-

tiation/migration of newly generated granule neurons. Significantly more immature DCX expressing

cells were observed in the hippocampal SGZ of ST8SiaIV-deficient mice, as well as in the piriform

cortex layer II of ST8SiaII−/− and ST8SiaIV−/− animals. Surprisingly, a concomitant increase

of PSA-NCAM positive cells was also detected in the latter. One explanation for these increasing

numbers could be that immature neurons accumulate in the absence ST8SiaIV, indicating that this

enzyme is somehow necessary for the maturation of these cells and/or that its absence may prevent

cell death. A defect in migration/maturation in the absence of ST8SiaIV may also explain the pres-

ence of some DCX expressing cells with multipolar morphology in piriform cortex layer III. Further

experiments are needed to clarify the nature and fate of these cells. PSA-NCAM expression in the

paleocortex layer II depends on the presence of ST8SiaII, but despite the dramatic reduction in

PSA-NCAM expression of ST8SiaII-deficient mice, the number of immature, DCX positive neurons

is preserved. Thus, PSA-NCAM does not seem necessary for maintaining the immature phenotype

of these cells. However, the marked increase of DCX positive cells in layer II of the paleocortex of

3 months old ST8SiaIV-deficient mice, indicates that expression of this molecule through ST8SiaIV

affects the number of immature cells, either by influencing their migration, delaying their maturation

or by preventing their death. In fact, the complete absence of PSA-NCAM during development, by

deletion of both polysialyltransferases, perturbs cell migration and results in increased numbers of

apoptotic cells in the cerebral cortex (Angata et al., 2007). Finally, the presence of some PSA-

NCAM expressing cells in the amygdala of ST8SiaIV-deficient mice coincides with a low level of

adult neurogenesis in this region (Bernier et al., 2002; Shapiro et al., 2009). The few immature

neurons in this region, therefore, may be polysialylated by ST8SiaII. Taken together, the increase in

the number of DCX expressing cells in the SGZ of ST8SiaIV-deficient mice and in the piriform cortex
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layer II of either ST8SiaIV- or, less pronounced, ST8SiaII-deficient animals, their altered morphology

in the SGZ under ST8SiaII−/− conditions, as well as the increase of PSANCAM expressing cells

in the piriform cortex layer II points towards a prominent role of polysialylation in the development

of these cell types. Thus, putative functions of these newly generated neurons in learning, memory

or in the behavioral response to pharmacological treatments may be impaired under conditions of

compromised polysialylation.

29 Effects of PSA depletion on the structure of interneurons

The present thesis shows the effects of PSA removal on the morphology of a subpopulation of

hippocampal interneurons, most of them expressing somatostatin, which display dendritic spines.

These spines receive both excitatory and inhibitory inputs. The use of hippocampal organotypic slices

and intracerebral injections of the enzyme Endo-N-acetylneuraminidase (EndoN), demonstrate that

these interneurons have a basal turnover of their dendritic spines and that PSA removal influences

some structural features of these spines. These data demonstrate that the dendritic spines of

interneurons are dynamic structures in the adult brain and suggest a novel role for PSA-NCAM in

the regulation of the synaptic input of inhibitory circuits.

29.1 A subpopulation of hippocampal interneurons display dendritic

spines, which receive inhibitory and excitatory inputs

A previous study on the strain of mice used in our experiments, stated that the majority of eGFP

expressing cells in the CA1 region of the hippocampus were interneurons expressing somatostatin

(Oliva et al., 2000). These interneurons are known to mainly project to the stratum lacunosum-

moleculare, and to coexpress calbindin (CB) as well (Gulyás et al., 2003). However, the present

results show that not all eGFP interneurons belong to the somatostatin expressing subpopulation

of interneurons in the hippocampus, but they also appear to belong to the population expressing

PV and, to a lesser extent, to that expressing calretinin (CR). Although somatostatin expressing

interneurons in the neocortex are known to have dendritic spines (Kawaguchi et al., 2006), nobody

to our knowledge has explored yet their synaptic input. However, a recent report has studied the

synaptic input of spines in subpopulations of neocortical interneurons expressing neuropeptide Y

(Keck et al., 2011); this study, using a similar approach to the one used in the present experiments,

has shown that these interneuronal spines receive mostly glutamatergic input (almost 90%) and

that spines receiving inhibitory input constitute around 30% (Keck et al., 2011). By contrast, the

results of this thesis on the somatostatin expressing interneurons in the hippocampus CA1 show

that more than 45% of their spines are closely apposed to puncta expressing the vesicular glutamate

transporter-1 (VGluT1) and almost a 40% to puncta expressing vesicular GABA transporter (VGAT).

This discrepancy may be due to differences in the type of interneurons studied and/or the region

analyzed. The present results are also different to those observed in the dendritic spines of excitatory
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neurons, most of which receive excitatory input. In these excitatory neurons the inhibitory input is

normally located on the dendritic shaft or the soma (Keller, 2002). Moreover, in pyramidal neurons

around 90% of the excitatory synapses are located on spines (Nimchinsky et al., 2002), while only

4.4% of spines receive an inhibitory input (Knott et al., 2002). However, both the study of Keck et

al. and this thesis indicate that spines from interneurons may have a different synaptic input, since

a 30-40% of their spines are in close apposition to inhibitory presynaptic puncta.

29.2 Structural dynamics of dendritic spines on interneurons

Dendritic spines of pyramidal neurons are plastic structures that have been shown to modify their

morphology, density and dynamics after many different paradigms (Yuste and Bonhoeffer, 2001).

In these neurons, spines represent the excitatory post-synaptic input and therefore the changes

in spine density and dynamics have been associated with changes in neural acitvity (Yuste and

Bonhoeffer, 2001). In addition, dendritic spines appear and disappear continuously, although only

a small portion of them become stable, suggesting a stabilization mechanism driven by synaptic

activity (Muller et al., 2010). In this line, previous studies on organotypic hippocampal cultures

have described the turnover of dendritic spines of CA1 pyramidal neurons in similar conditions than

the present experiments, showing a stability rate around 80% and an apparition rate about 20% (De

Roo et al., 2008a; Mendez et al., 2010a). In addition, they have shown how different experimental

conditions are able to modify this turnover (De Roo et al., 2008b; Mendez et al., 2010b). However,

studies using in vivo imaging with cranial windows have shown a stability rate over 95% in a daily

basis and around a 65% for one month period in pyramidal neurons of the somatosensory and visual

cortices (Knott and Holtmaat, 2008), suggesting that there is a lower degree of spine turnover

in vivo in the adult neocortex. Regarding interneurons, to date very few studies have explored

their structural remodeling. In this line, using cranial windows in transgenic mice with fluorescent

interneurons, different studies by Dr. Nedivi’s laboratory have shown the elongation/retraction of

dendritic branch tips in vivo in different neocortical regions (Lee et al., 2006; Chen et al., 2011b,a).

However, only another recent study has been focused on the turnover of the dendritic spines of

interneurons, and it shows a stability rate close to 98% in a 24 hours time-lapse experiment (Keck

et al., 2011). These results are considerable higher than the ones we have found in hippocampal

interneurons, where the stability rate is around 65%. These differences may be due to a difference

in the stability of different interneuronal subpopulations, the region studied, or more likely to a

major stability in in vivo conditions than in our organotypic hippocampal cultures. These changes

in the structural plasticity of inhibitory neurons, both at the level of dendrites and spines, have been

suggested to modulate neuronal connectivity within local cortical circuits (Stepanyants et al., 2002;

Chen and Nedivi, 2010). Therefore, decreases in the dynamics of these structures, may be a result

not only of decreased activity of interneurons, but in the local network activity (Freund, 2003).
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29.3 Effects of PSA depletion on dendritic spine density and spine

dynamics

The addition of EndoN (an enzyme that removes the polysialic acid) to the organotypic cultures

increased the apparition rate of dendritic spines 24 hours after the delivery of the enzyme without

affecting the stability of previous spines. Consequently, it increased the relative spine density, which

is the same effect we observe in fixed tissue 2 days after an EndoN injection. However, we found

the opposite effect 7 days after the EndoN injection. These results suggest an important role for

PSA-NCAM in regulating the synaptic input of hippocampal interneurons.

After PSA removal, it has been demonstrated that there is an increased interaction between

BDNF and its receptors (Burgess and Aubert, 2006). This may explain the increase of the apparition

rate and the density of spines observed in the hippocampal organotypic cultures and in the fixed

tissue 2 days after the injection of EndoN, as we will discuss in the next part of the discussion.

However, the long-term disruption of a mechanism regulating the action of local trophic factors may

reduce the correct distribution of BDNF, resulting in a decreased synaptic transmission, which may

explain the decreased spine density in the interneurons observed 7 days after the EndoN injection.

These putative changes in BDNF would affect not only interneurons but also excitatory neurons, and

in fact, recent data from our laboratory indicates that PSA depletion also produces a decrease in the

spine density of pyramidal neurons in the medial prefrontal cortex 14 days after the injection with

EndoN (Castillo-Gomez E. et al, unpublished results). However, another non-excluding hypothesis is

possible: PSA-NCAM may be blocking certain synapses in an interneuronal subpopulation (Castillo-

Gómez et al., 2011; Di Cristo et al., 2007) and, consequently, PSA depletion may activate many

of these synapses. Some of these new synapses may make contact with recently generated spines,

stabilizing a greater portion of these structures (Muller et al., 2010), which could explain the increase

in spine density 2 days after the injection of EndoN in vivo and the increase in their appearance rate

in organotypic cultures after the addition of the enzyme. The long-term effects of PSA removal,

i.e. 7 days after the injection in vivo, decreasing the density of dendritic spines are more complex to

interpret. These effects may be due to a compensatory response of the local hippocampal circuits to

PSA depletion. If after PSA depletion interneurons increase their spine density and, consequently,

their synaptic input, this may result in an overall inhibition of these local circuits, and in a negative

feedback on these interneurons.

30 Functional role of PSA-NCAM expression in interneurons

One key aspect of this thesis is the question relating to the physiological consequences for an in-

terneuron to express PSA-NCAM on its plasma membrane. We propose two non-excluding hypothe-

ses. First, the presence of PSA-NCAM reduces cell-to-cell and cell-to-extracellular matrix adhesion,

thus allowing interneurons to remodel the structure of their neurites, spines, and/or synapses. Con-

sequently, the morphology of PSA-NCAM expressing interneurons may be just an instantaneous
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Fig. 30.1: «Insulating hypothesis» for the role of PSA-NCAM in the structural plasticity of interneu-
rons

“picture” of a dynamic remodeling process. The second hypothesis, is the “shielding” or “insulat-

ing” hypothesis, which poses that PSA-NCAM expression may play an insulatory role, restricting the

possibility of establishing synaptic contacts in the plasma membrane regions where it is present (Fig.

30.1). In fact, under the electron microscope, we have never found a synapse in a portion of surface

displaying PSA-NCAM expression. In addition, previous studies have shown that the removal of

PSA induces neuronal differentiation (Seidenfaden et al., 2003; Petridis et al., 2004) and increases

brain-derived neurotrophic factor (BDNF) binding capacity (Burgess and Aubert, 2006). These later

results led to the formulation of a “shielding” hypothesis for the action of PSA: The addition of

PSA to NCAM may cover membrane receptors such as the neurotrophic tyrosine kinase receptor

type 2 (TrkB) or p75 neurotrophin receptor, limiting its action on the portion of plasma membrane

where PSA is expressed. Since BDNF has been shown to increase dendritic spine density (Tyler and

Pozzo-Miller, 2003) and its diffusion in the nervous parenchyma is very restricted (Horch and Katz,

2002), it is possible that the expression of PSA may regulate dendritic spine density by limiting

the binding of BDNF and other neurotrophins to their receptors. This is in agreement with the

present results, showing that interneurons expressing PSA-NCAM have a reduced arborization pat-

tern, decreased dendritic spine density and reduced number of perisomatic synaptic contacts than

other interneurons. We have shown that immature PSA-NCAM expressing neurons in the adult

paleocortex layer II are completely isolated from synaptic input, probably due to the presence of

PSA-NCAM and glial processes in most of their surface (Gómez-Climent et al., 2008). By contrast,

this insulation is incomplete in PSA-NCAM expressing interneurons, since we have found that some

inhibitory synapses contact the perisomatic region of these interneurons. Consequently, PSA-NCAM

expressing interneurons are integrated in the cortical circuits but may have reduced activity, possibly

resulting in reduced dendritic arborization, decreased spine density, and low expression of cell activity

markers.
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It is tempting to think that PSA-NCAM expressing interneurons may constitute a reservoir,

which after downregulating PSA-NCAM expression, may receive more synaptic contacts and thus

become more integrated in the circuitry and that PSA-NCAM upregulation in interneurons may

lead to the opposite effect. However, electrophysiology experiments need to be performed to verify

this hypothesis. Finally, this thesis has demonstrated that enzymatic removal of PSA affects the

structure of cortical interneurons in vivo (in fixed tissue of animals injected intracerebrally) and

in vitro (using organotypic cultures). These results indicate that the polysialylation of NCAM is

an important factor in the modulation of interneuronal structural plasticity and, consequently, in

the connectivity of inhibitory networks. These findings may be particularly relevant to psychiatric

disorders, such as schizophrenia or major depression, in which alterations in the structure of cortical

inhibitory networks and in PSA-NCAM expression have been described, both in patients (Barbeau

et al., 1995; Sullivan et al., 2007; Tao et al., 2007; Brennaman and Maness, 2010; Varea et al.,

2011b) and in animal models of these disorders (Phillips et al., 2003; Mattson et al., 2004; Castrén,

2005; Gilabert-Juan et al., 2011).

31 Antidepressant treatment as a model for neuronal structural

plasticity induction

As we have discussed previously, PSA-NCAM, due to its anti-adhesive properties, is involved in

several forms of neuronal structural plasticity. In this line, our group has demonstrated that PSA-

NCAM expression is sensible to antidepressants such as fluoxetine, acting through serotonin (5HT)

type 3 receptors (Varea et al., 2007a). However, other serotonin receptors are also present in all

the regions analyzed in this thesis and known to mediate the effects of fluoxetine; consequently, it

is possible that they also mediate changes in PSA-NCAM expression (Hewlett et al., 1999; Li et al.,

2003; McDonald and Mascagni, 2007; Morales et al., 1998; Puig et al., 2004; Weber and Andrade,

2010).

As it has been discussed before, many PSA-NCAM expressing structures in the cerebral cortex

(Nacher et al., 2002b) and the amygdala (Gilabert-Juan et al., 2011) of rodents belong to mature

interneurons and, consequently, changes in PSA-NCAM expression should primarily affect the struc-

ture of interneurons, rather than that of principal neurons. Previous reports from our laboratory

using a dopamine D2 receptor agonist, which increases PSA-NCAM expression in the mPFC, also

resulted in a parallel upregulation of GAD67 expression (Castillo-Gómez et al., 2008). In line with

the neuroplastic hypothesis of depression, it is possible then, that changes in PSA-NCAM expression

affect the connectivity of certain interneurons, regulating the ability to remodel the structure of their

neurites and, consequently, their connections in response to antidepressant treatment (Fig. 31.1).
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Fig. 31.1: Possible role of interneurons in the neuroplastic hypothesis of depression

31.1 Effects of fluoxetine on c-fos expression, volume of cerebral

regions and animal weight

This thesis demonstrates for the first time the activation of the somatosensory cortex after chronic

fluoxetine treatment in young-adult rats. In a similar way, a recent report has described effects of

fluoxetine on neuronal activation and plasticity in another sensory region, the visual cortex (Maya

Vetencourt et al., 2008); here, antidepressant administration restores neuronal networks involved in

ocular dominance and visual function in adult amblyopic rats. This study evaluated neuronal plas-

ticity at the electrophysiological, molecular and behavioural level, but it is very likely that structural

plasticity may be also involved. The present c-fos expression study is also in consonance with previous

reports using immediate early gene expression, which shown that an important number of cerebral

regions become activated after chronic antidepressant treatment. Lino-de oliveira et al. (2001)

demonstrated that chronic fluoxetine treatment induce a significant increase in c-fos immunoreac-

tivity in the lateral septal nucleus, the bed nucleus of the stria terminalis, the medial amygdala, the

dorsal raphe nucleus and the periaqueductal gray, while it induces a decrease in the locus coeruleus.

Morinobu et al. (1997) also showed that a chronic treatment with imipramine or tranylcypromine

caused a significant increase in the expression of c-fos mRNA in the frontal cortex. Our finding of

an increased activation of the somatosensory cortex after chronic antidepressant treatment is also

supported by some reports that have demonstrated, using different activation markers, changes in

this region in animal models of depression or after antidepressant treatment (Skelin et al., 2008; Qu

et al., 2003). In the present thesis, we also describe an increase in the volume of the hippocampus

after chronic fluoxetine treatment in middle-aged rats. These results suggest the presence of struc-

tural changes and are in agreement with changes observed in both patients and animal models of

depression, where decreases in the volume of certain cerebral regions, such as the hippocampus or

the mPFC, have been described (Phillips et al., 2003; Tata and Anderson, 2010). Finally, we also

describe a decrease in body weight after chronic fluoxetine treatment in middle-aged rats, similar to

what has been described in younger animals (Thompson et al., 2004; McNamara et al., 2010).
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31.2 Expression of PSA-NCAM and other molecules related with

structural plasticity

Previous studies have described the effects of chronic treatments with antidepressants, such as

fluoxetine, in the expression of PSA-NCAM and other molecules related to structural plasticity in

young-adult rats (3 months-old) (Varea et al., 2007b,a). The results presented in this thesis expand

this previous results to middle-aged rats and young-adult mice (3 months-old).

The present results in the mPFC of middle-aged rats showing only an increase in the density of

PSA-NCAM expressing puncta in the dorsal cingulate cortex, are more restricted than those found

previously in young-adult rats, which showed increases in every region and layer of the mPFC (Varea

et al., 2007a). The lack of changes in the density of puncta expressing presynaptic markers is also

in contrast with previous reports using young-adult rats, which showed increases in synaptophysin

(SYN) expression in deep layers of the prelimbic and infralimbic cortices (Varea et al., 2007b) and

of VGluT1 mRNA expression in the cingulate cortex (Tordera et al., 2005). In the hippocampus,

previous studies with young-adult rats found an increase in PSA-NCAM expression in the stratum

lucidum, but not in the rest of hippocampal strata studied (Varea et al., 2007b), while a general

increase was found in this thesis in most of the regions analyzed both in middle-aged rats and

in young mice. Since in young-adult rats antidepressants promote an increase in the density of

PSA-NCAM expressing cells in the SGZ (Sairanen et al., 2007), fluoxetine may be affecting PSA-

NCAM expression (in the molecular layer or the stratum lucidum) by increasing the production or

accelerating the maturation of immature granule cells, some of which may have already sent PSA-

NCAM expressing mossy fibers to the stratum lucidum and extended dendrites into the molecular

layer (Seki and Arai, 1999). However, in middle-aged rats, the present results clearly indicate that

the number of these cells (in the SGZ) is not affected by fluoxetine in middle-aged rats. Moreover,

other studies in mice also indicate that fluoxetine does not increase the number of immature cells

(Holick et al., 2008; Huang et al., 2008), suggesting that these changes in PSA-NCAM expression

are not linked to adult neurogenesis.

In fact, the present results on middle-aged rats show that the increase of PSA-NCAM expressing

puncta in the stratum lacunosum-moleculare is accompanied by an increase in the density of SYN

expressing puncta and of puncta co-expressing PSA-NCAM/SYN, while in young mice the increase

in PSA-NCAM expressing puncta is accompanied by an increase in the density of SYN expressing

puncta in the strata radiatum and oriens, suggesting that these puncta correspond to synapses.

Interestingly, in the stratum lacunosum-moleculare of middle-aged animals we also found an increase

in the density of GAD6 expressing puncta and a decrease in the density of those expressing VGluT1,

while in the young mice we also found an increase in the density of GAD6 expressing puncta in the

stratum oriens and an increase in the number of puncta co-expressing PSA-NCAM/GAD6 in the

stratum oriens and in the hilus. Altogether, these results indicate that the upregulation of PSA-

NCAM expression may be linked to changes in inhibitory circuits, probably involving the formation

of inhibitory synapses.
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In most amygdaloid nuclei, chronic fluoxetine treatment in young-adult rats decreases PSA-

NCAM and SYN expression (Varea et al., 2007b) and decreases the number of PSA-NCAM ex-

pressing neurons in this limbic region (Homberg et al., 2011). By contrast, in middle-aged rats

we not only have failed to observe decreases in the density of puncta expressing PSA-NCAM or

SYN, but have observed significant increases in the density of PSA-NCAM expressing puncta in the

central nucleus and of those expressing SYN in the lateral and basolateral nuclei. There is, in fact, a

general tendency for an increase in the density of puncta expressing PSA-NCAM, SYN and GAD6 in

all the amygdaloid nuclei studied. Moreover, despite the fact that no significant changes in puncta

expressing exclusively GAD6 or SYN were observed in the central amygdala, the density of puncta

coexpressing PSA-NCAM and each of these two markers also increases significantly in this nucleus,

suggesting that changes in PSA-NCAM expression may be associated to the generation or remod-

eling of inhibitory synapses in this region as well. In the basolateral amygdala, chronic fluoxetine

treatment may also influence positively synaptic plasticity of inhibitory circuits, as indicated by in-

creased densities of GAD6 and SYN expressing puncta, while the density of those expressing VGluT1

is decreased. It is possible that substantial differences in 5HT content and in the expression of its

receptors, transporters, etc... occur in middle-aged animals. The levels of 5HT are generally reduced

in the brain of aged rats (Homberg et al., 2011) and, although there are no studies in middle-aged

animals, it is possible that they are already reduced at this age. There is also evidence indicating

that the expression 5HT1A receptor, which has an important role in the antidepressant effects of

5HT reuptake inhibitors (Blier, 2010; Hensler, 2002), is lower in young-adult than in adolescent rats

(Homberg et al., 2011). Additionally, other factors such as changes in inhibitory neurotransmission

may also influence the effects of fluoxetine in middle-aged animals, particularly in the amygdala,

where decreases in GABA concentration and hyperactivity have been described during aging (Lolova

and Davidoff, 1991; Nakanishi, 1998).

31.3 Effects of fluoxetine on the perisomatic innervation of pyramidal

neurons and interneurons

As discussed before, chronic antidepressant treatment increases the expression of inhibitory markers

in the neuropil of certain cerebral regions, however, there is little information on the plasticity induced

by antidepressants on the perisomatic innervation of both excitatory and inhibitory neurons. In the

present thesis, we provide evidence of the effects of chronic fluoxetine treatment on the perisomatic

innervation of pyramidal neurons and interneurons located in the CA1 region of the hippocampus

of young-adult mice. Although it has been suggested that the perisomatic innervation of pyramidal

neurons should not be the subject of structural remodeling (Freund, 2003), different studies have

shown that this perisomatic innervation is modulated by, at least, visual deprivation in the postnatal

visual cortex (Di Cristo et al., 2007) and by pharmacological treatments in the adult mPFC (Castillo-

Gómez et al., 2011). Previous studies have suggested that antidepressants increase the density of

parvalbumin expressing interneurons (Prince et al., 2009). However, no changes in the number of
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perisomatic puncta expressing parvalbumin or SYN on hippocampal CAMKII expressing pyramidal

cells were found after chronic fluoxetine treatment. On the other hand, an increase in the density

of perisomatic puncta expressing GAD6 was found on interneurons expressing eGFP. Although the

density of perisomatic puncta expressing SYN was unaffected, an increase in the number of puncta

co-expressing GAD6 and SYN was observed. These results suggest that this subpopulation of

interneurons (some of which express parvalbumin, see Fig. 17.6) may be involved in the mechanism

of action of antidepressants.

31.4 Effects of fluoxetine on the structure of pyramidal neurons and

interneurons

The results of this thesis indicate that antidepressant treatment promotes spine remodeling in both

excitatory and inhibitory neurons. In the somatosensory cortex of young-adult rats, chronic fluoxetine

treatment induces an increase in the spine density of pyramidal neurons and in young-adult mice

we describe an increase in the dendritic spine density of mPFC interneurons. As discussed before,

the structural remodeling of excitatory neurons has been extensively studied and the present results

in the somatosensory cortex expand the repertoire of regions where antidepressants produce this

sort of structural remodeling. These results are, therefore, in agreement with those shown in a

previous report describing an increase in the number of spine synapses in pyramidal neurons of

the hippocampus after 5 and 14 days of treatment with fluoxetine (Henn and Vollmayr, 2004).

Conversely, the opposite effect has been found in different studies with animal models of depression,

such as chronic stress (McEwen, 2010). Chronic stress also decreases dendritic branching and spine

density in principal neurons of the mPFC Radley et al. (2004, 2005b, 2006b) and the orbitofrontal

cortex (Murmu et al., 2006). Finally, in certain regions of the amygdala, chronic stress produces

hypertrophy of excitatory neurons (Mitra et al., 2005; Vyas et al., 2002). However, there is little

information about the structural remodeling of interneurons after antidepressant treatments or in

animal models of depression. In this line, a recent study from our laboratory has shown that after

chronic stress, interneurons in the amygdala display a reduced Sholl profile (Gilabert-Juan et al.,

2011). In the present thesis, we describe that chronic fluoxetine treatment produces an increase in

the dendritic spine density in interneurons of the mPFC. Although in other cortical areas, such as the

visual cortex, it has been proven that fluoxetine produces a decrease in inhibition (Maya Vetencourt

et al., 2008), in the frontal cortex fluoxetine induces an increase in the expression of the inhibitory

marker GAD65 (Fatemi et al., 2009). In addition, other studies have shown that chronic stress

decreases the expression of parvalbumin, a protein exclusively expressed in interneurons, and that

this decrease is reverted after treatment with antidepressants such as fluoxetine (Czeh et al., 2005).
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31.5 Effects of fluoxetine on adult neurogenesis

The present results on adult hippocampal neurogenesis are in agreement with previous studies show-

ing that neither proliferation nor neuronal survival/differentiation is affected by chronic antidepres-

sant treatment in middle-aged rodents (Couillard-Despres et al., 2009; Cowen et al., 2008). This

lack of response of the SGZ in middle-aged animals must be due to changes that alter the molecular

pathways by which 5HT stimulates neurogenesis. There is an age-dependent reduction in the levels

of 5HT (Homberg et al., 2011) and some of its receptors (Marcusson et al., 1984) in the hippocam-

pus, which may explain the failure of the fluoxetine treatment used in this thesis and others studies

to increase neurogenesis in middle-aged and old animals. Since glucocorticoids are important mod-

ulators of adult hippocampal neurogenesis and these steroids are particularly elevated during aging

(Mcewen et al., 2002), they may also influence the neurogenic response to antidepressants in middle-

aged animals. In fact, glucocorticoids decrease 5HT transporter expression (Slotkin et al., 1997)

and the neurogenic action of fluoxetine is blocked by a flattened corticosterone rhythm induced by

artificially enhanced glucocorticoid levels (Huang and Herbert, 2006). In agreement with our study,

other reports have demonstrated that stress does not produce any change in the expression of DCX

or PSA-NCAM, in both the SGZ and the SVZ of marmoset monkeys (Marlatt et al., 2011). In

addition, it is possible that the stress induced solely by daily injections influence neurogenesis, as

in fact has been shown that daily injections induce structural changes (Seib and Wellman, 2003).

Other molecules known to modulate adult neurogenesis, including neurotransmitters, such as glu-

tamate acting on N-Methyl-D-aspartic acid (NMDA) receptors (Nacher and McEwen, 2006) and

GABA (Markwardt and Overstreet-Wadiche, 2008), or trophic factors, such as BDNF (Castrén and

Rantamäki, 2010), can be influenced by antidepressants such as fluoxetine (Wu and Castrén, 2009;

Li et al., 2006; Saarelainen et al., 2003). Consequently, age-dependent changes in their expression

or in the molecular pathways in which these molecules are involved may also lead to changes in the

pro-neurogenic effects of antidepressants. In contrast to previous studies in young-adult rodents,

that found increases in the number of proliferating cells in the SVZ using fluoxetine (Nasrallah et al.,

2010) and 5HT receptor agonists (Banasr et al., 2004), the opposite effect has been described in

this thesis. On the other hand, the present results are in agreement with a recent report describing

that in young-adult mice, 3 weeks of fluoxetine treatment do not affect cell proliferation in the SVZ,

but that the extension of this treatment to 6 weeks produces a significant deficit in the number

of dividing cells in this region (Ohira and Miyakawa, 2011). These results indicate that the SVZ

of middle-aged rodents is more sensible to fluoxetine treatment, since a significant decrease in cell

proliferation can be achieved with a shorter treatment. It is possible that the lack of differences in

the number of neuroblasts in the SVZ may be due to a homeostatic parallel change in the num-

ber of apoptotic cells in this region, as suggested previously (Sairanen et al., 2005). Alternatively,

fluoxetine could impair neuronal migration, which may cause accumulation of neuroblasts in the

SVZ.
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Part VIII. Conclusions

1. PSA-NCAM expressing cells with morphological characteristics of interneurons are widely dis-

tributed throughout the telencephalon of adult rats and mice.

2. Analysis of NCAM knockout mice reveals that NCAM is the only polysialylated protein in

interneurons of the adult cerebral cortex.

3. In the adult rat paleocortex layer II, PSA-NCAM expressing tangled cells show ultrastructural

features of immature neurons.

4. PSA-NCAM expressing non-granule neurons in the adult mouse hippocampus express markers

of interneurons and this expression persists in conditional NCAM transgenic mice, which do

not express neither NCAM nor PSA in excitatory neurons.

5. In the adult mouse brain a subpopulation of interneurons, expressing mainly somatostatin and

parvalbumin, carry spines on their dendrites and these spines receive in a similar proportion

both excitatory and inhibitory inputs.

6. In the adult mouse brain PSA-NCAM expressing interneurons have reduced dendritic arboriza-

tion and dendritic spine density than other interneurons lacking this molecule.

7. PSA-NCAM expressing interneurons receive less perisomatic synaptic contacts than other

interneurons lacking this molecule in the mPFC and hippocampus of the adult rat brain.

8. Gephyrin is a dynamic molecule expressed in every part of pyramidal neurons in the CA1

region of the hippocampus, with a higher expression in cell parts associated with postsynaptic

inhibitory neurotrasmission, such as the soma and the axon.

9. St8SiaII is the main responsible enzyme of the polysialylation of immature neurons and

St8SiaIV for the polysialylation of mature interneurons in the adult brain.

10. The absence of each of the polysialyltransferases influences the number, the location and the

structure of immature neurons in the adult brain, but not the expression of glutamic acid

decarboxylase or synaptophysin.

11. The removal of PSA in vivo produces a time-dependent change in the structure of interneurons

in the hippocampus of mice.

12. The removal of PSA in vitro produces an increase in the apparition turnover rate of the spines

of interneurons.
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13. The antidepressant fluoxetine promotes an activation of the somatosensory cortex in young

rats and an increase in the dendritic spine density of pyramidal neurons in layers III and V

of the same region, but not changes in the expression of glutamic acid decarboxylase or the

vesicular transporter of glutamate type 1.

14. Fluoxetine induces an increase in the volume of the hippocampus in the middle-aged rat brain,

as well as an increase in the expression of plasticity-related molecules such as PSA-NCAM,

glutamic acid decarboxylase and synaptophysin in the hippocampus and the amygdala.

15. Fluoxetine promotes an increase in the dendritic spine density of interneurons in the medial

prefrontal cortex of mice, while in the hippocampus it produces an increase in the expression

of plasticity-related molecules and an increase in the density of perisomatic puncta expressing

glutamic acid decarboxylase on interneurons.
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New neurons in the adult brain transiently express molecules

related to neuronal development, such as the polysialylated form

of neural cell adhesion molecule, or doublecortin (DCX). These

molecules are also expressed by a cell population in the rat

paleocortex layer II, whose origin, phenotype, and function are not

clearly understood. We have classified most of these cells as a new

cell type termed tangled cell. Some cells with the morphology of

semilunar--pyramidal transitional neurons were also found among

this population, as well as some scarce cells resembling semilunar,

pyramidal. and fusiform neurons. We have found that none of these

cells in layer II express markers of glial cells, mature, inhibitory, or

principal neurons. They appear to be in a prolonged immature state,

confirmed by the coexpression of DCX, TOAD/Ulip/CRMP-4, A3

subunit of the cyclic nucleotide-gated channel, or phosphorylated

cyclic adenosine monophosphate response element--binding pro-

tein. Moreover, most of them lack synaptic contacts, are covered

by astroglial lamellae, and fail to express cellular activity markers,

such as c-Fos or Arc, and N-methyl-d-aspartate or glucocorticoid

receptors. We have found that none of these cells appear to be

generated during adulthood or early youth and that most of them

have been generated during embryonic development, mainly in E15.5.

Keywords: adult neurogenesis, doublecortin, entorhinal cortex, piriform

cortex, PSA-NCAM

Introduction

Neuronal production persists in discrete regions of the adult
central nervous system (CNS). New neurons are incorporated
to the granule layer of the dentate gyrus and to the olfactory

bulb after being generated in the subventricular zone (SVZ)
(Kempermann 2005). Recent studies have indicated the
presence of neurogenesis in the adult neocortex and other

brain regions, although this is still a matter of debate (please see
Nowakowski and Hayes 2000; Rakic 2002b; Gould 2007 for
review). Newly generated neurons can be identified by the
coexpression of different molecules related to neuronal de-

velopment. Immature neurons generated during adulthood
express molecules related to cytoskeletal dynamics, such as
doublecortin (DCX) or TOAD/Ulip/CRMP-4 (TUC-4) (rCRMP4,

TOAD64) (Minturn, Geschwind, et al. 1995; Gleeson et al.
1999). These cells also express the polysialylated form of the
neural cell adhesion molecule (PSA-NCAM), which is related to

different neurodevelopmental processes (Seki and Arai 1993).
Different reports have described a population of cells in the
layer II of the paleocortex of adult rodents, specially in the

piriform and lateral entorhinal cortices, which expresses PSA-
NCAM, DCX, and TUC-4 (Seki and Arai 1991; Nacher et al. 2000;
Fox et al. 2000; Nacher, Crespo, McEwen, et al. 2001; Varea,
Castillo-Gomez, Gomez-Climent, Guirado, et al. 2007). A pre-

vious study demonstrated that many of these cells in layer II do
not express the mature neuronal marker NeuN, suggesting an
immature state, although no quantification was performed

(Nacher et al. 2002a). Moreover, there is discrepancy on the
time of origin of these cells. Although some reports have failed
to find adult neurogenesis in this region (Nacher et al. 2002a;
Bonfanti 2006), 3 recent studies have described the presence of

newly generated neurons in the adult paleocortex (Pekcec et al.
2006; Shapiro, Ng, Kinyamu, et al. 2007; Shapiro, Ng, Zhou,
Ribak, et al. 2007). In order to investigate in detail the

phenotype of these putative immature cells in the paleocortex
layer II, we have analyzed the expression of molecules
commonly found in recently generated neurons and neuronal

progenitor cells in the adult CNS, such as those found in the
dentate gyrus and SVZ/olfactory bulb. We have also checked
whether these cells expressed typical markers of mature neurons

and specific markers of principal neurons and interneurons. The
glial nature of these cells has also been studied using markers of
astrocytes, oligodendrocytes, and microglia. Using electron
microscopy we have observed the ultrastructural characteristics

of these cells and the presence of synaptic contacts on them.
Additionally, using 5#bromodeoxyuridine (BrdU) pulse-chase
experiments we have analyzed whether these cells were

proliferating and whether they were generated during adult-
hood, during early youth or during embryogenesis. We have also
explored whether these cells were functional, studying the

expression of molecules related to cellular activity. Because the
number of cells expressing PSA-NCAM in the paleocortex layer II
is regulated by N-methyl-d-aspartate (NMDA) receptors and

glucocorticoids (Nacher et al. 2002a, 2004), we have also studied
the expression of glucocorticoid and NMDA receptors, in order
to understand whether excitatory amino acids and adrenal
steroids could act directly on these cells.

Material and Methods

Animals and Treatments
Forty-three young-adult male Sprague--Dawley (SD) rats (3 months old,
300 ± 15 g, Harlan Iberica, Barcelona, Spain) were separated in different
groups. 1) Eight rats were used to study PSA-NCAM expression and its
colocalization with several cellular markers using immunohistochemistry.
2) Thirty rats were used to study whether PSA-NCAM immunoreactive
cells in the paleocortex layer II were generated during adulthood using
double PSA-NCAM/BrdU immunohistochemistry. All the rats in this group
received 4 intraperitoneal (ip) injections, 1 each 12 h, of BrdU (Sigma, St
Louis, MO; 50 mg/kg, in sterile saline) and were sacrificed 2, 4, 7, 14, 21, or
30 days after the last injection (n = 5 per group). 3) Five rats were used to
study whether any of the PSA-NCAM immunoreactive cells in the
paleocortex layer II was proliferating. These animals received an ip
injectionofBrdU(200mg/kg, in sterile saline) andwere sacrificed2h later.
A second set of 5 SD rats (45 days old, 280 ± 10 g, Harlan Iberica,

Barcelona, Spain) was used to explore the possibility that PSA-NCAM
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expressing cells in paleocortex layer II were generated during early
youth. These animals were also injected with BrdU (4 ip injections, 1
each 12 h, 50 mg/kg, in sterile saline) and were sacrificed 60 days after
the last injection.

Six pregnant SD rats (Harlan Iberica) received 2 ip injections of
5#BrdU (50 mg/kg), 8 h apart, on the following days after coupling:
E11.5, E13.5, E15.5 (n = 2 per group). The first 24 h after coupling were
designated as embryonic day 0 (E0). Four males (3 months old, 306 ± 32 g)
were selected from each offspring and processed for double PSA-
NCAM/BrdU immunohistochemistry, in order to identify whether these
cells in the paleocortex layer II were generated during embryogenesis.

Four CD1 mice (3 months old, 30 ± 5 g, Harlan Iberica) were used for
double PSA-NCAM/calretinin (CR) fluorescence immunohistochemis-
try as described below.

Six SD rats (3 months old, 300 ± 50 g, Harlan Iberica) were used for
PSA-NCAM, TUC-4, or CNGA-3 preembedding immunohistochemistry
for electron microscopy.

Histological Procedures
Rats destined for light microscopy studies were perfused transcardially
under deep chloral hydrate anesthesia, with saline and then 4%
paraformaldehyde in sodium phosphate buffer 0.1 M, pH 7.4 (PB).
Brains for fluorescence immunohistochemistry were cut with a vibra-
tome (Leica VT 1000E, Leica, Nussloch, Germany) and 50-lm-thick
transverse sections were collected and kept in cold PB (4 �C) before
processing. Brains for conventional immunohistochemistry were
cryoprotected with 30% sucrose in PB, coronal sections (50 lm) were
obtained with a sliding freezing microtome (Leica SM2000R) and
stored at –20 �C in 30% glycerol, 30% ethylene glycol in PB until used.

The rats processed for electron microscopy were perfused trans-
cardially under deep chloral hydrate anesthesia, first with saline
for 1 min, followed by 50 mL of 3.8% acrolein (Fluka AG, Busch,
Switzerland) and then by 450 mL of 3% paraformaldehyde in PB. Brains
were extracted and sliced with a vibratome as described above.

All animal experimentation was conducted in accordance with
the European Communities Council Directive of 24 November 1986
(86/609/EEC) and was approved by the Committee on Bioethics of the
Universitat de València. Every effort was made to minimize the number
of animals used and their suffering.

Immunohistochemistry for Conventional Light Microscopy
Tissue was processed ‘‘free-floating’’ for immunohistochemistry as
follows. Briefly, sections were incubated for 1 min in an antigen
unmasking solution (0.01 M citrate buffer, pH 6) at 100 �C. After
cooling down the sections to room temperature they were incubated
with 10% methanol, 0.003% H2O2 in phosphate buffered saline (PBS)
for 10 min to block endogenous peroxidase activity. After this, sections
were treated for 1 h with 5% normal donkey serum (NDS) (Jackson
ImmunoResearch Laboratories, West Grove, PA) in PBS with 0.2%
Triton-X-100 (Sigma-Aldrich, St Louis, MO) and were incubated over-
night at room temperature in anti-PSA-NCAM or anti-c-aminobutyric
acid (GABA) antibodies (please see Table1). After washing, sections
were incubated for 1 h with donkey anti-mouse IgM or donkey anti-
rabbit IgG biotinylated antibodies (1:250; Jackson ImmunoResearch
Laboratories, West Grove, PA), followed by an avidin--biotin--peroxidase
complex (ABC; Vector Laboratories, Peterborough, UK) for 30 min in
PBS. Color development was achieved by incubating with 3,3#-
diaminobenzidine tetrahydrochloride (Sigma-Aldrich) and 0.033% hy-
drogen peroxide in PB for 4 min. PBS containing 0.2% Triton-X-100 and
3% NDS was used for primary and secondary antibodies dilution.

Double Fluorescence Immunohistochemistry
In order to characterize the phenotype of PSA-NCAM immunoreactive
cells, we have performed double immunohistochemistry using an
anti-PSA-NCAM antibody and antibodies against different markers of
immature neurons, mature neurons, interneurons, astrocytes, oligoden-
drocytes, microglia, and proteins related to neuronal activity (please
see Table 1). Sections were processed as described above, but the
endogenous peroxidase block was omitted. The first day, sections were
incubated overnight at room temperature with mouse monoclonal IgM
anti-PSA-NCAM antibody and 1 of the above-mentioned antibodies. The
second day sections were washed and incubated for 1 h with donkey
anti-mouse IgM, donkey anti-goat IgG, or donkey anti-rabbit IgG
secondary antibodies conjugated with Alexa 488 or Alexa 555 (1:200;
Molecular Probes, Eugene, OR) in PBS containing 0.2% Triton-X-100
and 3% NDS.

In order to convert monoclonal mouse primary antibodies into
a species different from that of the anti-PSA-NCAM primary antibody
(Lewis Carl et al. 1993) sections were incubated for 2 h with an excess

Table 1

Primary antibodiesa

Name Abbreviation Dilution Company

Monoclonal mouse anti-a-actinin (Sarcomeric) Anti-a-actinin 1:500 Sigma-Aldrich
Polyclonal goat for activity-regulated cytoskeleton-associated protein Anti-Arc 1:500 Santa Cruz Biotechnology, Inc.
Polyclonal rabbit anti-c-aminobutyric acid Anti-GABA 1:5000 Sigma-Aldrich
Monoclonal rat anti-5#bromodeoxyuridine Anti-5#BrdU 1:200 Immunological Direct, Oxford Biotechnology
Monoclonal mouse anti-Ca2þ/calmodulin dependent protein kinase II Anti-CaMKII 1:200 Chemicon Int., Inc.
Polyclonal rabbit anti-calbindin-D28K Anti-CB 1:2.000 SWANT
Polyclonal rabbit anti-calretinin Anti-CR 1:2.000 SWANT
Polyclonal rabbit c-Fos antibody Anti-c-Fos 1:2.000 Santa Cruz Biotechnology, Inc.
Monoclonal mouse anti-cholecystokinin Anti-CCK 1:1.000 CURE
Polyclonal rabbit anti-cyclic nucleotide-gated cation channel bAnti-CNGA-3 1:500 Alomone Labs; IL
Polyclonal goat anti-doublecortin (C-18) Anti-DCX 1:250 Santa Cruz Biotechnology, Inc.
Polyclonal rabbit anti-glial fibrillar acidic protein Anti-GFAP 1:500 Sigma-Aldrich
Polyclonal rabbit anti-glucocorticoid receptor Anti-GR 1:50 ABCAM
Monoclonal mouse anti-glutamate decarboxylase, isoform 67 Anti-GAD-67 1:500 Developmental Studies Hybridoma Bank
Monoclonal mouse anti-microtubule associated protein2 Anti-MAP2 1:1000 Sigma-Aldrich
Polyclonal rabbit anti-NG2 chondroitin sulfate proteoglycan Anti-NG2 1:250 Chemicon Int., Inc.
Polyclonal rat anti-Nestin 401 Anti-Nestin 1:500 DSHB
Monoclonal mouse anti-neuronal nuclear antigen Anti-NeuN 1:100 Chemicon Int., Inc.
Polyclonal rabbit anti-neuropeptide Y Anti-NPY 1:1000 Provided by Dr T. J. Görcs
Polyclonal rabbit anti-N-methyl-d-aspartate1 receptor Anti-NMDAR1 1:100 Chemicon Int., Inc.
Polyclonal rabbit anti-parvalbumin Anti-PV 1:2.000 SWANT
Polyclonal rabbit anti-Pax6 (C-17) Anti-Pax6 1:3.000 Provided by Dr Grant S. Mastick
Polyclonal rabbit anti-phospho-CREB (Ser133) Anti-p-CREB 1:500 Upstate, New York, USA
Monoclonal mouse rip antibody Anti-RIP 1:1.000 Developmental Studies Hybridoma Bank
Monoclonal mouse anti-polysialylated form of the neural cell adhesion molecule Anti-PSA-NCAM 1:1400 Abcys, Paris, FR
Polyclonal rabbit anti-somatostatin Anti-SST 1:200 Provided by Dr T. J. Görcs
Polyclonal rabbit anti-TUC-4/rCRMP-4 Anti-TUC-4/rCRMP4 1:1.000 Chemicon Int., Inc.
Polyclonal rabbit anti-vasoactive intestinal peptide Anti-VIP 1:1.000 Provided by Dr T. J. Görcs

aAlphabetic order by name.
bOther abbreviations: CNG3, CNGa2, CCNC1.
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of unconjugated goat anti-mouse IgG Fab fragments (1:100; Jackson
ImmunoResearch Laboratories, West Grove, PA). Then, sections were
washed and incubated in fluorescent secondary antibodies as described
above.
N-methyl-D-aspartate 1 receptor (NR1) immunohistochemistry

requires a pretreatment, which usually affects PSA-NCAM antigeneicity.
For these reason, we have decided to investigate NR1 expression in
DCX immunoreactive cells, as described earlier (Nacher et al. 2007).
Briefly, the sections were pretreated as those used for BrdU im-
munohistochemistry and incubated for 48 h at 4 �C with a mixture
containing anti-DCX and anti-NR1 primary antibodies (please see
Table 1). Then, secondary fluorochrome-conjugated antibodies were
applied as described above.

Mirror Technique
In order to analyze the coexistence of PSA-NCAM with GABA in
paleocortex layer II cells, we employed the mirror technique (Kosaka
et al. 1985) using alternate series of vibratome sections. The tissue was
immunostained as described above, using primary antibodies against
PSA-NCAM and GABA (please see Table 1) for each 2 alternate
subseries. Then the sections were treated with 1% OsO4, 7% glucose in
PB for 1 h, dehydrated with ascending alcohols, flat mounted with
Durcupan resin (Fluka, Sigma-Aldrich), and coverslipped. PSA-NCAM
immunoreactive perikarya cut in half at the surface of the sections, as
well as nearby capillaries, were drawn with a camera lucida under 403
immersion oil objective. The other halves of the immunoreactive
somata were located on the corresponding surface of the adjacent
section (processed for GABA immunohistochemistry) using the capillar-
ies as landmarks. Only those cells in which the 2 halves (immunoreactive
or not) could be identified with the aid of interferential contrast, were
evaluated (Kosaka et al. 1985).

PSA-NCAM/ BrdU Immunohistochemistry
Sections from alternate series were treated for 60 min at 60 �C in PB
and denaturation of DNA was achieved by treating for 30 min with 2 M
HCl in PB at room temperature. Then, sections were processed for
immunohistochemistry as described above, using monoclonal rat IgG
anti-BrdU in combination with anti-PSA-NCAM monoclonal mouse
antibody (see Table 1). Secondary antibodies were anti-mouse IgM and
anti-rat IgG secondary antibodies generated in donkey and conjugated
with Alexa 488 and Alexa 555, respectively.

Observation and Quantification of Double-Labeled Cells
All sections processed for fluorescent immunohistochemistry were
mounted on slides and coverslipped using DakoCytomation fluorescent
mounting medium (Dako North America, Inc., Carpinteria, CA). Then
the sections were observed under a confocal microscope (Leica TCS-
SP). Z-series of optical sections (1 lm apart) were obtained using
sequential scanning mode. These stacks were processed with LSM 5
Image Browser software. A one in 10 series of telencephalic sections
from each animal was double-labeled as described. Fifty immunoreac-
tive cells were analyzed in each case to determine the coexpression of
PSA-NCAM and the markers described before.

Immunohistochemistry for Electron Microscopy
In this procedure, sections were incubated with sodium borohydride
1% in ddH2O for 10 min. Then, sections were washed in PB and the
endogenous peroxidase activity was blocked as described above,
without methanol. Free aldehydes were quenched using Tris buffer
0.5 N, pH 7.2 for 30 min. Subsequently, nonspecific binding sites were
blocked with NDS 10% in PB with glycine 0.2% and lysine 0.2%. After
washing, sections were processed using primary antibodies against PSA-
NCAM, TUC-4, or CNGA-3, (please see Table 1), as described for
conventional immunohistochemistry. Immunolabeling was intensified
treating the sections with 1% osmium tetroxide (EMS, Hatfield, PA) in
PB for 60 min, protected from light. After each step, sections were
carefully rinsed in PB. Sections were dehydrated through increasing
graded series of ethanol baths (30--100%, 10 min each step) and
dyed with 1% uranyl acetate in 70% ethanol bath during the process of
dehydration. Finally, sections were cleared in propylene oxide and flat-

embedded in Durcupan. After the analysis of the sections under the
light microscope, some cells were re-embedded in Durcupan, and
60-nm-thick ultrathin sections were cut with an ultramicrotome.
Ultrathin sections were serially collected on formvar-coated single-slot
copper grids and stained using lead citrate. Selected cells were
observed and partially reconstructed from serial sections under a JEOL
JEM-1010 electron microscope.

Results

Distribution and Morphology of PSA-NCAM Expressing

Cells in the Paleocortex Layer II

The distribution of PSA-NCAM expressing cells in the piriform
and entorhinal cortices layer II was identical to that described
earlier (Nacher et al. 2002a; Varea, Castillo-Gomez, Gomez-

Climent, Guirado, et al. 2007). Scattered PSA-NCAM expressing
cells were also found in the layer II of the perirhinal cortex and
the most ventral region of the agranular insular and ectorhinal

cortices.
In the paleocortex layer II, the majority of PSA-NCAM

immunoreactive cells were small (soma diameter: 8.9 ± 0.96 lm)
and showed processes with highly irregular trajectories, usually

restricted to layer II, although some of these processes with
vertical trajectories were also found in layer I. Most of these
cells appeared frequently in clusters of 2--5 and closely

resembled those described previously as neurogliaform neu-
rons (Haberly 1983) (Fig. 1A,B). However, although we have
previously classified these small cells as neurogliaform neurons

(Nacher et al. 2002a), we have found that none of them
expressed GABA, glutamate decarboxylase, isoform 67 (GAD67),
or a-actinin (please see Mature Neuronal Markers section below),

which are commonly expressed by neurogliaform neurons (Price
et al. 2005). In consequence, we have chosen to denominate
them ‘‘tangled cells’’ due to their intricate neuritic trajectories.

Some cells resembling the semilunar--pyramidal transitional

neurons described by (Haberly 1983) in the paleocortex layer II
were also PSA-NCAM immunoreactive, although they appeared
absent from the most rostral region of the piriform cortex. They

were larger than the tangled cells (soma diameter: 14.8 ± 1.59
lm), they showed 1 or 2 long dendrites expanding into layer I
and some thin basal processes (Fig. 1B). Occasionally, we have

also found some PSA-NCAM expressing cells resembling semi-
lunar neurons, in which only a thin process resembling an
axon could be observed (Fig. 1C). Some scarce cells with the

characteristic morphology of pyramidal neurons and some
displaying fusiform morphology can be found also in the
paleocortex layer II (Fig. 1D). Additionally, some small bipolar
cells with short processes oriented vertically were observed in

piriform cortex layer III, endopiriform nucleus and the deep
layers of the lateral entorhinal cortex. These small immunola-
beled cells were usually located adjacent to long immunoreac-

tive processes that traverse vertically both layers. These vertical
prolongations appeared to arise from PSA-NCAM expressing
somata in layer II (Fig. 1D).

Expression of Glial Markers

Double immunohistochemistry using an anti-PSA-NCAM anti-
body in combination with anti-glial fibrilar acidic protein

(GFAP), anti-Rip, or anti-OX42 antibodies revealed that none
of PSA-NCAM expressing cells in layer II of the paleocortex of
adult rats could be classified as an astrocyte, an oligodendro-

cyte or a microglial cell (Supplemental Fig. 1A--C).
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Expression of Markers of Mature Neurons

PSA-NCAM expressing cells in paleocortex layer II rarely
expressed NeuN (14 ± 1.93%, Fig. 1E). Moreover, in most of
these scarce immunoreactive nuclei this expression was faint,

especially in those corresponding to tangled cells. NeuN
immunoreactivity was usually more intense in the nuclei of
the larger PSA-NCAM expressing cell types (semilunar--
pyramidal transitional, semilunar, pyramidal, and fusiform

neurons). Tangled cells lack expression of MAP2 (Fig. 1F).
However, faint MAP2 labeling could be found in some
semilunar--pyramidal transitional neurons.

PSA-NCAM expressing cells in the paleocortex layer II did
not express markers of principal neurons, such as Ca(2+)/CaM-
dependent protein kinase II (CAMKII, Fig. 1G) or interneurons,

such as GABA, GAD67, calbindin, parvalbumin, CR, somato-
statin, neuropeptide Y, cholecystokinin, or vasointestinal

peptide (Fig. 1H). Abundant cells expressing these markers
can be found in the paleocortex, especially in deep layers
(Supplemental Fig. 1D--J).

In order to unequivocally identify the neurogliaform pheno-
type of PSA-NCAM expressing cells in layer II of the adult
paleocortex of rats (Nacher et al. 2002a), we performed double
PSA-NCAM/a-actinin immunohistochemistry. Although some

cells scattered in layers II and III expressed a-actinin, the
expression of this protein was never found in any of the PSA-
NCAM expressing cells in layer II (Supplemental Fig. 1K).

Expression of Markers of Immature Neurons and

Neuronal Progenitor Cells

Many PSA-NCAM expressing cells, including all the sub-
populations described in the precedent section, were also
immunoreactive for DCX (87.4 ± 3.28%, Fig. 2A) and TUC-4

Figure 1. Confocal microscopic analysis of PSA-NCAM immunoreactive cells in the paleocortex layer II. (A) PSA-NCAM immunohistochemistry in the piriform cortex layer II. Note
the high density of tangled cells. (B) PSA-NCAM immunohistochemistry in the entorhinal cortex layer II. A semilunar--pyramidal transition neuron can be observed (arrow) among
the abundant smaller tangled cells. (C) Example of a PSA-NCAM immunolabeled semilunar cell displaying a basal process resembling an axon (arrowhead). (D) Detail of an
inverted pyramidal PSA-NCAM immunoreactive cell. Note its single process directed to layer III (arrows), to which another PSA-NCAM expressing cell is attached (arrowheads).
(E) Most PSA-NCAM immunoreactive tangled cells lack NeuN expression in their nuclei. However, some of these cells display faint NeuN expression in their nuclei (arrow).
(F) PSA-NCAM expressing cells lacking MAP2 expression in their somata and dendrites. (G) PSA-NCAM expressing cells lacking CAMKII expression. (H) PSA-NCAM expressing
cells lacking GAD67 expression in their somata. Note a GAD67 positive cell (arrow) which lacks PSA-NCAM expression. All the images in this figure are taken from unique
confocal planes, except (C) and (D), which are 2D projections of reconstructions of 3 consecutive confocal planes located 1 lm apart. Scale bar: 20 lm. NeuN: neuronal nuclear
antigen; MAP2: microtubule associated protein2; CAMKII: Ca2þ/calmodulin dependent protein kinase II.
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(68.7 ± 3.7%, Fig. 2G), as previously described (Nacher et al.
2000; Nacher, Crespo, McEwen, et al. 2001). Both proteins are
intracytoplasmic and, consequently, allow a detailed observation
of the cell morphology (Fig. 2B--F). The processes of tangled

cells were usually devoid of spines or excrescences, but in some
of the dendrites of semilunar and semilunar--pyramidal transi-
tion neurons, located in layer I, occasional bead-like swellings,

protrusions resembling thin dendritic spines, or typical spines
could be observed (Fig. 2E,F). DCX immunostaining also allowed
the identification of basal thin processes in these large cells,

which resembled an axon (Fig. 2B--D). Most, if not all, PSA-NCAM
expressing cells also expressed the A3 subunit of the cyclic
nucleotide-gated ion channel (CNGA-3; 97.6 ± 1.2%. Fig. 2H),
which is strongly expressed by migrating neuroblasts of the

rostral migratory stream (RMS) (Gutierrez-Mecinas et al. 2007).
Moreover, most of PSA-NCAM expressing cells in the paleo-
cortex layer II expressed phosphorylated cyclic adenosine

monophosphate response element--binding protein (p-CREB) in
their nuclei (94.6 ± 1.83%, Fig. 2I), a molecule expressed
transiently in differentiating granule neurons of the adult

Figure 2. Confocal microscopic analysis of PSA-NCAM immunoreactive cells in the paleocortex layer II. (A) Cells coexpressing PSA-NCAM and DCX. (B--F) DCX expressing cells
in the paleocortex layer II. (B) Typical semilunar--pyramidal transitional neuron. Observe the 2 apical dendrites (arrows) and the presence of a basal dendritic tree (arrowheads).
(C) A couple of semilunar--pyramidal transition neurons (white arrows) in entorhinal cortex layer II. The blue arrow points to a tangled cell showing some characteristics of
a semilunar neuron, such as the presence of 2 apical dendrites. (D) Detailed view of the cells shown on the right side of Fig. 3C. Note the presence of thick basal processes
resembling dendrites and a thin process resembling an axon (arrowheads). Two typical tangled cells can be observed, one of them closely apposed to the semilunar--pyramidal
transition neuron (red arrow) and the other located in the left margin of the figure (white arrow). (E, F) Entorhinal cortex layer I. High magnification view of dendritic processes
from semilunar--pyramidal transition neurons. Observe the presence of several swellings, and protrusions resembling dendritic spines (arrowheads). (G) PSA-NCAM/TUC-4
immunoreactive cells. (H) Cells coexpressing PSA-NCAM and CNGA-3. (I) PSA-NCAM expressing cells displaying p-CREB expression in their nuclei. (J) Double PSA-NCAM/NG2
immunohistochemistry. Observe the absence of NG2 immunoreactivity in PSA-NCAM expressing cells. Some NG2 expressing processes can be observed in close apposition to
PSA-NCAM expressing cell somata. (K) PSA-NCAM expressing cells containing BrdU immunoreactive nuclei in the piriform cortex of an adult rat injected with BrdU at E15.5.
(B), (C), (D), (E), and (F) are 2D projections of reconstructions of 3 (B--D) or 2 (A, B) focal planes located 1 lm apart. Scale bar: 20 lm for (A--D) and (G--J). 10 lm for (E) and (F).
DCX: doublecortin (C-18); TUC-4 (TOAD64 [Turned On After Division]/Ulip/CRMP); p-CREB: phospho-CREB (Ser133).
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hippocampus (Nakagawa et al. 2002). Because immature
neurons in the dentate gyrus of adult mice and olfactory bulb
of adult mice expressed CR (Dominguez et al. 2003; Brandt
et al. 2003), we have also analyzed the expression of this

calcium binding protein in PSA-NCAM expressing cells of the
paleocortex layer II of adult mice. None of these cells
coexpressed CR.

PSA-NCAM expressing cells in paleocortex layer II did not
coexpress proteins commonly found in neuronal precursor
cells of the adult CNS, such as nestin (Doetsch et al. 1997;

Nacher, Rosell, et al. 2001) (Supplemental Fig. 1M) or Pax6
(Nacher et al. 2005; Maekawa et al. 2005; Hack et al. 2005)
(Supplemental Fig. 1N). Most PSA-NCAM expressing cells in

layer II lack NG2 expression (99 ± 0.57%, Fig. 2J). However,
occasionally we have found cells in which partial colocalization
of PSA-NCAM and NG2 could be observed (Supplemental
Fig. 2). Interestingly, some NG2 processes were found in close

apposition to the somata of PSA-NCAM expressing cells
(Fig. 2J).

BrdU Labeling

Proliferating Cells

In adult animals injected with BrdU and sacrificed 2 h later,
some BrdU-labeled nuclei could be found scattered in layer II.

However, none of these nuclei were found inside a PSA-NCAM
expressing perikaryon.

Adult Neurogenesis

Although in all the groups (adult rats injected with BrdU and
sacrificed 2, 4, 7, 14, 21, or 30 days later) some scarce BrdU-
labeled nuclei were found in layers II and III (many of them

appeared in pairs), we never found any of them located inside
a PSA-NCAM expressing soma. PSA-NCAM immunoreactive
cells displaying a BrdU-labeled nucleus could be found in areas

with known adult neurogenetic activity (Supplemental Fig. 1O).

Neurogenesis during Early Youth

Some BrdU-labeled nuclei were found in the paleocortex layer

II of animals injected with BrdU when they were 45 days old
and sacrificed when they were 105 days old, but none of them
appeared inside a PSA-NCAM expressing somata.

Embryonic Neurogenesis

In the adult rats which received BrdU at E11.5, only 2 ± 1.41%
of PSA-NCAM expressing somata in the paleocortex layer II

displayed BrdU labeled nuclei. In animals injected at E13.5,
23.5 ± 4.5% of PSA-NCAM expressing somata contained BrdU
labeled nuclei. When BrdU was administered at E15.5, 74.75 ±

4.2% of PSA-NCAM expressing cells displayed BrdU labeled

nuclei (Figs 2K and 3, Supplemental Fig. 3). Big BrdU-labeled
nuclei lacking peripheral PSA-NCAM expression and resem-
bling those of pyramidal neurons, usually showed a dispersed

chromatin pattern, whereas the small labeled nuclei located
inside PSA-NCAM expressing somata normally showed a more
condensed pattern.

Electron Microscopy

A detailed analysis of PSA-NCAM, TUC-4, or CNG3A expressing
somata in the paleocortex layer II showed that they had only a
small rim of cytoplasm surrounding the nucleus (Fig. 4A--C,

F and G). Many astroglial lamellae were found in close ap-
position to the plasma membrane both in the somata (Fig. 4A--
C, F, and G), as well as in their processes (Fig. 4D,J). It was
common to find swellings of the extracellular space adjacent to

the portions of the plasmatic membrane not covered by these
glial processes (Fig. 4B,G). In the nuclei of labeled cells,
chromatin appeared slightly more compacted than in that of

the neighboring nonlabeled pyramidal neurons and the pres-
ence of heterochromatin clumps was also more abundant in the
labeled cells (Fig. 4A--C, F, andG). None of these immunoreactive

cells had synapses on their somata or proximal processes in layer
II. However, in layer I we found some very scarce asymmetric
synapses with round clear vesicles contacting some of the

labeled dendrites belonging to semilunar--pyramidal transitional
cells (Fig. 4H,I).

Markers of Cellular Activity

None of the PSA-NCAM expressing cells studied in the
paleocortex layer II expressed c-Fos (Fig. 5A). Arc expression
was also virtually absent from these cells (1 ± 0.36%) (Fig. 5B).

Expression of Glucocorticoid and NMDA Receptors

PSA-NCAM expressing cells in layer II of the paleocortex of
adult rats did not coexpress glucocorticoid receptor (Fig. 5C).

There were differences among the expression of NR1 subunit
of the NMDA receptor among different cell types in the
paleocortex layer II. Although none of the DCX expressing

tangled cells studied expressed this receptor (Fig. 5D), the vast
majority of larger cells (semilunar--pyramidal transition, semi-
lunar, pyramidal, and fusiform neurons) expressed NR1 (92 ±

4%) (Fig. 5E).

Discussion

On the Nomenclature of PSA-NCAM Expressing Cells in the

Paleocortex Layer II

To date there is not a consensus on the identity of the PSA-
NCAM expressing cells in the paleocortex layer II. Seki and Arai
(1991) described some of them as semilunar neurons (Seki and

Arai 1991). O’Connell et al. (1997) described most of them as
small neurons and also acknowledged the presence of some

Figure 3. Graph representing the percentage of PSA-NCAM/5#BrdU double-labeled
cells in the adult rats which received BrdU at E11.5, E13.5, and E15.5, respectively.
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scarce PSA-NCAM expressing pyramidal neurons. In a previous
study we have classified these cells mainly as neurogliaform

neurons and pyramidal/semilunar transitional neurons, al-

though we also found some PSA-NCAM expressing cells with

the morphology of pyramidal neurons and fusiform cells in the

paleocortex layer II (Nacher et al. 2002a). The present report

has confirmed these previous results. However, we demon-

strate that the abundant population of small PSA-NCAM

expressing cells does not correspond to neurogliaform

neurons. Neurogliaform neurons are mature interneurons,

which usually express GABA, GAD, or a-actinin (Price et al.

2005), and none of these markers are expressed by the small

cells in layer II. Given the intricate trajectories of their

processes we have chosen to denominate them ‘‘tangled cells.’’

It has to be noted, however, that some cells with characteristics

of both tangled cells and semilunar neurons can be found,

which may indicate a transition between these cell types.

Although in rodents the distribution of PSA-NCAM--expressing

cells in layer II appears to be restricted to the piriform,

entorhinal, and perirhinal cortex (with some scarce cells

located in the adjacent agranular insular and ectorhinal

cortices), in mammals with larger cerebral cortices, such as

rabbits (Bonfanti 2006), cats (E Varea and J Nacher, un-

published results), or primates (Kornack et al. 2005), there is

a more widespread distribution of these cells, which can be

found in layer II of most neocortical regions.

PSA-NCAM Expressing Cells in the Paleocortex Layer II are

Immature Neurons

The present study provides evidence that the cells expressing
PSA-NCAM in the paleocortex layer II are immature neurons.

This evidence is based on 3 groups of experimental findings:
1) these cells do not expressmarkers ofmature neurons, 2) these
cells express markers of immature neurons, and 3) their
ultrastructural characteristics are typical of immature neurons.

Most of these cells lack expression of NeuN, a nuclear
protein found in most mature neurons (Mullen et al. 1992),
which is absent from immature neurons in the CNS neurogenic

regions. It has to be noted, however, that certain mature
neuronal populations, such as Purkinje cells, do not express
NeuN (Mullen et al. 1992). However, none of the PSA-NCAM

expressing cells in the paleocortex layer II express typical
markers of interneurons or principal cells, thus excluding the
possibility that they were mature but NeuN negative. The

possibility that these cells were glia had to be investigated,
because certain astrocytes (Theodosis et al. 1991; Shen et al.
1999) and oligodendrocyte precursors (Ben-Hur et al. 1998)
express PSA-NCAM. However, the lack of expression of

astroglial, oligodendroglial, and microglial markers completely
excludes this hypothesis.

Despite its clear involvement in several neurodevelopmental

events (see Bruses and Rutishauser 2001; Bonfanti 2006 for
review), PSA-NCAM expression is not a sufficient criterion to

Figure 4. Electron micrographs of PSA-NCAM-- (A, B), TUC-4-- (C, D), and CNGA-3--immunolabeled cells (E--I) of the paleocortex layer II. (A, B) Somata of PSA-NCAM expressing
cells. The couple of cells in panel B are intimately associated. PSA-NCAM immunoreactivity is especially abundant in certain regions associated with the plasma membrane
(arrowheads). Note the presence of clear structures surrounding the labeled somata (arrows), corresponding to astroglial lamellae and swellings of the extracellular space
(asterisk). Several heterochromatin clumps can be observed inside the nuclei of the labeled cells. (C) Soma of a TUC-4 expressing cell showing an intensely labeled cytoplasm and
a nucleus displaying abundant heterochromatin. (D) Transversal section of a proximal process from a TUC-4 expressing cell. Some mitochondria and cisternae can be observed
inside the immunoreactive cytoplasm. Note that this process is also surrounded by clear structures resembling astroglial lamellae (arrows). (E) View of the resin-embedded
section from which the ultrathin sections shown in (F--I; squared areas) were obtained. (F) CNGA-3 immunoreactive cell surrounded by 2 unlabeled somata, probably
corresponding to pyramidal neurons. (G) Detail of a couple of closely apposed tangled cells, in which the 2 nuclei, as well as the labeled cytoplasms, can be discerned. Note the
presence of a swelling of the extracellular space (asterisk) and an astroglial lamella located closely to the plasma membrane (arrows). (H) Asymmetric synaptic contact (arrow)
onto a CNGA-3 immunoreactive dendrite in layer I, corresponding to a semilunar--pyramidal transition neuron. (I) Detailed view of the synaptic contact (arrowheads) shown in (H).
(J) Transversal section of a proximal process from a CNGA-3 immunoreactive cell surrounded by astroglial lamellae (arrows). Scale bar: 5 lm for (A), (B), and (F); 2.5 lm for (C)
and (G); 1 lm for (D); 50 lm for (E); 1.5 lm for (H), 0.37 lm for (I) and (J). TUC-4 (TOAD64 [Turned On After Division]/Ulip/CRMP).
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classify a cell as an immature neuron, because some mature

neurons do express this molecule in regions such as the
neocortex and the hippocampus (Nacher et al. 2002a; Nacher,
Blasco-Ibáñez, et al. 2002; Varea et al. 2005; Varea, Castillo-

Gomez, Gomez-Climent, Blasco-Ibanez, et al. 2007). For this
reason, we have investigated the expression of different
proteins that are found in recently generated neurons during
adulthood, both in the dentate gyrus and in the SVZ/RMS/

olfactory bulb. DCX is a microtubule-associated protein
expressed by migrating neuroblasts during embryonic de-
velopment, which is also found in certain transiently amplifying

progenitors and immature neurons in the granule cell layer and
the SVZ/RMS/olfactory bulb (Brown et al. 2003). This molecule
is also found in some cells in the striatum, located close to the

lateral ventricle wall (Nacher, Crespo, McEwen, et al. 2001).
Recent reports have clearly indicated that these cells are
recently generated immature neurons, probably migrating from

the SVZ (Yang et al. 2004; Dayer et al. 2005). The only other
telencephalic region in which DCX-expressing cells can be
found is the paleocortex layer II, indicating that these cells,
also, should be considered immature neurons. In fact a recent

report indicates that DCX is a protein exclusively expressed by
progenitor cells or by cells restricted to the neuronal lineage
(Walker et al. 2007). TUC-4 is also expressed by immature

neurons during embryonic development (Minturn, Geschwind,
et al. 1995) and is found in immature neurons of the adult

dentate gyrus (Seki 2002) and SVZ (Bedard et al. 2002).

However, this molecule is also found in other telencephalic
regions where no evidence of adult neurogenesis has been
found, such as the hypothalamus, and it is also present in

a subset of oligodendrocytes in the adult CNS (Nacher et al.
2000). A recent report has described the presence of the
CNGA-3 in migrating neuroblasts of the RMS (Gutierrez-
Mecinas et al. 2007). p-CREB is also intensely expressed,

although not exclusively, by immature neurons in the adult
CNS (Nakagawa et al. 2002; Giachino et al. 2005).

Despite all the cautions that have to be taken into account

regarding the expression of PSA-NCAM, TUC-4, CNGA-3, or
p-CREB as exclusive markers of immature neurons, it is true
that the coexpression of all these molecules has only been

found in immature neurons of the neurogenic regions of the
adult brain. In these neurogenic regions, up to 6 different cell
types representing successive neurodevelopmental milestones

can be identified. Following Kempermann’s classification for
the adult hippocampus (Kempermann et al. 2004): there is a
multipotential precursor cell (type-1), which expresses nestin
and GFAP. This precursor gives rise to 3 putative transiently

amplifying progenitor cells, all of them lacking GFAP expres-
sion: type-2a cells express nestin alone, type-2b express nestin
and DCX, and type-3 cells express DCX alone. These

progenitors generate immature neurons, which retain DCX
expression and start to express NeuN. These neuroblasts

Figure 5. Confocal microscopic analysis of different markers on PSA-NCAM and DCX expressing cells in the paleocortex layer II. (A) PSA-NCAM expressing cells lacking c-Fos
expression in their nuclei. (B) PSA-NCAM expressing cells lacking Arc expression in their nuclei. (C) PSA-NCAM immunoreactive cells lacking GR expression in their nuclei.
(D) DCX expressing tangled cell lacking NR1 expression. (E) DCX expressing semilunar neuron expressing NR1 in its somata and proximal apical dendrite. All photographs in this
figure correspond to single optical sections taken from z-stacks. Scale bar: 20 lm. Arc: activity-regulated cytoskeleton-associated protein.
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progressively differentiate into mature neurons, which express
NeuN and lack DCX expression. If we consider these neuro-
developmental milestones, the PSA-NCAM/DCX expressing
cells in the adult paleocortex layer II can only correspond to

type-3 cells or to immature neurons, because they do not
express GFAP or nestin, they express DCX and PSA-NCAM and
only a minor portion express NeuN. However, immature

neurons in mice express CR (Jankovski and Sotelo 1996;
Dominguez et al. 2003; Brandt et al. 2003) and we have not
found the expression of this calcium binding protein in the

PSA-NCAM/DCX expressing cells of adult mice paleocortex
layer II. These cells cannot, however, be considered truly type-3
progenitors, because we have found that they do not proliferate.

We believe that the PSA-NCAM/DCX expressing cells in the
adult paleocortex layer II are in an intermediate stage between
type-3 cells and differentiating neurons. They have been
generated during embryonic development, abandoned their

mitotic activity and migrated to their final destination. Once
there, they seem to enter a ‘‘dormant’’ stage and show features of
early immature neurons, although they (or most of them) do not

appear to have entered the final phase of their neuronal
differentiation program.

Adult Neurogenesis in the Paleocortex Layer II?

Two recent studies have reported the presence of adult
neurogenesis in the piriform cortex of mice (Shapiro, Ng, Zhou,
Ribak, et al. 2007) and rats (Pekcec et al. 2006) and a previous
report indicated the existence of newly generated neurons in

the paleocortex of adult primates (Bernier et al. 2002).
Additionally, during the review process of the present study,
a new report on adult neurogenesis in the rodent piriform

cortex has been published by Ribak’s group (Shapiro, Ng,
Kinyamu, et al. 2007). A previous study has described the
presence of individual SVZ-derived neurons in the anterior

olfactory nucleus and anterior olfactory cortex of perinatal
mice (De Marchis et al. 2004). However, these cells appear to
be absent from the posterior piriform cortex, where more

abundant PSA-NCAM expressing cells exist. De Marchis et al.
did not find evidence of such cells in the olfactory cortex of
adult animals. Although we have not studied perinatal animals,
our present results indicate that, if some neurogenesis exists in

olfactory cortical structures during early postnatal develop-
ment, this phenomenon does not continue in young animals.

Although the existence of adult neurogenesis in the cerebral

cortex is still a matter of debate (see Rakic 2002a; Gould 2007
for review), different reports have failed to find evidence that
DCX, TUC-4, or PSA-NCAM expressing neurons in the

paleocortex layer II of adult rats and mice (Nacher et al.
2002a; Fontana et al. 2005), rabbits (Luzzati et al. 2003), or
primates (Kornack et al. 2005) are being generated during

adulthood. In fact, the number of recently generated neurons
found in the adult paleocortex (Pekcec et al. 2006; Shapiro, Ng,
Kinyamu, et al. 2007; Shapiro, Ng, Zhou, Ribak, et al. 2007) is
very low when compared with the number of DCX or PSA-

NCAM cells present in this region and this may be the cause by
which some studies did not find evidence of adult neuro-
genesis. Additionally, there is reason to believe that claims of

adult cortical neurogenesis outside the dentate gyrus may be
based on data misinterpretation (Nowakowski and Hayes 2000;
Rakic 2002b). Moreover, the presence of newly generated

neurons in the entorhinal cortex, where an extremely
abundant population of PSA-NCAM expressing cells exists, has

not been described in the adult rodent brain. It is also
important to note that the previous reports on adult neuro-
genesis in the rodent piriform cortex do not explicitly indicate
or quantify the presence of 5#BrdU labeled cells expressing

DCX or NeuN in layer II (Pekcec et al. 2006; Shapiro, Ng,
Kinyamu, et al. 2007; Shapiro, Ng, Zhou, Ribak, et al. 2007).

A recent report has described the presence of DCX/NG2

expressing cells in layer II of the piriform and entorhinal
cortices of adult rats (Tamura et al. 2007). Although these
authors did not find evidence PSA-NCAM expression in these

cells, we have observed, that a very small subpopulation of
tangled cells coexpresses NG2 and PSA-NCAM. It is interesting
to note that we found that all DCX expressing cells in the

paleocortex layer II also express PSA-NCAM (Nacher, Crespo,
McEwen, et al. 2001) and that identical results have been found
in our present material, using a different anti-DCX antibody.
Tamura et al. have also shown that, in the cerebral cortex, some

of these DCX expressing cells may be proliferating or have
been recently generated. We have not found evidence of such
dividing or recently generated cells in the paleocortex layer II

of our samples. Tamura et al. state, however, that these cells are
very faintly labeled with DCX immunohistochemistry and,
consequently, we may have missed them. In any case, our

results demonstrate that most of PSA-NCAM expressing cells in
the paleocortex layer II are generated during embryonic
development, in a stage that appears to coincide with, or to
occur slightly before, that of most layer II neurons in this

region (Bayer 1986).
Although the doses of BrdU used in our study are considered

nontoxic in adult animals (Cameron and McKay 2001), some

possible toxic effects of BrdU cannot be totally excluded
(Taupin 2007), especially in the embryos.

Are PSA-NCAM Expressing Cells in the Paleocortex Layer II

Functional?

A critical question arising from our study is what the function is
of PSA-NCAM expressing cells in the adult paleocortex layer II.

Our double labeling experiments indicate that they are early
immature neurons, which apparently have detained their
differentiation program and are in a ‘‘dormant’’ stage. The fact
that these cells never expressed activity-related molecules,

such as the immediate early genes c-Fos and Arc, may be also
indicative of this ‘‘dormant’’ stage. Their ultrastructure also
gives support to this hypothesis: These cells commonly show

heterochromatin clumps and they appear to be surrounded by
multiple astroglial lamellae and swellings of the extracellular
space adjacent to the plasmatic membrane, which isolate them

from the surrounding nervous parenchyma. Moreover, they
normally do not show synaptic contacts on their somata or
proximal processes. These are 2 characteristics found in early

immature neurons in the adult dentate gyrus (Seki and Arai
1999; Shapiro et al. 2005). Moreover, the presence of astroglial
processes and the absence of synapses on DCX expressing cell
somata in the piriform cortex layer II has been reported during

the review process of the present study (Shapiro, Ng, Kinyamu,
et al. 2007). However, it appears that a subpopulation of PSA-
NCAM expressing cells in the paleocortex layer II, mostly

constituted by semilunar and semilunar--pyramidal transitional
neurons does receive, although sparsely, excitatory synapses in
its apical dendrites located in layer I, suggesting that these cells

are in a more differentiated state. Moreover, these cells show
dendritic protrusions resembling spines and thin basal
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processes resembling axons. The fact that NeuN expression is
more intense in these larger cells than in tangled cells also gives
support to the hypothesis that large PSA-NCAM expressing
cells in layer II are more mature than tangled cells, because

similar increases in NeuN expression have been found dur-
ing neuronal differentiation in the adult dentate gyrus
(Kempermann et al. 2004; Marques-Mari et al. 2007). The fact

that these larger cells also expressed the NR1 subunit of the
NMDA receptor also supports this view, because this receptor
is not expressed in early differentiating granule neurons in the

adult dentate gyrus (Nacher et al. 2007). Although we have
previously suggested that the expression of PSA-NCAM (Nacher
et al. 2002a) in paleocortex layer II cells was linked to neuronal

structural plasticity, our present results suggest that this
expression, together with the astroglial covering, probably
has an insulating role, which will prevent these cells from
receiving synaptic inputs. We still do not have a plausible

explanation for the expression of DCX or TUC-4 proteins in
these cells, because during development these proteins are
associated with a dynamic cytoskeleton, which is participating

in neurite development or neuronal migration (Minturn, Fryer,
et al. 1995; Francis et al. 1999).

The second intriguing point arisen by our study is the fate of

PSA-NCAM expressing cells in the adult paleocortex layer II.
Several studies have demonstrated that the number of these
cells dramatically declines during aging (Abrous et al. 1997;
Murphy et al. 2001; Varea, Castillo-Gomez, Gomez-Climent,

Guirado, et al. 2007). This reduction is also observed when
analyzing DCX or TUC-4 expression (J Nacher, unpublished
observations). There are 2 possible explanations for this

reduction in the expression of immature neuronal markers:
1) the cells expressing these proteins are progressively dying
or 2) they are differentiating into mature neurons, which lack

these markers. Both explanations are plausible. However, when
observing the paleocortex layer II of 6-, 12-, or 24-month-old
rats we have failed to find substantial numbers of pyknotic

nuclei ( J Nacher, unpublished observations). The second
possibility appears more likely, and it is tempting to think that
tangled cells could mature eventually into some of the larger
PSA-NCAM expressing cells and then into mature neurons. This

is supported by the fact that intermediate cell types between
tangled and larger cells are habitually found in layer II and that,
as discussed above, larger cells appear more mature than

tangled cells. Then PSA-NCAM expressing cells in the paleo-
cortex layer II may constitute a ‘‘reservoir,’’ which in different
circumstances may complete its differentiation program. These

modulations of PSA-NCAM expression in the paleocortex layer II
are probably mediated by glucocorticoids (Nacher et al. 2004)
and excitatory amino acids acting on NMDA receptors (Nacher
et al. 2002a). However, a direct effect has to be excluded,

because, as we have shown, PSA-NCAM expressing cells in layer
II rarely express glucocorticoid or NMDA receptors. We still do
not know the significance of these changes in PSA-NCAM

expression. Although the number of PSA-NCAM expressing cells
in the piriform cortex layer II increases 21 days after a single
injection of NMDA receptor antagonist (Nacher et al. 2002b), we

have not observed incorporation of newly generated neurons
after this treatment (J Nacher, unpublished results). This
suggests that PSA-NCAM expression upregulation occurs in

preexisting cells, either in cells in which PSA-NCAMwas already
expressed, although at undetectable levels, or in cells that did
not express PSA-NCAM before the treatment. Experiments that

follow the fate of PSA-NCAM expressing cells after different
experimental treatments and during aging will shed light on the
mysterious nature of these cells.

Supplementary Material

Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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Nacher J, Blasco-Ibáñez JM, McEwen BS. 2002. Non-granule PSA-NCAM
immunoreactive neurons in the rat hippocampus. Brain Res.
930:1--11.

Nacher J, Crespo C, McEwen BS. 2001. Doublecortin expression in the
adult rat telencephalon. Eur J Neurosci. 14:629--644.

Nacher J, Pham K, Gil-Fernandez V, McEwen BS. 2004. Chronic restraint
stress and chronic corticosterone treatment modulate differentially
the expression of molecules related to structural plasticity in the
adult rat piriform cortex. Neuroscience. 26:503--509.

Nacher J, Rosell DR, Alonso-Llosa G, McEwen BS. 2001. NMDA receptor
antagonist treatment induces a long lasting increase in the number
of proliferating cells, PSA-NCAM immunoreactive granule neurons
and radial glia in the adult rat dentate gyrus. Eur J Neurosci.
13:512--520.

Nacher J, Rosell DR, McEwen BS. 2000. Widespread expression of rat
collapsin response-mediated protein 4 in the telencephalon and
other areas of the adult rat central nervous system. J Comp Neurol.
424:628--639.

Nacher J, Varea E, Blasco-Ibanez JM, Castillo-Gomez E, Crespo C,
Martinez-Guijarro FJ, McEwen BS. 2005. Expression of the tran-
scription factor Pax 6 in the adult rat dentate gyrus. J Neurosci Res.
81:753--761.

Nacher J, Varea E, Miguel Blasco-Ibanez J, Gomez-Climent MA, Castillo-
Gomez E, Crespo C, Martinez-Guijarro FJ, McEwen BS. 2007.
N-methyl-d-aspartate receptor expression during adult neurogenesis
in the rat dentate gyrus. Neuroscience. 144:855--864.

Nakagawa S, Kim JE, Lee R, Chen J, Fujioka T, Malberg J, Tsuji S,
Duman RS. 2002. Localization of phosphorylated cAMP response
element-binding protein in immature neurons of adult hippocam-
pus. J Neurosci. 22:9868--9876.

Nowakowski RS, Hayes NL. 2000. New neurons: extraordinary evidence
or extraordinary conclusion? Science. 288:771.

O’Connell AW, Fox GB, Barry T, Murphy KJ, Fichera G, Foley AG, Kelly J,
Regan CM. 1997. Spatial learning activates neural cell adhesion
molecule polysialylation in a corticohippocampal pathway within
the medial temporal lobe. J Neurochem. 68:2538--2546.

Pekcec A, Loscher W, Potschka H. 2006. Neurogenesis in the adult rat
piriform cortex. Neuroreport. 17:571--574.

Price CJ, Cauli B, Kovacs ER, Kulik A, Lambolez B, Shigemoto R,
Capogna M. 2005. Neurogliaform neurons form a novel inhibitory
network in the hippocampal CA1 area. J Neurosci. 25:6775--6786.

Rakic P. 2002a. Adult neurogenesis in mammals: an identity crisis.
J Neurosci. 22:614--618.

Rakic P. 2002b. Neurogenesis in adult primate neocortex: an evaluation
of the evidence. Nat Rev Neurosci. 3:65--71.

Seki T. 2002. Expression patterns of immature neuronal markers PSA-
NCAM, CRMP-4 and NeuroD in the hippocampus of young adult and
aged rodents. J Neurosci Res. 70:327--334.

Cerebral Cortex October 2008, V 18 N 10 2239

 at U
N

IV
E

R
S

ID
A

D
 D

E
 V

A
LE

N
C

IA
 on M

arch 20, 2011
cercor.oxfordjournals.org

D
ow

nloaded from
 

http://cercor.oxfordjournals.org/


Seki T, Arai Y. 1991. Expression of highly polysialylated NCAM in the
neocortex and piriform cortex of the developing and the adult rat.
Anat Embryol Berl. 184:395--401.

Seki T, Arai Y. 1993. Distribution and possible roles of the highly
polysialylated neural cell adhesion molecule (NCAM-H) in the de-
veloping and adult central nervous system. Neurosci Res. 17:265--290.

Seki T, Arai Y. 1999. Temporal and spatial relationships between PSA-
NCAM-expressing, newly generated granule cells, and radial glia-like
cells in the adult dentate gyrus. J Comp Neurol. 410:503--513.

Shapiro LA, Korn MJ, Shan Z, Ribak CE. 2005. GFAP-expressing radial
glia-like cell bodies are involved in a one-to-one relationship with
doublecortin-immunolabeled newborn neurons in the adult dentate
gyrus. Brain Res. 1040:81--91.

Shapiro LA, Ng KL, Kinyamu R, Whitaker-Azmitia P, Geisert EE, Blurton-
Jones M, Zhou QY, Ribak CE. 2007. Origin, migration and fate of
newly generated neurons in the adult rodent piriform cortex. Brain
Struct Funct. 212:133--148.

Shapiro LA, Ng KL, Zhou QY, Ribak CE. 2007. Olfactory enrichment
enhances the survival of newly born cortical neurons in adult mice.
Neuroreport. 18:981--985.

Shen H, Glass JD, Seki T, Watanabe M. 1999. Ultrastructural analysis of
polysialylated neural cell adhesion molecule in the suprachiasmatic
nuclei of the adult mouse. Anat Rec. 256:448--457.

Tamura Y, Kataoka Y, Cui Y, Takamori Y, Watanabe Y, Yamada H. 2007.
Multi-directional differentiation of doublecortin- and NG2-
immunopositive progenitor cells in the adult rat neocortex in vivo.
Eur J Neurosci. 25:3489--3498.

Taupin P. 2007. BrdU immunohistochemistry for studying adult
neurogenesis: paradigms, pitfalls, limitations, and validation. Brain
Res Rev. 53:198--214.

Theodosis DT, Rougon G, Poulain DA. 1991. Retention of embryonic
features by an adult neuronal system capable of plasticity:
polysialylated neural cell adhesion molecule in the hypothalamo-
neurohypophysial system. Proc Natl Acad Sci USA. 88:5494--5498.

Varea E, Castillo-Gomez E, Gomez-Climent MA, Blasco-Ibanez JM,
Crespo C, Martinez-Guijarro FJ, Nacher J. 2007. PSA-NCAM
expression in the human prefrontal cortex. J Chem Neuroanat.
33:202--209.

Varea E, Castillo-Gomez E, Gomez-Climent MA, Guirado R, Blasco-
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a b s t r a c t

Recent hypotheses support the idea that disruption of normal neuronal plasticity mechanisms underlies

depression and other psychiatric disorders, and that antidepressant treatment may counteract these

changes. In a previous report we found that chronic fluoxetine treatment increases the expression of the

polysialylated form of the neural cell adhesion molecule (PSA-NCAM), a molecule involved in neuronal

structural plasticity, in the somatosensory cortex. In the present study we intended to find whether, in

fact, cell activation and neuronal structural remodeling occur in parallel to changes in the expression

of this molecule. Using immunohistochemistry, we found that chronic fluoxetine treatment caused an

increase in the expression of the early expression gene c-fos. Golgi staining revealed that this treatment

also increased spine density in the principal apical dendrite of pyramidal neurons. These results indicate

that, apart from the medial prefrontal cortex or the hippocampus, other cortical regions can respond to

chronic antidepressant treatment undergoing neuronal structural plasticity.

© 2009 Elsevier Ireland Ltd. All rights reserved.

Although the neurobiological bases of depression are not well

understood, it has been proposed that dysfunction of the mech-

anisms of neuronal plasticity may be involved [3,6]. Moreover,

antidepressant drugs may act by normalizing this neural plastic-

ity [6,5,13]. Structural plastic processes, such as dendritic or spine

remodelling, have been observed in animal models of depres-

sion [12,37] and after antidepressant treatment [10], specially in

the amygdala, the hippocampus and the medial prefrontal cortex

(mPFC) (see [24] for review). This structural remodelling may be

mediated by changes in the expression of cytoskeletal proteins or

cell adhesion molecules, such as the polysialylated form of the

neural cell adhesion molecule (PSA-NCAM) [2,8,30]. In fact, the

antidepressant fluoxetine, a serotonin reuptake inhibitor, increases

the expression of PSA-NCAM in the mPFC, the hippocampal CA3

stratum lucidum and the visual and somatosensory cortices [38,39].

To date, there is no direct evidence that the somatosensory

cortex is affected by depression, although animal models of this

mental disorder show alterations in the physiology of this cortical

region [35] and antidepressants modulate somatosensory-related

functions when administered locally [15]. The finding of an altered

expression of PSA-NCAM in the somatosensory cortex after chronic
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treatment with fluoxetine [39] has prompted us to study whether

the structure and activity of this cortical region is also modified

after antidepressant treatment.

We have used twelve male Sprague–Dawley rats (4 months

old, 320 ± 50 g, Harlan Iberica), which were chronically injected

intraperitoneally either with the antidepressant fluoxetine (n = 6,

10 mg/kg), or with saline solution (n = 6), during 14 days (once

daily at 10.00 am). All animal experimentation was conducted

in accordance with the European Communities Council Directive

of 24 November 1986 (86/609/EEC). Rats were perfused transcar-

dially under deep chloral hydrate anaesthesia (chloral hydrate at 4%,

1 mL/100 g) with saline and then 4% paraformaldehyde in sodium

phosphate buffer (PB 0.1 M, pH 7.4). After perfusion, the brains were

extracted and stored in PB until used.

In order to study cellular activation in the somatosensory cor-

tex the left hemisphere was cut into 50 �m thick sections with

a freezing sliding microtome and immunohistochemically stained

for the immediate early gene c-fos. Briefly, sections were incu-

bated with 5% normal donkey serum (NDS) (Abcys) in PBS with

0.2% Triton-X100 (Sigma) for 1 h, and then overnight with rab-

bit polyclonal anti-c-fos K25 (1:2000; Santa Cruz Biotechnology,

Inc.). After washing, sections were incubated for 30 min with bio-

tinilated donkey anti-rabbit IgG (1:200; Jackson Immunoresearch),

followed by an avidin-biotin-peroxidase complex (ABC, Vector Lab-

oratories) for 30 min in PBS. Color development was achieved by

incubating with 3,3′-diaminobenzidine tetrahydrochloride (DAB,

Sigma) for 4 min. All the sections were coded to avoid any bias and,

0304-3940/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
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Fig. 1. A, B: Photographs showing coronal sections of c-fos immunoreactive nuclei in layers III to V of the somatosensory cortex of a control rat (A) and a rat treated for 14 days

with fluoxetine (B). C: Graphs representing changes in the number of c-fos immunoreactivity nuclei in the primary somatosensory cortex after chronic fluoxetine treatment.

Statistically significant (* 0.01), unpaired t-test. White bar represents control animals and black bar represents fluoxetine treated animals. Scale bar: 50 �m.

when processed, passed through all procedures simultaneously to

minimize any difference from immunohistochemical staining itself.

c-fos immunoreactive nuclei quantification was performed in two

different sections containing the primary somatosensory cortex

(between Bregma −2.80 mm and Bregma −3.10) in layers III, IV and

V. Images were captured with a 40× objective under bright-field

illumination, homogeneously lighted and digitalized using a CCD

camera attached to the microscope. After background subtraction

and histogram normalization, the region was selected using sys-

tematic criteria, and analyzing the whole image for the automated

counting. Then the pictures were analyzed with Image J software

(NIH) with a protocol for automated counting of stained nuclei

based on the one described by [40]. Briefly, images were binarized

using the same value of the gray histogram for all the images. Then

the images were eroded and dilated. Objects smaller than 400 pixels

were discarded.

In order to study spine density in pyramidal cells, the right hemi-

sphere was processed for Golgi method. Tissue blocks (2.5–3 mm)

were fixed with 3% potassium dichromate and 5% glutaraldehyde

during 7 days and then impregnated with silver nitrate solution

(0.75%) for 48 h. Then, the brains were cut into 150 �m-thick sec-

tions with a vibratome immersed in 70% ethanol, dehydrated with

100% ethanol and mounted with epoxy resin between two cover-

slips. To avoid any bias in the analysis, the slides were coded, and

the code was not broken until the analysis was completed. Spine

quantification was carried out in each animal in six pyramidal neu-

rons from layers III, IV and V, which were randomly selected inside

somatosensory primary cortex (S1) area. A total of 48 neurons were

analyzed. In order to be suitable for dendritic spine analysis, neu-

rons should follow these features: (i) they must display complete

Golgi impregnation of the principal apical dendrite, (ii) the cell type

must be identifiable and (iii) the minimum length of the apical

dendrite must be 200 �m from the soma. The spine density was

calculated in fragments of 50 �m length beginning from the soma.

In the somatosensory cortex c-fos expressing nuclei were widely

distributed across all the layers, although they appeared to be

less abundant in layer IV. This expression pattern is similar to

that observed in other adjacent neocortical regions, although in

these areas layer IV appeared more populated. Chronic fluoxetine

treatment induced a, three fold, statistically significant increase

(p = 0.021) in the number of c-fos immunolabeled nuclei in the

primary somatosensory cortex (Fig. 1).

In both control and fluoxetine treated animals we observed that

the dendritic spine density was lower in the proximal segment and

that it increased progressively towards the apical extreme of the

principal dendrite (Fig. 2A). There were significant differences in the

spine density between the first and second segments (p = 0.003),

the second and the third (p < 0.0001) and the third and the forth

(p = 0.042), according to the distance from the soma.

After 14 days of fluoxetine treatment, we did not found dif-

ferences in the dendritic spine density of the proximal segments

(0–50 �m). However, significant differences were observed in the

second (p = 0.01, 50–100 �m), the third (p < 0.0001, 100–150 �m)

and the fourth segments (p = 0.0006, 150–200 �m) (Fig. 2A). Sig-

nificant increases were also observed when considering the entire

length of apical dendrites of pyramidal neurons in the primary

somatosensory cortex (p < 0.001) (Fig. 2B).

The present results indicate that antidepressant treatment

activates the somatosensory cortex and induces dendritic spine

remodelling of pyramidal neurons in this cortical region, thus
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Fig. 2. Changes in spine density in the principal apical dendrite of pyramidal neurons in primary somatosensory cortex layers III and V after chronic fluoxetine treatment.

Spine density histograms in the different 50 �m fragments from the soma (A) and in the total length of the measured dendrite (B). Statistically significant (* 0.05, ** 0.01, ***

0.001) unpaired t-test. White bars represent control animals and black bars represent treated animals. C: Photographs of a principal dendrite of a control animal (left) and an

animal chronically treated with fluoxetine.

expanding the repertoire of regions that respond to these pharma-

cological compounds with structural plasticity.

The increase of in spine density that we have found may be

related to a parallel increase in PSA-NCAM expression in this area

[39], since the expression of this molecule, through its anti-adhesive

properties, facilitates structural plastic events, such as neurite or

spine remodeling and synaptogenesis (see [2,8,30] for review).

These results of the present study are similar to those shown

in a previous report describing an increase in the number of

spine synapses in pyramidal neurons of the hippocampus after 5

and 14 days of treatment with fluoxetine [10], a region in which

chronic antidepressant treatment also increases PSA-NCAM expres-

sion [31,39]. Conversely, the opposite effect has been found in

different studies with animal models of depression, such as chronic

stress or olfactory bulbectomy. Chronic stress decreases dendritic

branching and spine density in principal neurons of the medial

prefrontal cortex (mPFC) pyramidal neurons [4,26,27] and the hip-

pocampus [12,37]. Reduction of spine density is also observed in all

hippocampal fields after olfactory bulbectomy [22]. Interestingly,

these effects on neuronal structure, at least in the hippocampus, are

reverted by antidepressant treatment. Apparently, these changes

in spine density do not imply a parallel increase in the density of

synapses, because the expression of synaptophysin, a reliable index

of synaptic density [7,14], did not change in the somatosensory cor-

tex after chronic fluoxetine treatment [39]. It is, however, possible

that the changes in synaptophysin were under the detection limits

of the methodology employed. An alternative explanation is that,

after the treatment, many synapses making contact with dendritic

shafts may have been transferred to the newly generated spines.

Our study demonstrates for the first time the activation of the

somatosensory cortex after chronic fluoxetine treatment. In a sim-

ilar way, a recent report has described effects of fluoxetine on

neuronal activation and plasticity in another sensory region, the

visual cortex [16]. Here antidepressant administration restores neu-

ronal networks involved in ocular dominance and visual function

in adult amblyopic rats. This study evaluated neuronal plasticity

at the electrophysiological, molecular and behavioural level, but

it is very likely that structural plasticity may be also involved.

The present c-fos expression study is also in consonance with

previous reports using immediate early gene expression, which

shown that an important number of cerebral regions become acti-

vated after chronic antidepressant treatment. Lino de Oliveira et

al. [11] demonstrated that chronic fluoxetine treatment induce a

significant increase in c-fos immunoreactivity in the lateral sep-

tal nucleus, the bed nucleus of the stria terminalis, the medial

amygdala, the dorsal raphe nucleus and the periaqueductal gray,

while it induces a decrease in the locus coeruleus. Morinobu et

al. [18] also showed that a chronic treatment with imipramine or

tranylcypromine caused a significant increase in the expression of

c-fos mRNA in the frontal cortex. Our finding of an increased acti-

vation of the somatosensory cortex after chronic antidepressant

treatment is also supported by some reports that have demon-

strated, using different activation markers, changes in this region

in animal models of depression or after antidepressant treat-

ment. Olfactory bulbectomy reduces regional cerebral glucose

utilization in the somatosensory cortex [35]. By contrast, acute

fluoxetine treatment appears to activate this region by inducing

phospholipase A2-mediated signal transduction [25]. The sensitiv-

ity of the somatosensory cortex to antidepressants has also been

shown using the serotonin reuptake inhibitor paroxetine: When

this antidepressant is microinjected into the primary somatosen-

sory cortex it significantly attenuates thermal hyperalgesia [15].

Psychomotor symptoms such as agitation and retardation, which

may be related to somatosensory cortex activation, are present in

depressed patients and are reverted after antidepressant treatment

[32,36]. It may be possible that structural changes in somatosen-

sory cortex neurons underlie these symptoms and the recovery of

normal function after antidepressant treatments.
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DIVERGENT IMPACT OF THE POLYSIALYLTRANSFERASES ST8SiaII
AND ST8SiaIV ON POLYSIALIC ACID EXPRESSION IN IMMATURE
NEURONS AND INTERNEURONS OF THE ADULT CEREBRAL
CORTEX
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Abstract—Polysialic acid (PSA) is a negatively charged car-
bohydrate polymer, which confers antiadhesive properties to
the neural cell adhesion molecule NCAM and facilitates cel-
lular plasticity during brain development. In mice, PSA ex-
pression decreases drastically during the first postnatal
weeks and it gets confined to immature neurons and regions
displaying structural plasticity during adulthood. In the brain,
PSA is exclusively synthesized by the two polysialyltrans-
ferases ST8SiaII and ST8SiaIV. To study their individual con-
tribution to polysialylation in the adult, we analyzed PSA
expression in mice deficient for either polysialyltransferase.
Focusing on the cerebral cortex, our results indicate that
ST8SiaIV is solely responsible for PSA expression in mature
interneurons and in most regions of cortical neuropil. By
contrast, ST8SiaII is the major polysialyltransferase in imma-
ture neurons of the paleocortex layer II and the hippocampal
subgranular zone. The numbers of cells expressing PSA or
doublecortin, another marker of immature neurons, were in-
creased in the paleocortex layer II of ST8SiaIV-deficient mice,
indicating altered differentiation of these cells. Analysis of
doublecortin expression also indicated that the production of
new granule neurons in the subgranular zone of ST8SiaII-
deficient mice is not affected. However, many of the immature
granule neurons showed aberrant locations and morphology,
suggesting a role of ST8SiaII in their terminal differentiation.
© 2010 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: structural plasticity, adult neurogenesis, dou-
blecortin, neuronal differentiation.

The neural cell adhesion molecule (NCAM) has the ability
of incorporating long polymeric chains of the sugar sialic
acid (polysialic acid, PSA). PSA chains are negatively
charged and highly hydrated and thus produce a steric
impediment for homotypic and heterotypic interactions of
NCAM and other cell adhesion molecules (Rutishauser,
2008). The anti-adhesive properties of PSA facilitate struc-

tural plasticity in the CNS (see; Bonfanti, 2006; Gascon et
al., 2007; Rutishauser, 2008 for review). During develop-

ment there is a massive and widespread expression of
PSA, which mediates cell migration, neurite outgrowth and
synaptogenesis. Postnatally, PSA expression is dramati-
cally reduced, but retained in some regions of persistent
plasticity. In the adult brain, the presence of PSA has been
related to neurogenesis as well as to remodeling of neu-
rites and synapses (see; Theodosis et al., 2004; Bonfanti,

2006; Gascon et al., 2007; Rutishauser, 2008 for review).
In the neurogenic niches of the dentate gyrus (DG) and the

subventricular zone/rostral migratory stream/olfactory bulb

(SVZ/RMS/OB) system PSA is transiently expressed by

immature neurons (Bonfanti et al., 1992). In addition, high

levels of PSA expression were found in a population of
neurons located in the paleocortex layer II (Seki and Arai,

1991; Nacher et al., 2002a; Bonfanti, 2006). As shown in
the rat, these cells are generated prenatally but retain an

immature neuronal phenotype into adulthood (Gomez-Cli-
ment et al., 2008). Furthermore, adult PSA expression has
been described in different neocortical regions (Varea et
al., 2005, 2007b,c), the hippocampus (Bonfanti et al.,
1992; Seki and Arai, 1993a; Nacher et al., 2002b), the
septum (Foley et al., 2003) and the amygdala (Nacher et
al., 2002c). In these regions many of the PSA expressing
somata and neuropil structures belong to inhibitory neu-
rons (Nacher et al., 2002b; Foley et al., 2003; Varea et al.,
2005, 2007c).

The addition of PSA to NCAM is mediated by two
Golgi-resident polysialyltransferases, ST8SiaII (STX) and
ST8SiaIV (PST) (see Hildebrandt et al. (2007) for review).
In vitro, each enzyme independently is capable of synthe-
sizing PSA on NCAM. During brain development, both
enzymes are expressed with partially overlapping distribu-
tion but distinct time course (Hildebrandt et al., 2007).
ST8SiaII expression is prominent in embryonic and peri-
natal stages, but subsequently, its level decreases rapidly
and remains low in young and adult animals. By contrast,
the level of ST8SiaIV expression, although reduced as
well, remains higher and more persistent after early post-
natal development (Hildebrandt et al., 1998; Ong et al.,
1998; Oltmann-Norden et al., 2008). To understand the
impact of ST8SiaII and ST8SiaIV in vivo, mice deficient for
either polysialyltransferase have been generated (Eck-
hardt et al., 2000; Angata et al., 2004). Each of the two
single knockout lines retained considerable amounts of
PSA expression and simultaneous deletion of both genes

*Corresponding author. Tel: �34-96-354-3241; fax: �34-96-354-3404.
E-mail address: nacher@uv.es (J. Nacher).
Abbreviations: DCX, doublecortin; NCAM, neural cell adhesion mole-
cule; PSA, polysialic acid; RMS, rostral migratory stream; SVZ, sub-
ventricular zone.
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was needed to completely ablate PSA (Weinhold et al.,
2005; Angata et al., 2007; Oltmann-Norden et al., 2008).
Consistent with the developmental pattern, a comparative
analysis of whole brain lysates by Western blot revealed
that PSA levels in adult ST8SiaIV knockout mice were
lower than in ST8SiaII-deficient animals (Oltmann-Norden
et al., 2008). Dramatically reduced PSA expression was
observed in olfactory bulb, hippocampus, neocortex and
amygdala, as well as in hypothalamus and medulla oblon-
gata of 4 and 6 month old ST8SiaIV-defcient mice (Eck-
hardt et al., 2000; Markram et al., 2007). By Western blot
analyses of 8 week old ST8Sia-II-deficient mice Angata et
al. (2004) found lower levels of PSA in olfactory bulb and
cerebral cortex, but not in hippocampus or hypothalamus.
PSA–positive cells, however, were diminished in the sub-
granular zone (SGZ) of the DG as well as in the posterior
part of the SVZ (Angata et al., 2004).

Despite the various pieces of information provided by
the aforementioned studies, the contributions of ST8SiaII
and ST8SiaIV to PSA expression on neuron somata and
neuropil structures of the adult cortex are unresolved. With
particular focus on cortical interneurons and on the popu-
lation of immature neurons located in paleocortex layer II,
we here provide a detailed comparative analysis of PSA
expression in adult ST8SiaII- and ST8SiaIV-deficient mice.
In order to detect changes in immature neuron popula-
tions, we also studied expression of doublecortin (DCX) a
microtubule associated protein, which is intensely ex-
pressed by recently generated hippocampal granule neu-
rons (Brown et al., 2003) and the population of immature
cells in the paleocortex layer II (Nacher et al., 2005; Go-
mez-Climent et al., 2008). Our results provide strong evi-
dence that ST8SiaIV is solely responsible for PSA expres-
sion on mature cortical interneurons, while ST8SiaII is
restricted to immature neurons in the hippocampal SGZ
and the paleocortex layer II of adult mice.

EXPERIMENTAL PROCEDURES

St8siaII and St8siaIV knock out strains (Eckhardt et al., 2000;
Angata et al., 2004) were backcrossed with C57BL/6J mice for six
generations and mice heterozygous for the mutant polysialyltrans-
ferase alleles were interbred to obtain wildtype or knockout off-
spring (St8siaII�/�, St8siaIV�/�). Of each genotype, five males at
the age of 3 month were used in this study. All animal experimen-
tation was conducted in accordance with the European Commu-
nities Council Directive of November 24, 1986 (86/609/EEC).
Every effort was made to minimize the number of animals used
and their suffering.

Mice were deeply anesthetized with 20 ml/kg 1.0% ketamine,
0.04% xylazine (Sigma) in normal saline (0.9% NaCl) and tran-
scardially perfused with 4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4, before brains were removed and postfixed over-
night. Fixed brains were sliced coronally at 50 �m with a vi-
bratome and the sections were collected in six subseries. Tissue
was processed “free-floating” for PSA or DCX immunohistochem-
istry as follows: Briefly, a subseries of sections from all the groups
of animals studied was incubated for 1 min in an antigen unmask-
ing solution (0.01 M citrate buffer, pH 6) at 100 °C. After cooling
down the sections to room temperature, they were extensively
washed and endogenous peroxidase activity was blocked with
10% methanol, 3% hydrogen peroxide in phosphate buffered
saline (PBS). After this, non specific binding was blocked with

10% Normal Donkey Serum (NDS) for 30 min and sections were
incubated 48 h at 4 °C in mouse IgM anti-PSA antibody (1:1400)
(Abcys SA, Paris, France) or goat IgG anti-DCX antibody (1:250)
(C-18, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA).
Sections were then incubated for 30 min in donkey secondary
biotinylated antibodies against mouse IgM or against goat IgG
(Jackson Laboratories, 1:500) and then in Avidin–Biotin–Peroxi-
dase complex (ABC, Vector Laboratories, West Grove, PA, USA)
for 30 min. Color development was achieved by incubating with
diaminobenzidine tetrahydrochloryde (DAB, Sigma). PBS with
0.2% Triton X-100 was used for washing and antisera dilution.
Pretreatment of the anti-PSA antibody with �-2,8-linked sialic
polymer (Colominic acid, Sigma) overnight, pretreatment of the
anti-DCX antibody with its peptide, or the primary antibody omis-
sion during the immunohistochemistry prevented all the labeling in
every telencephalic region studied. All of the sections studied
passed through all procedures simultaneously, to standardize
immunohistochemical staining. All slides were coded prior to anal-
ysis and the codes were not broken until the experiment was
finished.

In order to exclude the possibility that PSA expressing cells
outside the neurogenic regions and the paleocortex layer II were
principal cells, we have performed double fluorescence immuno-
histochemistry using an anti-PSA antibody and a mouse mono-
clonal antibody (Chemicon/Millipore) against CAMKII, a marker of
principal neurons. In general, sections were processed as de-
scribed above, but the endogenous peroxidase block was omitted.
The sections were incubated overnight with primary antibodies
and, after washing, they were incubated with donkey anti-mouse
IgM and donkey anti-mouse IgG secondary antibodies conjugated
with Alexa 488 or Alexa 555 (Molecular Probes, 1:200). Then, the
sections were mounted on slides and coverslipped using Dako-
Cytomation fluorescent mounting medium (Dako, North America,
Inc, Carpinteria, CA, USA) and observed under a confocal micro-
scope (Leica TCS SPE) using a 63� oil objective. Z-series of
optical sections (1 �m apart) were obtained using the sequential
scanning mode. These stacks were processed with LSM 5 image
software. One in six series of telencephalic sections from each
animal was double-labeled as described. Fifty randomly-selected
immunoreactive cells were analyzed in each case to determine
the co-expression of PSA and CAMKII. This study was performed
in piriform cortex layer III, in the non-granule cells of hippocampus
and in the medial prefrontal cortex (mPFC).

A different subseries of sections adjacent to those used for
immunohistochemistry was stained with Toluidine Blue in order to
define the cytoarchitectonic boundaries of the areas analyzed.

The number of PSA-NCAM expressing neurons in the differ-
ent regions studied was estimated as described before (Nacher et
al., 2002a). Briefly, sections were selected by a 1:6 fractionator
sampling covering the whole rostral to caudal extension of each
structure and on each section all labeled cells within the region of
interest were counted. Cell somata were identified and counted
with a 40� objective using an Olympus CX41 microscope. Cells
appearing in the upper focal plane were omitted to prevent count-
ing cell caps. The volume of the different areas analyzed was
determined for each animal using the Cavalieri’s principle. Means
were determined for each animal group and the data were sub-
jected to one-way ANOVAs followed by Student–Newman–Keuls
post hoc tests.

RESULTS

Neocortex

In wild type animals PSA expressing cells and PSA-posi-
tive neuropil were detected in all regions of the neocortex.
As exemplarily shown for the cingulate cortex (Figs. 1A
and 2A), PSA-positive cells were particularly abundant in
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deep layers. Similar to the situation in adult rats (Varea et

al., 2005, 2007a) many of the PSA-positive cells displayed

multipolar morphologies and neuropil staining was gener-

ally more intense in deep layers, specially in the infralimbic

and prelimbic cortices (Fig. 2A, D). This staining was en-

tirely absent from the neocortex of ST8SiaIV knockout

mice (Figs. 1A and 2B, E). However, as noted before

(Eckhardt et al., 2000), absence of ST8SiaIV had no dis-

cernible effect on the strong PSA labeling of neuroblasts in

the SVZ/RMS (Fig. 2E, arrowheads). In addition, a small

Fig. 1. Estimation of the total numbers of PSA and DCX immunoreactive neurons in different regions of the cerebral cortex of adult wild type and
polysialyltransferase-deficient mice. (A) PSA expressing neurons in the cingulate cortex (F2,6�34.53, P�0.0005). (B) PSA expressing neurons in the
piriform cortex layer II (F2,9�19.56, P�0.0005). (C) DCX expressing neurons in the piriform cortex layer II (F2,6�68.53, P�0.0001). (D) PSA
expressing neurons in the hippocampal subgranular zone (F2,6�22.49, P�0.0016). (E) DCX expressing neurons in the hippocampal subgranular zone
(F2,6�5.18, P�0.049). (F) PSA expressing non-granule neurons in the hippocampus (F2,9�19.56, P�0.0005). One-way ANOVA followed by
Student–Newman–Keuls post hoc tests. * Significantly different from all other groups, # significantly different from ST8SiaII-deficient mice.
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region of the superficial layers of dorsal peduncular, pre-
limbic and infralimbic cortices retained weak PSA immu-
noreactivity (shown for IL in Fig. 2E, arrows). In contrast,
distribution and morphology of PSA-positive cells (includ-
ing SVZ/RMS neuroblasts) as well as staining of the neu-
ropil in ST8SiaII knockout mice were similar to that of wild
type animals (Fig. 2C, F). Evaluation of the number of PSA
expressing cells in the cingulate cortex revealed no signif-
icant differences between wild type and ST8SiaII knockout
mice (Fig. 1A).

Paleocortex

The paleocortex (entorhinal and piriform cortices) layer II
of wildtype animals displayed an abundant population of
PSA expressing cells (Figs. 1B and 3A, D, G). As previ-
ously described in rats (Nacher et al., 2002a; Gomez-
Climent et al., 2008) some of these cells showed long thick
vertical processes that radially traverse the piriform cortex
layer III and the deep layers of the lateral entorhinal cortex
before entering the external capsule (Fig. 3A, J, K). Fre-
quently, small cells were found closely apposed to these
processes (Fig. 3K) (Nacher et al., 2002a). Compared to
the wild type, ST8SiaIV-deficient mice had significantly
more PSA expressing cells in layer II (Figs. 1B and 3B, E)

and in addition to the thick vertical processes, thin PSA

immunoreactive fibers were observed in layer III, which

resembled typical axons with a small diameter and a

beaded appearance (Fig. 3L, M). In contrast, the number

of PSA-immunoreactive cells in paleocortex layer II was

drastically reduced in St8siaII�/� mice (Figs. 1B and 3C, F)

and only few thick processes could be observed in layer III

(Fig. 3N, O).

In the deep layers of the wildtype paleocortex large

PSA expressing cells were found (Fig. 3K), resembling

those described in the neocortex (see Fig. 2A). These cells

were present in St8siaII�/� (Fig. 3N) but absent in

St8siaIV�/� mice (Fig. 3L, M). In wild type and ST8SiaII-

deficient animals, intense immunostaining was observed in

the neuropil of the endopiriform nucleus, and faint PSA

expression was detected in the neuropil of all paleocortex

layers (Fig. 3A, C). In contrast, in ST8SiaIV knockout mice

these neuropil structures were completely devoid of PSA

labeling (Fig. 3B).

An abundant population of DCX expressing cells was

found in the paleocortex layer II of wild type animals (Figs.

1C and 4A). In ST8SiaII- and ST8SiaIV-deficient mice the

morphology of these cells appeared unaltered, but their

numbers were significantly increased (Figs. 1C and 4B, C).

Fig. 2. PSA expression in the neocortex of wild type, ST8SiaIV- and ST8SiaII-deficient mice. (A–C) PSA expressing neurons (arrows) in deep layers
of the cingulate cortex. Please note the complete absence of immunoreactivity, both in the neuropil and in neuronal somata, in St8siaIV�/� mice (B).
Insets show enlarged views of some of the neurons indicated by the arrows. (D–F) Infralimbic and dorsal peduncular cortices. Note that, despite the
absence of PSA immunoreactivity in most of cortical the parenchyma, a small portion of neuropil in superficial layers (arrows) displays some faint
labelling. Arrowheads indicate PSA expressing cells in the subventricular zone. Scale bar: 20 �m for (A–C) (10 �m for insets) and 40 �m for (D–F).
IL, infralimbic cortex; DP, dorsal peduncular cortex.
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Fig. 3. PSA expression in the paleocortex of wild type, ST8SiaIV- and ST8SiaII-deficient mice. (A–C) Panoramic views of piriform cortex. Please note
that populations of immunoreactive cells in layer II and of vertical processes in layer III are more abundant in St8siaIV�/� (B), but dramatically reduced
in St8siaII�/� mice (C). By contrast, the immunostaining in the neuropil of layer III and the endopiriform nucleus is absent in St8siaIV�/� mice (B) and
appears similar to that of wildtypes in St8siaII�/� mice (C). Arrows indicate the end of the external capsule. (D–F) Microphotographs of piriform cortex
layer II. An abundant population of PSA immunoreactive cells (arrows) can be observed in wild type mice (D). The number of these immunoreactive
cells is increased in St8siaIV�/� mice (E), but they are almost absent in St8siaII�/� mice (F). (G–I) High magnification views of PSA immunoreactive
cells in piriform cortex layer II. Note the reduced arborization of the scarce cells in St8siaII�/� mice (arrows). (J–O) Piriform cortex layer III. Vertical
immunoreactive processes can be observed in this layer in wild type (J, K), St8siaIV�/� (L, M) and St8siaII�/� mice (N, O). These processes are more
abundant in St8siaIV�/� mice and, different to the wildtype, two morphological subtypes can be distinguished: thick vertical processes (black
arrowheads) and thin fibers (white arrowheads). In the wildtype two different cell types expressing PSA can be observed in layer III: small cells
resembling those in layer II (black arrows), which are sometimes attached to vertical processes, and larger cells resembling hippocampal non-granule
PSA expressing neurons (white arrows). In the layer III of St8siaIV�/� mice, only small cells can be observed. On the contrary, only large cells can
be observed in St8siaII�/� knockout mice. Scale bar: 40 �m for (A–C), 10 �m for (D–F) and (J–O), 6 �m for (G–I). epn, endopiriform nucleus.
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This increase was more pronounced in the St8siaIV�/�

situation. Moreover, a small number of DCX-immunoreac-
tive cells, with an interneuron-like multipolar morphology
was detected in the paleocortex layer III of ST8SiaIV-
deficient animals. (Fig. 4D). This type of DCX-positive cells
was never observed in the wild type.

Hippocampus

The well-known pattern of strongly PSA-positive cells in
the SGZ of the dentate gyrus (see e.g. (Seki, 2002)) was
recapitulated for wild type animals (Figs. 1D and 5A, B).
Likewise, staining obtained in the neuropil of the hip-
pocampus was mostly consistent with previous studies
(Seki and Rutishauser, 1998; Eckhardt et al., 2000; Angata
et al., 2004). Intense PSA immunoreactivity was observed
in the hilus and on the mossy fibers of the CA3 stratum
lucidum (Fig. 5A). The molecular layer of the dentate gyrus
displayed a weaker but dense PSA staining, with a slightly
more pronounced labeling in a zone adjacent to the gran-
ule cell layer (Fig. 5A). Light and less compact PSA label-
ing was detected throughout the stratum lacunosum-mo-
leculare of CA1 and a plexus of markedly immunoreactive
processes was found in the most dorsal region of this
layer, at the limit with the stratum oriens (Fig. 5A, J).
Moreover, a diffuse, light immunostaining was observed in
the stratum pyramidale of CA1 (Fig. 5J).

In accordance with the previously described staining
patterns of PSA-positive cells in the SGZ of ST8SiaII- or
ST8SiaIV-deficient mice (Eckhardt et al., 2000; Angata et
al., 2004), a quantitative evaluation of these cells revealed
a dramatic reduction in St8siaII�/� (Figs. 1D and 5D, E),
but no significant change in St8siaIV�/� animals (Figs. 1D
and 5G, H). Moreover, the few remaining PSA-positive
cells in the SGZ of ST8SiaII-deficient mice displayed only
some short processes and were devoid of the pronounced
vertical (apical) PSA-positive dendrites (Fig. 5H).

A prominent feature of the ST8SiaIV knockout mice is
the reduction of PSA-immunoreactivity on mossy fibers
(Eckhardt et al., 2000). Staining is still considerable in 6
week-old animals but virtually absent at the age of 6
months. Accordingly, we found that the intense labeling of
mossy fibers as observed in wild type mice (Fig. 5A) was
reduced to few thin PSA-positive processes in the hilus
and the stratum lucidum of ST8SiaIV-deficient mice (Fig.
5D). Some of these processes originated from PSA ex-
pressing somata in the SGZ indicating that they were
mossy fibers. Moreover, the entire stratum lacunosum-
moleculare of the CA1 field (including the immunoreactive
plexus next to the hippocampal fissure) as well as most of
the molecular layer of the dentate gyrus was completely
devoid of PSA staining (Fig. 5D, K). Faint residual immu-
noreactivity, however, was detected in the inner zone of

Fig. 4. Doublecortin (DCX) expression in the paleocortex and the hippocampal subgranular zone (SGZ) of wild type, ST8SiaIV- and ST8SiaII-deficient
mice. (A–C) Piriform cortex layer II. The population of DCX immunoreactive cells is more abundant in St8siaIV�/� mice. (D) Piriform cortex layer III.
DCX expressing multipolar cell resembling an interneuron. (E–G) SGZ. DCX expressing cells are more abundant in St8siaIV�/� mice but their
morphology is similar to that found in wildtype mice. In St8siaII�/� mice many of these cells had an aberrant morphology, that is presence of short
apical processes restricted to the granule cell or horizontal/basal processes restricted to the SGZ and the hilus (arrowheads). DCX expressing ectopic
cells can be found in the hilus (arrows). (G–J) High magnification views of DCX expressing cells in the SGZ. Note that while the morphology of most
of the cells in wild type and St8siaIV�/� mice is typical, many cells in St8siaII�/� animals have abnormal morphologies/orientations (arrowheads) or
ectopic locations (arrow). Scale bar: 10 �m for (A–G), 6 �m for (H–J).
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the molecular layer (Fig. 5D, E). In accordance with the
findings of Angata et al. (2004), PSA-staining of mossy
fibers in ST8SiaII knockout mice was as intense as in the
wildtype and revealed the aberrant projection of the infra-
pyramidal mossy fibers extending to the CA3a field (Fig.
5G, H). In addition we found that PSA-immunoreactivity of

the other neuropil structures of the hippocampus was not
affected by the absence of ST8SiaII (Fig. 5G, L).

As described in the rat (Nacher et al., 2002b), numer-
ous non-granule PSA expressing interneurons were found
throughout the hippocampus of wild type mice (Fig. 1F),
particularly in its ventral region and in the vicinity of the

Fig. 5. PSA expression in the hippocampus of wild type, St8SiaIV- and St8SiaII-deficient mice. (A, D, G): Dorsal hippocampus. Please note that in
the neuropil of St8siaIV�/� mice (D) expression is strongly reduced in the molecular layer and restricted to a few thin PSA-positive processes in the
hilus and the stratum lucidum (inset). (B, E, H) Dentate gyrus. Please note that only a faint PSA immunostaining can be detected in the inner third
region of the molecular layer of St8siaIV�/� mice (E). St8siaII�/� mice display neuropil PSA expression similar to that of wildtype mice. However, the
number of labeled cell somata in the subgranular zone is dramatically reduced (H). In contrast to the wild type, remaining PSA-positive cells of the
SGZ usually do not show apical dendrites traversing the granule cell layer or the molecular layer (arrow in H). (C, F, I) Ventral hippocampus. Several
PSA expressing non-granule neurons can be found in the CA3 stratum radiatum of the ventral hippocampus of wild type (C) and St8siaII�/� (I) but
not in St8siaIV�/� mice (F). (J–L) Strata pyramidale (pyr), radiatum (rad) and lacunosum moleculare (lac-molec) of CA1. Wild type and St8siaII�/� mice
show several PSA immunostained cell somata resembling typical interneurons in the stratum radiatum (arrows in J and L) as well as abundant neuropil
immunostaining in the stratum lacunosum-moleculare and in a plexus of markedly immunoreactive processes at the limit with the stratum oriens
(arrowheads). PSA immunostaining is absent from the entire CA1 region of St8siaIV�/� mice (K). Stratum moleculare is not shown in (L) because the
hippocampus is expanded in the ventral-dorsal axis in St8siaII�/� mice. Scale bar: 40 �m for (A, D, G); 10 �m for (B, E, H); 20 �m for (C, F, I); 15
�m for (J–L).
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fimbria (Fig. 5C). While these cells were completely absent
in mice lacking ST8SiaIV (Figs. 1F and 5F), their numbers
and their morphology were unaffected in ST8SiaII knock-
out mice (Figs. 1F and 5I).

Evaluation of DCX expressing cells in the SGZ re-
vealed similar numbers in wild type (Figs. 1E and 4E) and
ST8SiaII-deficient mice (Figs. 1E and 4G). Compared to
the St8siaII�/� situation, the amount of DCX-positive cells
was significantly increased in the absence of ST8SiaIV
(Figs. 1E and 4F) but most of them retained the charac-
teristic morphology of immature granule cells as well as
their position within the SGZ (Fig. 4E, F, I). In contrast, the
appearance of many of the DCX-positive cells in the SGZ
of ST8SiaII-deficient mice was aberrant. Instead of the
apical dendrites typically extending into the molecular
layer, some of these cells displayed short apical vertical
processes that did not reach beyond the granule cell layer,
or they presented horizontal or basal processes that were
restricted to the SGZ or extended into the hilus. Moreover,
several DCX expressing ectopic cells were found in the
hilus (Fig. 4G, J). Some of these cells with aberrant mor-
phology and/or ectopic locations, as described previously
in control adult rats (Nacher et al., 2001) could also be
found, although in reduced numbers, in ST8SiaIV-deficient
and wild type mice.

Extracortical regions

PSA expression was also studied in selected extracortical
regions. As in the rat (Nacher et al., 2002c; Cordero et al.,
2005) the neuropil of the central and medial amygdaloid
nuclei displayed intense immunoreactivity in wild type
mice, while faint immunostaining was observed in the lat-
eral and basolateral nuclei (Fig. 6A). PSA expressing cells
were detected in all amygdaloid nuclei (Fig. 6D). In the
amygdala of ST8SiaIV knockout mice, PSA expression
was strongly reduced in the central and medial nuclei and
completely absent from the basolateral and lateral nuclei
(Fig. 6B). The number of PSA expressing somata was
reduced to a few, small immunoreactive cells mostly lo-
cated within the basolateral and lateral nuclei (Fig. 6E).
PSA expression in the amygdala of ST8SiaII-deficient
mice was indistinguishable from the wild type situation
(Fig. 6C, F).

In the neuropil of the septum PSA expression was
markedly reduced in St8siaIV�/�, but not St8siaII�/� mice
(Fig. 6G–I). In clear contrast to the PSA-positive cells in the
cortex, PSA expressing cells in the septum (Foley et al.,
2003) were present in ST8SiaIV- and in ST8SiaII-deficient
mice (not shown). Likewise, PSA staining patterns of neu-
ropil in the striatum (Fig. 6G–I) and the hypothalamus (Fig.
6J–L) were not noticeably affected by genetic deletion of
either polysialyltransferase.

Phenotype of mature PSA expressing cells

In consonance with previous results in rats (Varea et al.,
2005; Gomez-Climent et al., 2008), none of the PSA ex-
pressing cells analyzed outside the neurogenic regions
and the paleocortex layer II of wildtype and knockout mice
expressed CAMKII. This result was obtained in all the

regions studied in the present work: piriform cortex layer
III, all the regions of the mPFC and the non-granule cells of
hippocampus (Fig. 7).

DISCUSSION

The comparative immunohistochemical analysis of resid-
ual PSA expression in mice lacking either of the two poly-
sialyltransferases, ST8SiaII or ST8SiaIV, provides a de-
tailed picture of the divergent impact of the two enzymes
across different regions of the mature mouse forebrain. In
overview, the data demonstrate that both polysialyltrans-
ferases contribute to PSA synthesis in the mature brain but
their share is clearly different. As assessed before by real
time RT-PCR and Western blot analyses of whole brain
lysates, ST8SiaII is predominant during development,
while ST8SiaIV is the major polysialyltransferase of the
adult brain (Galuska et al., 2006; Oltmann-Norden et al.,
2008; Schiff et al., 2009). A direct comparison of the PSA-
NCAM fraction isolated from perinatal brain of wild-type,
ST8SiaII- and ST8SiaIV-deficient mice indicated clear dif-
ferences in the quantity of NCAM that can be processed by
the amounts of ST8SiaII or ST8SiaIV available in vivo, but
only minor differences in the quality of PSA produced by
the individual enzyme, that is the chain length pattern and
number of PSA chains per N-glycosylation site (Galuska et
al., 2006, 2008). Moreover, PSA produced by either en-
zyme is able to prevent axon tract defects caused by the
complete loss of PSA indicating that both enzymes are
equally able to modulate NCAM functions (Hildebrandt et
al., 2009). Thus, rather than producing PSA species with
distinct properties, the difference between the two en-
zymes appears to be the context- and site-specific regu-
lation of PSA synthesis.

The patterns of PSA immunoreactivity in the fore-
brain of 3 month old ST8SiaII- and ST8SiaIV-deficient
mice provided by the current study confirm this predom-
inance of ST8SiaIV and largely corroborate comparative
analyses of ST8SiaII and ST8SiaIV mRNA expression in
the wildtype and of PSA expression levels in St8siaII�/�

and St8siaIV�/� mice (Hildebrandt et al., 1998; Ong et al.,
1998; Galuska et al., 2006; Oltmann-Norden et al., 2008).
More important, however, are the new insights into the
allocation of the two enzymes to PSA synthesis in brain
regions and cell types not studied previously.

ST8SiaIV is the major polysialyltransferase of mature
interneurons in the mouse forebrain

The present results on the distribution of PSA-NCAM ex-
pressing cells in the polysialyltransferase-deficient mice
are in good agreement with a previous in situ hybridization
study detecting no ST8SiaII but widely dispersed ST8SiaIV
expression in all neocortical layers of young rats (Hilde-
brandt et al., 1998). In rats and mice, the PSA-positive
cells in the cortex have been characterized as mature
interneurons (Nacher et al., 2002b; Varea et al., 2005)
(Nacher, unpublished results). As demonstrated for the
prefrontal cortex, the PSA positive processes or punctae
also belong to inhibitory interneurons (Varea et al., 2005).
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The lack of PSA, therefore, indicates that ST8SiaIV is
solely responsible for PSA synthesis in cortical interneu-
rons during adulthood. The intriguing possibility that the
disappearance of PSA expression in ST8SiaIV-deficient
mice affects properties of cortical interneurons is currently
investigated.

Consistent with these traits of PSA expression by neo-
cortical interneurons, ST8SiaIV-deficient mice also lack
PSA expressing cells with an interneuron-like appearance
(i.e. multipolar cells lacking the characteristic soma mor-

phology and dendritic arbor configuration of pyramidal
cells) in the deep layers of the paleocortex. Moreover, PSA
in the stratum lacunosum-moleculare of CA1 and most of
the staining in the molecular layer of the dentate gyrus
depends on ST8SiaIV. Only little is known on neuronal
populations responsible for PSA expression in these two
hippocampal regions. PSA expressing structures found in
CA1 include axons of CA3 pyramidal cells (O’Connell et
al., 1997), although the pyramidal cell somata were found
to be PSA-negative (Bonfanti et al., 1992). Some of this

Fig. 6. PSA expression in cell somata and neuropil of different extracortical regions of wild type, St8SiaIV- and St8SiaII-deficient mice.
(A–C) Amygdala. St8siaIV�/� mice display a severe reduction in the general intensity of PSA expression in the neuropil. However, some faint
immunostaining can be detected in the central amygdala. (D–F) Basolateral amygdala. The number of PSA expressing cells (black arrows) and the
neuropil intensity in this amygdaloid nucleus is reduced in the St8siaIV�/�mice. However, some scarce small cells with faint PSA-NCAM expression
can be observed in these animals. (G–I) Septum and striatum. The striatum of all the different animals studied shows a similar intensity of PSA-NCAM
expression. However, a marked reduction in immunostaining can be seen in the septum of St8siaIV�/�mice. (J–L) Hypothalamus. No major differences
in PSA-NCAM expression can be observed in the neuropil of the hypothalamic regions observed. Scale bar: 40 �m. BLA, basolateral amygdaloid
nucleus; CeA, central amygdaloid nucleus; LA, lateral amygdaloid nucleus; SPT, septum; STR, striatum.
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PSA staining possibly originates from PSA expressing
non-granule neurons, most of which have been classified
as mature interneurons (Nacher et al., 2002b). Similarly,
we also found a dramatic (although not complete) reduc-
tion of PSA-positive neuropil and in the number of PSA
expressing cells in the amygdala of ST8SiaIV-deficient
mice. In the wildtype, these cells have features of inter-
neurons (Nacher, unpublished results), suggesting that
also in this region ST8SiaIV is responsible for the polysia-
lylation of mature interneurons. Similarly, we found that
PSA expression of cells in the septum is uncompromised
in both, ST8SiaIV- and in ST8SiaII-deficient mice. These
cells, however, have previously been characterized as
interneurons (Foley et al., 2003) indicating that both poly-
sialyltransferases can incorporate PSA in interneurons
outside of the cerebral cortex.

PSA expression in cortical interneurons is stable dur-
ing aging (Varea et al., 2009), but is affected by pharma-
cological manipulations with dopaminergic or serotoniner-
gic drugs (Varea et al., 2007a,b; Castillo-Gomez et al.,
2008). The significance of PSA expression in mature in-
terneurons is still unknown: This molecule may play a
partial insulating role, similar to that described in the im-
mature neurons in the paleocortex layer II (Gomez-Climent
et al., 2008) and/or may facilitate plastic processes such as
neurite, spine or synapse remodeling, as described in
other systems (see; Sandi, 2004; Bonfanti, 2006; Gascon
et al., 2007; Rutishauser, 2008 for review).

ST8SiaII is the major polysialyltransferase of
immature neurons in the adult cerebral cortex

The present results demonstrate a predominant impact of
ST8SiaII on PSA expression of specifically immature neu-
ron populations in the adult cerebral cortex. On the one
hand, ST8SiaII-but not ST8SiaIV-deficient animals have
strongly reduced PSA expression in the neurogenic region

of the hippocampal SGZ (as described before; Angata et
al., 2004), as well as in the paleocortex layer II and certain
amygdaloid nuclei, two other regions in the brain of young
rodents in which immature cells have been described (Go-
mez-Climent et al., 2008; Shapiro et al., 2009). As noted
before (Eckhardt et al., 2000; Angata et al., 2004), neither
of the two polysialyltransferase-deficient single knockout
strains displayed marked reductions of PSA staining of
neuroblasts in the SVZ/RMS system. These data imply
that in the neurogenic system of the anterior SVZ both
polysialyltransferases are co-expressed and that under
these conditions each enzyme can compensate, at least to
a certain extent, for the loss of the other. Such a compen-
sation is perfectly consistent with previous data obtained
by analyses on the level of whole brain homogenates
(Galuska et al., 2006). On the other hand, in almost all
other forebrain areas of the 3 month old mice investigated
in the current study, the loss of ST8SiaIV virtually elimi-
nates PSA immunostaining, whereas ST8SiaII deficiency
had no discernible effect.

During hippocampal neurogenesis granule cell precur-
sors within the SGZ acquire PSA immunoreactivity at an
early neuroblasts-like stage, before they migrate and dif-
ferentiate into granule cells with transient PSA expression
on their axonal and somato–dendritic compartments. By
contrast, mature granule cells only retain PSA expression
on their mossy fiber axons (Seki and Arai, 1993b, 1999;
Schuster et al., 2001). As shown in the current study,
expression of PSA on cell somata of granule cell precur-
sors of the hippocampal SGZ in 3 month old mice depends
mostly, but not exclusively, on the presence of ST8SiaII,
while it was unaffected by the genetic ablation of
ST8SiaIV. The residual PSA staining in the SGZ of
ST8SiaII knockout mice was found on cells with only short
processes suggesting a contribution of ST8SiaIV to poly-
sialylation in some immature SGZ neurons. Complemen-

Fig. 7. PSA (red) and CAMKII (green) immunohistochemistry. Hippocampal CA1 stratum radiatum. (A) wild type. (B) St8SiaII-deficient mouse. Note
that in both cases PSA expressing cells lack CAMKII immunoreactivity, which, by contrast, is specially intense in the pyramidal cell layer. All images
in this figure are single confocal planes. Scale bar 20 �m for (A) and (B); 12.5 �m for insets. For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.
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tary, PSA expression on mossy fibers was almost com-
pletely abolished in 3 months old St8siaIV�/� mice. Some
of the remaining thin, isolated PSA-positive processes in
the hilus and in the CA3 subfield arose from PSA express-
ing granule neurons in the SGZ. These profiles, therefore,
seem to correspond to immature mossy fibers and, con-
sequently, ST8SiaII may still contribute to PSA production
during early stages of mossy fiber formation.

These findings are in good agreement with the first
reports on ST8SiaII- and ST8SiaIV-deficient mice (Eck-
hardt et al., 2000; Angata et al., 2004) and in line with
earlier in situ hybridization data showing ST8SiaII expres-
sion in the SGZ, where new granule cells are born, but
ST8SiaIV in most mature granule cells (Hildebrandt et al.,
1998). The differential loss of PSA in the dentate gyrus of
the two polysialyltransferase knockout models, together
with the expression patterns of the two enzymes, indicates
that PSA is predominantly synthesized by ST8SiaII in
newly generated and by ST8SiaIV in older granule cells.
Thus, during hippocampus neurogenesis the general de-
velopmental profile of the two polysialyltransferases
seems to be reproduced on the cellular level.

Despite the dramatic reduction of PSA expression, we
found that the number of DCX-positive cells in the SGZ of
ST8SiaII-deficient mice was unaffected, suggesting the
uncompromised generation of granule cell precursors.
This is consistent with unaltered rates of progenitor cell
proliferation in the dentate gyrus reported for either
ST8SiaII-deficency or in mice depleted of PSA due to
ablation of NCAM (Angata et al., 2004; Aonurm-Helm et
al., 2008). However, in St8siaII�/� mice we found an un-
usually high number of DCX-positive cells displaying ab-
normal lengths and trajectories of their dendritic trees,
many of them ectopically located in the hilus, suggesting
aberrant differentiation/migration of newly generated gran-
ule neurons. Significantly more immature DCX-positive
cells were observed in the hippocampal SGZ of ST8SiaIV-
deficient mice, as well as in piriform cortex layer II of
St8siaII�/� and, more pronounced, St8siaIV�/� animals.
Surprisingly, a concomitant increase of PSA-positive cells
was also detected in the latter. One explanation for these
increasing numbers could be that immature neurons accu-
mulate in the absence ST8SiaIV, indicating that this en-
zyme is somehow necessary for the maturation of these
cells and/or that its absence may prevent cell death. A
defect in migration/maturation in the absence of ST8SiaIV
may also explain the presence of some DCX expressing
cells with multipolar morphology in piriform cortex layer III.
Further experiments are needed to clarify the nature and
fate of these cells.

Little is known on the nature and the fate of the PSA-
positive cells of the paleocortex layer II. Although gener-
ated during prenatal development, these cells retain a
phenotype of immature neurons in young-adult rodents (3
months-old) (Gomez-Climent et al., 2008). Since markers
of immature neurons are almost absent from paleocortex
layer II in middle aged (1 year old) rodents (Montaron et al.,
1999; Varea et al., 2009), it seems likely that these cells
are committed to differentiation or cell death. As revealed

by the current study, PSA expression of these cells de-
pends on the presence of ST8SiaII, but despite the dra-
matic reduction in PSA expression in paleocortex layer II of
St8SiaII-deficient mice, the number of immature, DCX-
positive neurons is preserved. Thus, PSA does not seem
necessary for maintaining the immature phenotype of
these cells. However, the marked increase of DCX-positive
cells in layer II of the paleocortex of 3 months old
ST8SiaIV-deficient mice indicates that expression of this
molecule through ST8SiaIV affects the number of imma-
ture cells, either by influencing their migration, delaying
their maturation or by preventing their death. In fact, the
complete absence of PSA during development, by deletion
of both polysialyltransferases, perturbs cell migration and
results in increased numbers of apoptotic cells in the ce-
rebral cortex (Angata et al., 2007). Finally, the presence of
some PSA expressing cells in the amygdala of ST8SiaIV-
deficient mice coincides with a low level of adult neurogen-
esis (Bernier et al., 2002; Shapiro et al., 2009). The few
immature neurons in this region, therefore, may be poly-
sialylated by ST8SiaII.

Taken together, the increase in the number of DCX-
positive cells in the SGZ of ST8SiaIV-deficient mice and in
the piriform cortex layer II of either ST8SiaIV- or, less
pronounced, ST8SiaII-deficient animals, their altered mor-
phology in the SGZ under St8siaII�/� conditions, as well
as the increase of PSA-positive cells in the piriform cortex
layer II points towards a prominent role of polysialylation in
the development of these cell types. Thus, putative func-
tions of these newly generated neurons in learning, mem-
ory or in the behavioral response to pharmacological treat-
ments may be impaired under conditions of compromised
polysialylation.
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Principal neurons in the adult cerebral cortex undergo synaptic,

dendritic, and spine remodeling in response to different stimuli, and

several reports have demonstrated that the polysialylated form of

the neural cell adhesion molecule (PSA-NCAM) participates in

these plastic processes. However, there is only limited information

on the expression of this molecule on interneurons and on its role in

the structural plasticity of these cells. We have found that PSA-

NCAM is expressed in mature interneurons widely distributed in all

the extension of the cerebral cortex and have excluded the

expression of this molecule in most principal cells. Although PSA-

NCAM expression is generally considered a marker of immature

neurons, birth-dating analyses reveal that these interneurons do not

have an adult or perinatal origin and that they are generated during

embryonic development. PSA-NCAM expressing interneurons show

reduced density of perisomatic and peridendritic puncta expressing

different synaptic markers and receive less perisomatic synapses,

when compared with interneurons lacking this molecule. Moreover,

they have reduced dendritic arborization and spine density. These

data indicate that PSA-NCAM expression is important for the

connectivity of interneurons in the adult cerebral cortex and that its

regulation may play an important role in the structural plasticity of

inhibitory networks.

Keywords: dendrite remodeling, dendritic arborization, interneuron

subtypes, NCAM, neuronal structural plasticity, spine remodeling

Introduction

The neural cell adhesion molecule (NCAM), through the action

of 2 polysialyltransferases, ST8SiaII and ST8SiaIV (Hildebrandt
et al. 2008), is able to incorporate long chains of polysialic
acid (PSA), which confers it antiadhesive properties. Conse-

quently, PSA-NCAM expression facilitates structural remodeling
and is involved in several neurodevelopmental events, such as
neuronal migration, neurite outgrowth, or synaptogenesis
(for review, see Bonfanti 2006; Gascon et al. 2007; Rutishauser

2008). Although NCAM is the major carrier of PSA in the central
nervous system (CNS) (Hildebrandt et al. 2008), this sugar has
also been detected on other proteins, such as neuropilin2

(Curreli et al. 2007), a sodium channel subunit (Zuber et al.
1992), SynCAM1 (Galuska et al. 2010), and the polysialyltrans-

ferases St8SiaII and St8SiaIV (Muhlenhoff et al. 1996; Close and
Colley 1998).

PSA-NCAM is very abundant during CNS development, but it
can also be found in several regions and cell populations during

adulthood. Some of these cells are immature neurons, such as

those found in the adult neurogenic regions (Seki and Arai

1993b; Rousselot et al. 1995; Bonfanti 2006) and the

paleocortex layer II (Gomez-Climent et al. 2008). In addition,

previous studies have indicated that PSA is also present in

a subpopulation of mature interneurons in the hippocampus

and the medial prefrontal cortex (mPFC) (Nacher, Blasco-

Ibanez, and McEwen 2002; Varea et al. 2005; Varea, Castillo-

Gomez, et al. 2007b). Moreover, pharmacological modulation of

serotoninergic or dopaminergic neurotransmission results in

parallel changes in the expression of PSA and molecules

involved in c-aminobutyric acidergic (GABAergic) neurotrans-

mission in the mPFC of adult rats (Sairanen et al. 2007; Varea,

Blasco-Ibanez, et al. 2007; Varea, Castillo-Gomez, et al. 2007b;

Castillo-Gomez et al. 2008). Altogether, these results suggest

that, at least in the mPFC, changes in PSA expression may be

involved in the plasticity of inhibitory circuits. However, we

still do not know whether similar interneurons express PSA in

other cortical regions or whether this molecule is exclusively

expressed by a subpopulation of interneurons and absent from

most principal cells. Moreover, the functional significance of

PSA expression in interneurons is still unresolved. The study of

interneurons expressing PSA is also interesting because,

although there is considerable information on the structural

plasticity of cortical principal neurons, few reports have

addressed this subject in inhibitory neurons (Lee et al. 2006,

2008).
The aims of this study are: 1) to offer a complete mapping of

PSA expressing cells in the adult rodent cerebral cortex, 2) to
determine the neurochemical phenotype of somata and neuropil

elements expressing PSA in the adult cerebral cortex and to
exclude its expression in principal cells, 3) to demonstrate that
NCAM is the only carrier of PSA in adult cortical interneurons,

using NCAM knockout mice, 4) to demonstrate that PSA
expression in interneurons is not affected by genetic deletion
of NCAM in principal cells, 5) to study the time of origin of PSA

expressing interneurons and to exclude their postnatal gener-
ation, 6) to study the presence/density of different types of
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synapses on PSA expressing interneurons and their ultrastruc-
ture and to compare them with those of interneurons lacking
this molecule, and 7) by using transgenic mice expressing green
fluorescent protein (GFP) under the promoter of GAD67, to

analyze the dendritic arborization and spine density of PSA
expressing interneurons, and to compare it with that of
interneurons lacking PSA expression.

Materials and Methods

Animals and Treatments

Rats

Forty-one young adult male Sprague--Dawley (SD) rats (3 months
old, 300 ± 15 g, Harlan Iberica) were separated into different
groups. 1) Eight rats were used to study the neurochemical
phenotype of PSA expressing cells and their perisomatic and
peridendritic puncta, using immunohistochemistry and confocal
microscopy. The phenotype of PSA expressing puncta in the
neuropil was also analyzed in these animals. 2) Thirty rats were
used to study whether PSA immunoreactive cells were generated
during adulthood, using double PSA/5’BrdU immunohistochemistry.
All the rats in this group received 4 intraperitoneal (i.p.) injections,
1 each 12 h, of 5#BrdU (Sigma; 50 mg/kg, in sterile saline) when
they were 3 months old and were sacrificed 2, 4, 7, 14, 21, or 30 days
after the last injection (n = 5 per group). 3) Three SD rats were
used for PSA preembedding immunohistochemistry for electron
microscopy.

Twelve perinatal SD male rats were used to study whether PSA
immunoreactive cells were generated during perinatal development,
using double PSA/5#BrdU immunohistochemistry. The rats in this
group underwent the same 5#BrdU injection protocol described above
at postnatal days P0, P10, and P20 (n = 4 per group) and were sacrificed
when they were 3 months old.

Eight pregnant SD rats (Harlan Iberica) received 2 i.p. injections of
5#BrdU (50 mg/kg), 8 h apart, on the following days after coupling:
E11.5, E13.5, E15.5, and E17.5 (n = 2 per group) in order to identify
whether PSA expressing cells were generated during embryogenesis.
The first 24 h after coupling were designated as embryonic day
0 (E0). Four males (3 months old, 306 ± 32 g) were selected from
each offspring and processed for double PSA/5#BrdU immunohisto-
chemistry.

Mice

Twelve young adult male GIN (GFP-expressing inhibitory neurons,
Tg(GadGFP)45704Swn) mice (3 months old, 27.5 ± 4 g, purchased
from Jackson laboratories and bred in our animal facility) were
separated into different groups. 1) Six mice were used to study the
neurochemical phenotype of GFP/PSA-expressing interneurons using
confocal microscopy and immunohistochemistry for several markers.
2) Six mice were used for the analysis of dendritic arborization and
spine density of GFP-expressing interneurons with or without PSA
expression.

Three B6.Cg-Tg(Thy1-YFPH)2Jrs/J young adult male mice (3 months
old, 26.8 ± 5 g, purchased from Jackson laboratories and bred in our
animal facility), in which subsets of pyramidal neurons are ‘‘Golgi-like’’
labeled (Gogolla et al. 2009), were used to exclude the expression of
PSA in pyramidal neurons of the cerebral cortex.

Five NCAM (–/–) mice and 5 wild-type littermates on a C57BL/6
background (males, 3 months old) (Cremer et al. 1994) were used to
study whether PSA expression in interneurons was associated to NCAM
or to other putative polysialylated proteins. These animals were
processed for double PSA/GAD67 immunofluorescence as described
below.

Four NCAMff+ (CaMKII) and 4 wild-type littermates (NCAMff–)
(males, 3 months old) were used to study whether PSA expression was
present in principal neurons. These mice were generated by a Cre-loxP
recombination system to generate a mutant, in which the NCAM gene
is ablated under the control of the CaMKII promoter (Bukalo et al.

2004). These animals were processed for double PSA/GAD67 immu-
nofluorescence as described below.

Histological Procedures
Rats and mice destined for confocal microscopy studies were perfused
transcardially under deep chloral hydrate anesthesia, with saline and
then 4% paraformaldehyde in sodium phosphate buffer 0.1 M, pH 7.4
(PB). Rat brains destined for fluorescence immunohistochemistry were
cut with a vibratome (Leica VT 1000E, Leica), and 50-lm thick coronal
sections were collected and kept in cold PB (4 �C) before processing.
In the case of GIN mice, the brains were cut into 150-lm thick
sections with a vibratome for the study of dendritic arborization and
dendritic spine density. Brains for conventional immunohistochemistry
were cryoprotected with 30% sucrose in PB, coronal sections (50 lm)
were obtained with a sliding freezing microtome (Leica SM2000R)
and stored at --20 �C in 30% glycerol, 30% ethylene glycol in PB until
used.

The rats processed for electron microscopy were perfused trans-
cardially under deep chloral hydrate anesthesia, first with saline for 1
min, followed by 450-mL solution of paraformaldehyde 2% in a lysine-
phosphate buffer, pH 7.4 (see Supplementary experimental proce-
dures). Brains were then extracted and sliced with a vibratome at
50 lm as described above.

All animal experimentation was conducted in accordance with the
European Communities Council Directive of November 24th 1986 (86/
609/EEC) and was approved by the Committee on Bioethics of the
Universitat de València. Every effort was made to minimize the number
of animals used and their suffering.

Immunohistochemistry for Conventional Light Microscopy,
Fluorescence Microscopy, and 5#BrdU Detection
Tissue was processed ‘‘free-floating’’ for immunohistochemistry as
described (Nacher et al. 2005; Varea et al. 2005). Detailed information
on the methodology and the specificity of the anti-PSA antibody can be
found in the Supplementary experimental procedures section. This
antibody recognizes exclusively the PSA (Rougon et al. 1986), but
since in the adult CNS most, if not all, PSA expression is associated to
NCAM, it is frequently denominated anti-PSA-NCAM (Rutishauser
2008).

In order to characterize neurochemically the somata and neuropil
elements expressing PSA as well as the immunoreactive puncta apposed
to the PSA-expressing somata and dendrites, we have performed double
or triple immunohistochemistry using primary antibodies against PSA
and against different markers of immature neurons, mature neurons,
interneurons, astrocytes, oligodendrocytes, microglia, proteins related to
neuronal activity, and synaptic contacts (see Supplementary Table 1). For
detailed information on PSA/5#BrdU immunohistochemistry, see Supple-
mentary experimental procedures section.

Observation and Quantification of Double-Labeled PSA-
Expressing Somata
All sections processed for fluorescence immunohistochemistry were
mounted on slides and coverslipped using DakoCytomation fluorescent
mounting medium (Dako North America, Inc.). Then, the sections were
observed under a confocal microscope (Leica TCS SPE) using a 363 oil
objective. Z-series of optical sections (1-lm apart) were obtained using
the sequential scanning mode. These stacks were processed with LSM 5
image software. One in 10 series of telencephalic sections from each
animal was double-labeled as described. Fifty randomly selected
immunoreactive cells were analyzed in each case to determine the
coexpression of PSA and the markers described above. This study was
performed in deep layers of paleocortex (piriform cortex layer III and
lateral entorhinal cortex layers III to VI), in the nongranule cells of
hippocampus and in the mPFC, in order to complete previous studies
(Nacher, Blasco-Ibanez, and McEwen 2002; Varea et al. 2005). A similar
methodology was applied when analyzing PSA expression in pyramidal
neurons of Thy1-YFP mice. Seventy pyramidal neurons (selected by
morphological criteria) per animal were analyzed in all the extension of
the neocortex and paleocortex.
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Quantification of PSA-Expressing Somata and Neuropil
Immunoreactivity in the Hippocampus of NCAMff+ and NCAMff–

Transgenic Mice
The number of PSA-expressing neurons in the hippocampal CA1 region
was estimated using a modified version of the fractionator method
(West 1993), as described before (Nacher, Alonso-Llosa, et al. 2002). In
order to determine PSA immunoreactivity intensity, tissue was analyzed
with confocal microscopy in order to obtain optical densities of
the regions of interest. A detailed description of the stereological
and densitometric procedures can be found in the Supplementary
experimental procedures section. Means were determined for
NCAMff+ and NCAMff– mice, and the data were subjected to statistical
analysis using the unpaired Student’s t-test.

Analysis of Perisomatic and Peridendritic Puncta on PSA-
Expressing Interneurons
All sections processed for fluorescence immunohistochemistry were
processed as described above and observed under a confocal micro-
scope. Z-series of optical sections (0.5-lm apart) were obtained using
sequential scanning mode. Twenty randomly selected PSA-expressing
cells, from deep layers of paleocortex and nongranule cells of
hippocampus in each case, were analyzed using different presynaptic
and postsynaptic markers (Table 1). The profile of these cells was
drawn and only puncta contacting this profile were analyzed. The
colocalization of PSA and synaptic markers was analyzed in 4
consecutive confocal planes of each selected neuron, in which the
penetration of both antibodies was optimal.
In order to compare the number of perisomatic and peridendritic

puncta between PSA-expressing interneurons and those lacking PSA
expression, we analyzed a randomly selected sample of glutamic acid
decarboxylase-67 (GAD67)--expressing cells of the CA3 region in the
ventral hippocampus in 4 different rats (10 GAD67+/PSA+ and 10
GAD67+/PSA–). The profiles of the somata and the proximal portion of
a dendrite were drawn in 4 consecutive confocal planes of each
selected neuron, in which the penetration of both antibodies was
optimal. The number of synaptophysin (SYN)-expressing puncta per
micron of soma or dendrite profile was counted, and means were
obtained and compared using unpaired Student’s t-test analysis.

Analysis of PSA-Expressing Puncta in the Neuropil
All sections were processed and observed as described above. Z-series
of optical sections (0.5-lm apart) were obtained using sequential
scanning mode. One hundred PSA immunoreactive puncta were
analyzed in each region and animal (n = 4) to determine the
coexpression of PSA and different markers of excitatory and inhibitory
elements and general synaptic markers (Table 1). This study was
performed in deep layers of entorhinal and prelimbic cortices.

Avidin--Biotin--Immunoperoxidase and Immunogold-Silver
Detection for Electron Microscopy
The sections destined to electron microscopy were cryoprotected for
30 min by immersion in 25% sucrose and 10% glycerol in 0.01 M PB and
then underwent freeze thawing 3 times with liquid nitrogen to
enhance antibody penetration. Detailed information on the methodol-
ogy used for preembedding avidin--biotin--immunoperoxidase and
preembedding immunogold-silver detection for electron microscopy,
as well as on the inclusion and ultramicrotomy, can be found in the
Supplementary experimental procedures section.

Analysis of Synaptic Density in the Perisomatic Region of PSA
Versus Non--PSA-Expressing Interneurons. Ultrastructural
Analysis of PSA Expression in Pyramidal Neuron Somata
The density of synaptic contacts on the plasma membrane was studied
analyzing profiles of interneuron somata from selected regions of the
ventral hippocampus and the deep layers of mPFC, where PSA
interneurons were specially abundant, both from DAB- and gold-stained
material. The interneurons were identified by their profound in-
vagination of the nucleus and an electron-dense cytoplasm with high
density of mitochondria, endoplasmic reticulum, and Golgi apparatus.
Nine interneurons expressing PSA in the plasma membrane and 9
lacking expression of this molecule were analyzed in each region.
Thirty profiles of pyramidal neuron somata of the mPFC cortex were

also studied under the electron microscope in order to analyze PSA
expression in their perisomatic region.

Analysis of Dendritic Arborization and Spine Density in
GAD-GFP and PSA/GAD-GFP Expressing Interneurons
The study of dendritic arborization, using Sholl analysis (Sholl 1953),
and the study of spine density were performed in GFP-expressing cells
located in the CA3 region of the dorsal and ventral hippocampus.
Detailed information on these methodologies can be found in the
Supplementary experimental procedures section.

Results

PSA-Expressing Cells with Typical Interneuron

Morphology Are Widely Distributed in the Adult Rodent

Telencephalon

The distribution of PSA-expressing cells was similar in the rat

and mouse telencephalon (Fig. 1). PSA-expressing cells, mostly
multipolar and resembling typical interneurons, were found
widely dispersed in every region and layer of the neocortex,

although they were more abundant in deep layers. These cells
also populated the deep layers of paleocortex (piriform cortex
layer III and entorhinal cortex layers III to VI) but were

extremely rare in layers II or I. In layer II, most of the cells
expressing PSA were tangled or semilunar-pyramidal transi-
tional neurons (Gomez-Climent et al. 2008). The distribution
of PSA-expressing nongranule neurons in the hippocampus

was similar to that described previously in the rat (Nacher,
Blasco-Ibanez, and McEwen 2002).

PSA expression was detected in the neuropil of neocortical

and paleocortical regions and was generally more intense in
deep layers, as described before (Nacher, Alonso-Llosa, et al.

Table 1

Phenotypic characterization of PSA-expressing cells in the rat Paleocortex deep layers, mPFC,

and in hippocampal nongranule neurons

Markers Paleocortex deep layer Hippocampal nongranule
cells

Prefrontal cortex

ARC 0 52 ± 1 5 ± 1
c-FOS 10 ± 4 2 ± 0.5 6 ± 0.5
CAMKII 0 0 0
CB 30 ± 8 10 ± 2 65 ± 5
CCK 17 ± 5 54 ± 10 16 ± 0
CR 0 33 ± 7 3 ± 1
GAD67 77.3 ± 6.9 84 ± 1 59 ± 7
GFAP 0 0 0
GR 47 ± 1 8 ± 0.5 90 ± 1.5
NeuN 83.33 ± 4 100 100
NPY 23.5 ± 3.5 9 ± 4 18 ± 2
NR1 97 ± 1 91 ± 1 91 ± 1
OX-42 0 0 0
p-CREB 20 ± 2 34 ± 6 48 ± 2
PV 20 ± 5 6 ± 2 1 ± 1
Rip 0 0 0
SST 53.3 ± 7.6 8 ± 0.5 62 ± 2
VIP 2 ± 2 0 2 ± 2
5#BrdU—E 11.5 10 ± 2 9 ±1.4 0 ± 0
5#BrdU—E 13.5 25 ± 1 18 ± 1 2 ± 2
5#BrdU—E 15.5 34 ± 5 39 ± 11 25 ± 3.5
5#BrdU—E 17.5 12.25 ± 4.34 5.44 ± 1.28 15.76 ± 4.83

Percentages of GAD67 expressing cells co-expressing PSA in the rat cerebral cortex

Markers Paleocortex Hippocampus Prefrontal cortex

PSA 10.5 ± 1.5 9 ± 2 8 ± 2

Note: Numbers indicate the percentage (±standard error of the mean) of PSA-expressing cells

that coexpress the different cellular markers. GFAP, glial fibrillary acidic protein.
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2002; Varea et al. 2005; Varea, Castillo-Gomez, et al. 2007).

Hippocampal PSA expression was in consonance with previous
reports (Seki and Arai 1993). In some cases, particularly in
neocortical layers III and V, some PSA-expressing puncta were

found delineating the profiles of the soma and the juxtasomatic
portion of the principal apical dendrite of pyramidal neurons
(Supplementary Fig. 1).

Cell Somata and Neuropil Elements--Expressing PSA in the

Adult Cerebral Cortex Correspond to Mature

Interneurons

PSA-NCAM--Expressing Cells Are Not Glial Cells

Double immunohistochemistry using an anti-PSA antibody in
combination with anti-glial fibrillary acidic protein, anti-rip, or

anti-OX42 antibodies revealed that none of the PSA-expressing
cells in all the regions studied could be classified as an astrocyte,
an oligodendrocyte or a microglial cell (Supplementary Fig. 2).

PSA Expression Is Detectable in a Subpopulation of Mature

Interneurons and It Is Absent from Principal Neurons

All PSA-expressing cells in the hippocampus (excluding those
in the subgranular zone) and the mPFC expressed NeuN,

a marker of mature neurons (Mullen et al. 1992) (Fig. 2A,B and
Table 1). The situation was similar in the deep layers of the
paleocortex, although in this region some scarce PSA-express-
ing cells lacked this marker of mature neurons, as previously

described (Nacher, Alonso-Llosa, et al. 2002).
None of the PSA-expressing cells in these regions expressed

the marker of principal neurons Ca(2+)/CaM-dependent pro-

tein kinase II (CAMKII, Fig. 2C and Table 1). In consonance
with these results, the analysis of pyramidal neurons in Thy1-
YFP mice revealed that none of these cells expressed PSA,

neither in its soma nor in their proximal dendritic tree
(Supplementary Fig. 3). By contrast, many PSA-expressing cells
coexpressed GAD67, a marker of interneurons (Fig. 2D and
Table 1). These cells also expressed different calcium-binding

proteins and neuropeptides, although the percentages of
coexpression varied between the different molecules studied
and the cortical regions analyzed (Fig. 2E--F and Table 1).

Since the PSA-expressing nongranule cells of the hippocam-
pus were also studied in adult GIN mice (see ‘‘PSA-NCAM-

Expressing Interneurons Have Reduced Dendritic Arborization
and Spine Density Compared With Interneurons Lacking PSA-
NCAM’’ section below), their phenotype was also analyzed and
found to be similar to that described in rats (Supplementary

Table 2 and Fig. 4): Most PSA-expressing cells coexpressed
NeuN and many of them expressed GAD67, calcium-binding
proteins and neuropeptides.

In order to estimate the proportion of the general
population of interneurons that coexpressed PSA in rats and
mice, we also studied the percentage of GAD67-expressing

interneurons coexpressing PSA. All percentages observed in
the different rat cortical regions range between 8% and 10.5%
(Table 1), although a higher percentage was found in the

hippocampus of GIN mice (34 ± 1.41%).
Ultrastructural analysis of cortical pyramidal cells in pre-

embedding PSA immunostained sections revealed that, contrary
to what was observed in interneurons (see density of synaptic

contacts chapter below), none of these cells expressed PSA in
the perisomatic region of its plasma membrane.

PSA-Expressing Interneurons Express Low Levels of Cell

Activity Markers but High Levels of NMDA and Glucocorticoid

Receptors

In order to know whether the expression of PSA interferes
with the activity of interneurons, we studied the expression of

the most commonly used cell activity markers in the CNS, c-
Fos, and Arc. Only very low percentages of the PSA-expressing
interneurons studied coexpressed c-Fos (Table 1). The

percentages of Arc coexpression were also low, except in the
case of hippocampal nongranule cells (Table 1 and Supple-
mentary Fig. 5A). By contrast, most PSA-expressing cells in all
the regions studied coexpressed the NR1 NMDA receptor

subunit (Table 1). The expression of glucocorticoid receptors
(GRs) in PSA-expressing cells was variable among the different
areas studied (Table 1): Most of these cells coexpressed GR in

the mPFC, about half of them coexpressed this receptor in the
paleocortex, but only very few hippocampal nongranule cells
coexpressed PSA and GR (Table 1 and Supplementary Fig. 5B).

PSA-Expressing Elements in the Cortical Neuropil Correspond

to Inhibitory Structures

None of the PSA-expressing puncta in the neuropil of deep
layers of entorhinal and prelimbic cortices expressed the

vesicular glutamate transporter 1 (VGLUT1, Fig. 3A), a molecule
responsible for the active transport of L-glutamate into synaptic
vesicles, which is generally used as a marker of excitatory
synapses in the telencephalon.

By contrast, we found that, in all the regions studied, some
PSA-expressing puncta coexpressed the vesicular GABA trans-
porter (VGAT, Fig. 3B and Table 2), which is associated with

synaptic vesicles in GABAergic synapses and is crucial for
inhibitory function (McIntire et al. 1997). GAD67 was also
expressed, with similar percentages in some PSA-expressing

puncta (Fig. 3C and Table 2), except in the neuropil of the
prelimbic cortex, where a higher degree of colocalization
was observed. In agreement with the VGAT and GAD67
coexpression, we also found that a similar percentage of PSA-

expressing puncta in every region studied was found closely
apposed to puncta-expressing gephyrin (Fig. 3D and Table 2),
a protein involved in the clustering of glycine and GABA(A)

receptors, which is detectable in the postsynaptic density of
inhibitory synapses (Fritschy et al. 2008). A small percentage of

Figure 1. Distribution of PSA-expressing cells in the cerebral cortex of adult rats (A)
and mice (B). Camera lucida drawings representing of 3 representative 50-lm
coronal sections covering the rostral to caudal extent of the rodent cerebral cortex.
The somata of PSA-immunoreactive cells with the characteristic morphology of
interneurons have been represented as small dots. PSA-immunoreactive cells in the
hippocampal subgranular zone and the paleocortex layer II have been omitted from
the drawings. Scale bar: 3.4 mm for A and 2 mm for B. The profiles of the
representative sections have been modified from those in Paxinos and Watson (1986)
and Paxinos and Franklin (1997).
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PSA-expressing puncta also coexpressed SYN, a synaptic vesicle
membrane protein (Greengard et al. 1993), in the neuropil of
all the areas analyzed (Fig. 3E and Table 2).

PSA-Expressing Interneurons Are Generated during

Embryonic Development

Embryonic Neurogenesis

The analysis of the hippocampus, paleocortex, and mPFC of

adult rats, which received 5#BrdU at different embryonic stages
(E11.5, E13.5, E15.5, and E17.5), revealed that the highest

proportion of PSA-expressing cells displaying 5#BrdU-labeled
nuclei was found in those injected at E15.5 (Supplementary Fig.
5C), although there were small differences between the 3

regions analyzed (for details, see Table 1).

Early Postnatal and Adult Neurogenesis

In all thegroups, somescarce5#BrdU-labelednucleiwere found in
all the regions studied (many of them appeared in pairs), we never

observed anyof thesenuclei located insidea PSA-expressing soma.
By contrast, several PSA-immunoreactive cells displaying
a 5#BrdU-labeled nucleus could be observed in areaswith known

Figure 2. Confocal microscopic analysis of the phenotype of PSA-expressing cells in selected adult rat cortical regions. (A and B) NeuN coexpression. (A) Hippocampal
nongranule cells. (B) Deep layers of entorhinal cortex. (C) Hippocampal nongranule cell lacking CAMKII expression. (D) Hippocampal nongranule cells coexpressing GAD67. (E)
Cells coexpressing CB in deep layers of entorhinal cortex. (F) Cell coexpressing NPY in entorhinal cortex layer III. (G) Cell coexpressing SST in piriform cortex layer III. Scale bar: 25
lm. Insets are 2D projections of 4 (A), 5 (B), 9 (C), 6 (D), 13 (E), 10 (F), or 15 (G) consecutive confocal planes located 1-lm apart. NeuN, neuronal nuclear antigen; CAMKII,
Ca2þcalmodulin dependent protein kinase II; GAD67, glutamate decarboxylase, isoform 67; CB, calbindin-D28K; NPY, neuropeptide Y; SST, somatostatin.
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adult neurogenic activity (subventricular zone, rostral migratory

stream, olfactory bulb, and subgranular zone). This expression

pattern was observed in 1) the animals injected with 5#BrdU in

postnatal days P0, P10, and P20 and sacrificedwhen 3months old

and 2) in the 3-month-old rats injected with 5#BrdU and

sacrificed 2, 4, 7, 14, 21, or 30 days later.

NCAM Is the Only Polysialylated Protein in Interneurons

Although NCAM is the major carrier of PSA in the vertebrate

CNS (Hildebrandt et al. 2008), different reports have described

the presence of this complex sugar in some other proteins (for

details, see Introduction). Since the antibody used in this study

recognizes only PSA but not the protein to which it is attached,

Figure 3. Confocal microscopic analysis of the phenotype of PSA-expressing puncta in the neuropil of the adult rat cerebral cortex. (A) VGLUT1 expression in the neuropil of deep
layers of prelimbic cortex. A complete lack of colocalization is observed, although some scarce puncta expressing PSA can be seen close to one expressing VGLUT1 (please see
enlarged view in inset). (B) PSA- and VGAT-expressing puncta in the neuropil of the prelimbic cortex (arrowheads and enlarged view in inset). (C) Coexpression of PSA and GAD67
in the neuropil of the entorhinal cortex. Note the abundance of puncta coexpressing both markers. It is also very frequent to see GAD67-expressing puncta surrounded by PSA
immunoreactivity (please see enlarged view in inset). (D) PSA- and gephyrin-expressing puncta in the piriform cortex layer III neuropil. Arrowheads indicate double-labeled puncta,
and the inset shows a pair of closely apposed gephyrin/PSA-expressing structures. (E) PSA- and SYN-expressing puncta in the neuropil of the deep layers of prelimbic cortex.
Note the abundance of puncta coexpressing both molecules (arrowheads and enlarged view in inset). All the images in this figure are taken from unique confocal planes. Scale
bar: 5 lm. Squared areas are enlarged twice in the insets. GAD67, glutamate decarboxylase, isoform 67.
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we analyzed inhibitory elements in NCAM-deficient mice using
PSA immunohistochemistry. Our study revealed the absence of
PSA expression in cortical somata or neuropil elements

expressing GAD67 (Fig. 4A,B), indicating that in inhibitory
elements, PSA was exclusively associated to NCAM. Conse-
quently, from this point, the antigen recognized by our

antibody is denominated PSA-NCAM.

The Expression of PSA-NCAM in Interneurons Is Not

Affected by Genetic Deletion of NCAM in Principal Cells

The analysis of PSA-NCAM expression in NCAMff+ mice (in
which the NCAM gene is ablated under the control of the

CaMKII promoter and thus absent from principal neurons) has
revealed very few differences when comparing these animals
with their wild-type littermates. NCAMff+ mice lacked PSA-

NCAM expression in their hippocampal mossy fibers but
presented several labeled cells in the SGZ of the dentate
gyrus, as described (Bukalo et al. 2004). Typical PSA-NCAM--

expressing interneurons were found in all the regions
studied, with similar morphology and distribution to those
described in GIN mice, many of which coexpressed GAD67

(Fig. 4C,D). We estimated the number of PSA-NCAM--express-
ing cells in the CA1 region of the entire hippocampus, and
there were no significant differences between NCAMff–

(1892 ± 224.4) and NCAMff+ mice (2004 ± 70.8) (Unpaired

student’s t-test, P = 0.86). However, densitometric analysis
revealed that NCAMff+ mice showed a small, but significant,
reduction in PSA-NCAM expression in the neuropil of CA1

lacunosum moleculare (wild type: 83.556 ± 7.601, NCAMff+:
28.667 ± 3.908; P = 0.046, Fig. 4E,F). This reduction was not
detectable in deep layers of the infralimbic cortex (wild type:

24.443 ± 6.738, NCAMff+: 36.113 ± 10.794; P = 0.932,
Fig. 4G,H).

PSA-NCAM--Expressing Interneurons Have Lower Density

of Perisomatic and Peridendritic Puncta than

Interneurons Lacking PSA-NCAM

The analysis of perisomatic and peridendritic puncta on PSA-
NCAM--expressing interneurons was performed in deep layers
of the paleocortex and in the ventral hippocampus (Tables 3

and 4). These cells displayed perisomatic and peridendritic
puncta expressing different markers of presynaptic excitatory

(VGLUT1, Fig. 5A) and inhibitory (VGAT and GAD67, Fig. 5B,C)

elements as well as the general synaptic marker SYN (Fig. 6A).
The differences in the number of SYN-expressing puncta per

micron of soma or dendrite profile between interneurons
expressing PSA-NCAM with those lacking this molecule were

studied in the ventral hippocampus (Table 4, Fig. 6). In this
region, the number of puncta per micron was significantly
lower in PSA-NCAM--expressing interneurons, both in the

perisomatic and in the peridendritic regions (unpaired
Student’s t-test, P = 0.0005 and P = 0.001, respectively).

PSA-NCAM--Expressing Interneurons Have Lower Density

of Perisomatic Synapses than Interneurons Lacking

PSA-NCAM

The ultrastructure of PSA-NCAM--expressing nongranule neu-
rons in the ventral region of the hippocampus and of
interneurons in deep layers of the mPFC was studied with

transmission electron microscopy (Fig. 7). All the cells studied
showed typical interneuron features, such as a profound
invagination of the nucleus, reduced soma size when compared

with pyramidal neurons, and an electron-dense cytoplasm with
high density of mitochondria, endoplasmic reticulum, and
Golgi apparatus (Schwartzkroin and Kunkel 1985; Babb et al.

1988). Excitatory and inhibitory synaptic contacts were observed
in the perisomatic region of these interneurons. PSA-NCAM
expression was found restricted to the plasma membrane and
located exclusively at the extracellular surface (Fig. 7A,B).

Although immunolabeling was present in most of the surface of
the somata studied, it was never found on the surface contacting
a presynaptic membrane. By contrast, pyramidal neuron somata

in the hippocampus and mPFC cortex never showed PSA-NCAM
expression in their plasma membrane.

Since the qualitative estimation of the number of perisomatic

synaptic contacts per micron of membrane in these hippocampal
PSA-NCAM interneurons revealed differences with those lacking
PSA-NCAM expression in their vicinity, a detailed comparison of

this number was made. The number of perisomatic synaptic
contacts normalized to the cell perimeters sampled in PSA-
NCAM--expressing interneurons was significantly smaller than in
those lacking expression of this molecule (Fig. 7C).

PSA-NCAM--Expressing Interneurons Have Reduced

Dendritic Arborization and Spine Density Compared

With Interneurons Lacking PSA-NCAM

In the ventral hippocampus, Sholl analysis revealed reduced

dendritic arborization in GFP+/PSA-NCAM+--expressing inter-
neurons when compared with GFP+/PSA-NCAM– cells (Fig.
8A,B). These differences were significant in the 2--6 segments
(20 lm) of distance from the soma, reaching a maximum

difference in the fourth segment (Fig. 8C). The number of
bifurcations was also significantly smaller in PSA-NCAM--
expressing interneurons (Fig. 8D).

The analysis of dendritic spine density also showed significant
differences in the dendrites of the PSA-NCAM--expressing

Table 2

Percentages of PSA-expressing puncta coexpressing different neurochemical and synaptic

markers in the neuropil of the rat cerebral cortex

Paleocortex Prelimbic cortex

VGLUT1 0 0
VGAT 17 ± 1 19 ± 1
GAD67 18 ± 0.5 39 ± 12
Gephyrin 10 ± 5 15 ± 1.5
SYN 10 ± 1.5 13 ± 0.5

Table 3

Number of perisomatic and peridendritic puncta per micron on PSA-NCAM-expressing cells

Entorhinal
cortex
(soma)

Entorhinal
cortex
(dendrites)

Nongranule
cells
(soma)

Nongranule
cells
(dendrites)

VGLUT1 0.11 ± 0.01 0.15 ± 0.02 0.07 ± 0.01 0.06 ± 0.01
GAD67 0.08 ± 0.02 0.18 ± 0.03 0.20 ± 0.03 0.28 ± 0.02
SYN 0.17 ± 0.03 0.33 ± 0.03 0.19 ± 0.03 0.24 ± 0.1

Table 4

Comparison of the number of perisomatic and peridendritic SYN puncta/micron between GAD67-

expressing cells and GAD67/PSA-NCAM coexpressing cells

Nongranule cells
(perisomatic puncta)

Nongranule cells
(peridendritic puncta)

GAD67þ/PSA-NCAM� 0.39 ± 0.03 0.66 ± 0.08
GAD67þ/PSA-NCAMþ 0.19 ± 0.03 0.24 ± 0.04
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interneurons (Fig. 8E,F). The dendrites of interneurons express-
ing GFP were divided into 3 segments of 60 lm. We found

a significant reduction in the dendritic spine density of PSA-
NCAM--expressing interneurons in the 2 distal segments (Fig.
8G). This reduction was also significant when taking into

account the whole length of the dendrite fragment studied
(Fig. 8H).

Discussion

PSA-NCAM--Expressing Cells Are Mature Interneurons

Widely Distributed in the Adult Rodent Cerebral Cortex

The present results describe a widespread distribution of
mature PSA-expressing neurons in the adult rodent cerebral

cortex. They expand previous findings describing the existence
of PSA-expressing cells in the hippocampus outside the
subgranular zone (Nacher, Blasco-Ibanez, and McEwen 2002)

and in the mPFC (Varea, Castillo-Gomez, et al. 2007). Other
authors previously also acknowledged briefly the existence of

these cells in the hippocampus (Bonfanti et al. 1992) and in the

ventral cingulate cortex of rodents (Seki and Arai 1991) and the

neocortex, hippocampal formation, and entorhinal cortex of

humans (Mikkonen et al. 1999; Arellano et al. 2002; Varea,

Castillo-Gomez, et al. 2007). However, a detailed analysis of the

distribution of these cells and their phenotype has only been

performed in the hippocampus and mPFC of rodents.

Although NCAM is not the exclusive carrier of PSA (Zuber
et al. 1992; Close and Colley 1998; Curreli et al. 2007; Galuska
et al. 2010), the present results strongly suggest that NCAM is

its only carrier in cortical interneurons. Consequently, follow-
ing the terminology used in our previous reports and in that of
other laboratories, in this discussion and the appropriate parts
of the Results section, we refer to this molecule as PSA-NCAM.

Due to its intense expression in immature neurons,
PSA-NCAM has been erroneously considered in many studies
an exclusive developmental marker. However, previous works

have clearly demonstrated its presence in mature neurons and
its involvement in their structural plasticity (for review, see

Figure 4. Confocal microscopic analysis of PSA expression in inhibitory elements (expressing GAD67) in NCAM-deficient mice and NCAMff mice. GAD67- and PSA-expressing
interneuronal somata are indicated by arrows. (A--F) CA1 hippocampal stratum radiatum and (G and H) prelimbic cortex. (A) NCAMþ/þ mice display PSA and GAD67
immunoreactivity in neuronal somata and neuropil. (B) In NCAM�/� mice, although GAD67 expression is still present, PSA-NCAM labeling is completely absent. (C) NCAMff�
mice show normal PSA-NCAM and GAD67 expression. (D) This expression pattern is preserved in NCAMffþ mice. (E and F) PSA-NCAM expression in the CA1 stratum
lacunosum moleculare. Observe that immunoreactivity is considerably reduced in NCAMffþ mice. (G and H) PSA-NCAM expression in prelimbic cortex layer IV. No differences in
immunoreactivity intensity can be observed between NCAMff� and NCAMffþ mice. All images are single confocal sections. Scale bar: 75 lm for A--D and 25 lm for E--H.
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Bonfanti 2006; Gascon et al. 2007; Rutishauser 2008). The
present work also argues against this incorrect view and clearly

indicates that most PSA-NCAM--expressing cells outside adult
neurogenic regions and paleocortex layer II are mature
neurons, most of which have been generated during embryonic
development.

Different lines of evidence indicate that mature cortical
neurons expressing PSA-NCAM constitute a subpopulation of
interneurons: 1) the expression of the enzyme responsible for

GABA synthesis (revealed by GAD67 immunohistochemistry
and by the analysis of transgenic mice expressing GFP under
the GAD67 promoter), 2) the ultrastructural characteristics,

and 3) the expression of different neuropeptides and calcium-
binding proteins considered exclusive markers of mature
interneurons.

The fact that many PSA-NCAM--expressing cells do not
appear to colocalize with inhibitory markers can be explained
because none of these markers is present in all interneurons.
Even the expression of GABA or their synthesizing enzymes is

not found in all interneuronal somata; some interneurons,

depending on their activity or the distance to their axonal
terminals, may have low levels of these molecules in their

somata (Freund and Buzsaki 1996). The differences observed in
the percentages of PSA-NCAM/GAD67--expressing hippocam-
pal nongranule neurons between rats and mice may be due to
species differences in the expression of the enzyme or in its

antigenicity since the methodology used and the region studied
were the same in both species.

PSA-NCAM--expressing elements in the cortical neuropil also

appear to belong to inhibitory neurons because they express
markers associated with interneuronal neurites or synapses.
Most of these elements must correspond to neurites of local

interneurons, although, since PSA-NCAM is expressed in
interneurons of extracortical regions, such as the amygdala
(Nacher J and Gomez-Climent MA, unpublished data) or the

septum (Foley et al. 2003), some of them may correspond to
projections from extracortical origin.

Moreover, our data demonstrate that PSA-NCAM expression
is clearly absent from mature principal neuron somata in the

adult cerebral cortex, using electron microscopy, CAMKII

Figure 5. Confocal microscopic analysis of perisomatic and peridendritic puncta on PSA-NCAM--expressing interneurons of adult rats. Ventral hippocampus. (A) VGLUT1-
expressing puncta on PSA-NCAM--expressing cells. (B and C) VGAT (B) and GAD67 (C) expressing puncta on PSA-NCAM--expressing cells. Note the abundance of perisomatic
and peridendritic puncta on the cell surface (insets). All the images in this figure are taken from single confocal planes. Scale bar: 5 lm. (Insets in the figures are 32
enlargements.) GAD67, glutamate decarboxylase, isoform 67.
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immunohistochemistry, and transgenic mice, in which pyrami-
dal neurons can be unequivocally identified by YFP expression.

The absence of PSA-NCAM expression in principal neurons of
the neocortex is also supported by our analysis of NCAMff+

transgenic mice, in which NCAM is absent from excitatory

neurons. However, certain mature excitatory neuronal pop-
ulations in the hippocampus of wild-type rodents express PSA-
NCAM only in their axons or their terminal boutons: the axons

(mossy fibers) of most mature granule cells in the hilus and CA3
stratum lucidum (Seki and Arai 1999) and the terminal boutons
of axons of CA3 pyramidal neurons (Schaffer collaterals), some
of which terminate in the CA1 stratum lacunosum moleculare

(Muller et al. 1996; Schuster et al. 2001). This may explain the
lack of PSA-NCAM expression in the mossy fibers of NCAMff+

mice (Bukalo et al. 2004), and its reduction in the stratum

lacunosum moleculare (present results). However, in NCAMff+

mice, not only PSA but also NCAM are ablated and, conse-
quently, the effects observed may be NCAM dependent.

Cortical interneurons can be classified on basis of their
neurochemical properties by the expression of different
calcium-binding proteins and neuropeptides (for review, see
Freund and Buzsaki 1996; Markram et al. 2004; Ascoli et al.

2008). The present results indicate that cortical PSA-NCAM--
expressing interneurons do not belong to any of the previously
described categories. Moreover, there are substantial differ-

ences in the coexpresssion of PSA-NCAM and different calcium-
binding proteins/neuropeptides between different cortical

regions, especially in the hippocampus. In the paleocortex
and neocortex, many of the PSA-NCAM--expressing cells

express calbindin and somatostatin, while few of them express
parvalbumin, calretinin, neuropeptideY, or vasointestinal peptide.
By contrast, in the hippocampus, many PSA-NCAM--expressing

nongranule neurons express calretinin. It is also conceivable that
some interneurons do not express PSA-NCAM in their somata but
only in their terminal fields.

Possible Dynamics of PSA-NCAM Expression in

Interneurons

In contrast to PSA-NCAM expression in the hippocampal

subgranular zone or the paleocortex layer II, which is strongly
downregulated during aging (Seki and Arai 1995; Abrous et al.
1997; Varea et al. 2009), PSA-NCAM expression in cortical

interneurons is stable over lifetime (both in the number of PSA-
NCAM--expressing cells and in the intensity of PSA-NCAM--
expressing neuropil) (Varea et al. 2009). However, we do not

know whether PSA-NCAM is expressed always in the same
subgroup of interneurons or whether different groups of
interneurons can switch on and off this expression depending
on synaptic activity. It is also possible that all, or a subset, of

PSA-NCAM--expressing interneurons retain this expression
constitutively since their generation during embryonic de-
velopment. In any case, our laboratory has demonstrated that

different pharmacological manipulations can increase or de-
crease the number of PSA-NCAM--expressing neurons in the

Figure 6. Confocal microscopic analysis of perisomatic and peridendritic puncta on PSA-NCAM--expressing versus non-PSA-NCAM--expressing interneurons of adult rats. Ventral
hippocampus. (A) SYN-expressing puncta on a cell coexpressing PSA-NCAM and GAD67. (B) SYN-expressing puncta on a GAD67-expressing cell lacking PSA-NCAM expression.
All the images in this figure are taken from single confocal planes. Scale bar: 5 lm. (Insets in the figures are 32 enlargements.) GAD67, glutamate decarboxylase, isoform 67.
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adult cerebral cortex (Varea, Blasco-Ibanez, et al. 2007; Varea,
Castillo-Gomez, et al. 2007; Castillo-Gomez et al. 2008),
indicating that, at least to some extent, inhibitory neurons
can stop expressing, express de novo, or reexpress PSA-NCAM.

Although there are reports on postnatal generation of
interneurons in the neocortex (Cameron and Dayer 2008;
Ohira et al. 2010), our 5#BrdU studies do not support the

possibility that PSA-NCAM--expressing interneurons belong to
this subpopulation of recently generated neurons.

Functional Significance of PSA-NCAM Expression in

Interneurons

The most important issue in our study is the question relating
to the physiological consequences for an interneuron to

express PSA-NCAM on its plasma membrane. Two nonexclud-
ing hypotheses can be formulated. First, the presence of PSA-
NCAM reduces cell-to-cell and cell-to-extracellular matrix

adhesion, thus allowing interneurons to remodel the structure
of their neurites, spines, and/or synapses. Thus, the morphol-
ogy of PSA-NCAM--expressing interneurons may be just an
instantaneous ‘‘picture’’ of a dynamic remodeling process.

Whether PSA-NCAM expression is necessary for arbor rear-
rangements observed in cortical interneurons in vivo (Lee et al.
2006) remains to be explored. Logically, the next step would

be to study the effects of PSA depletion on interneuronal
structure and preliminary experiments in our laboratory
indicate that these effects are indeed intense.

The second hypothesis would imply that PSA-NCAM
expression plays an insulatory role, restricting the possibility
of establishing synaptic contacts in the plasma membrane

regions where it is present. In fact, under the electron
microscope, we never have found a synapse in a portion of
surface displaying PSA-NCAM expression, and previous
reports have suggested that reduced NCAM function (for

instance by the addition of PSA) may lead to a decreased
stability of synaptic contacts (De Paola et al. 2003). We cannot
exclude, however, that the absence of PSA-NCAM in some of

these synapses may be due to problems with antibody
penetration or immunodetection protocols in the material
destined to electron microscopic studies. Additionally, it has

to be noted that the detection of perisomatic puncta using
immunohistochemistry and confocal microscopy suggests,
but does not demonstrate, the presence of synapses. Only

transmission electron microscopy can clearly show these
structures. The spatial resolution provided by conventional
confocal microscopy may be insufficient to discriminate the
location of the molecules in the synapse or to clearly

distinguish the puncta that make synapses with PSA-NCAM--
expressing neurons from closely located ones that may not
have synaptic contacts.

We have recently described that immature PSA-NCAM--
expressing neurons in the adult paleocortex layer II are
completely isolated from synaptic input, probably due to the

presence of PSA-NCAM and glial processes in most of their
surface (Gomez-Climent et al. 2008). By contrast, this
insulation is incomplete in PSA-NCAM--expressing interneur-
ons, since we have found that some excitatory and inhibitory

puncta are found close to their perisomatic and peridendritic
surface, and both excitatory and inhibitory synapses contact at
least the perisomatic region of these interneurons. Conse-

quently, PSA-NCAM--expressing interneurons are integrated in
the cortical circuits but, since they receive less input, they may

Figure 7. (A and B) Electron micrographs of gold-immunolabeled PSA-NCAM--
expressing cells in the ventral hippocampus of adult rats. (A) Panoramic view of
a PSA-NCAM--expressing interneuron soma. Black arrowheads point to antigen
location on the surface of the plasma membrane The small inset, in the right top of
the figure, show an optical micrograph of the PSA-NCAM--expressing neuron in the
resin-embedded sections from where ultrathins were obtained. (B) Detailed view of
the squared area in A, showing an asymmetric synaptic contact (white arrowhead) on
the surface of the cell somata. Note that gold particles (black arrowheads) are found
in the surroundings of the synapse but not inside it. (C) Histogram showing the
differences in the number of perisomatic synapses per micron between interneurons
lacking PSA-NCAM expression and those expressing this molecule. Asterisks indicate
statistically significant differences (*P \ 0.05, **P \ 0.01), and values represent
means ± standard error of the mean. Scale bar 5 5 lm for A, 0.5 lm for B.
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Figure 8. Dendritic arborization and spine density in GFPþ/PSA-NCAM� versus GFPþ/PSA-NCAMþ expressing interneurons in the ventral hippocampus of GIN mice. (A and B) 3D
reconstructions of GFP-expressing interneurons lacking PSA-NCAM expression (A) and coexpressing PSA-NCAM (B). Insets are views of the somata displayed in A and B showing coexpression
of PSA-NCAM (up) and GFP (bottom). (C and D) Sholl analysis of GFP-expressing interneurons, showing intersection number per 20-lm dendritic radial unit distance from the soma (C) and
bifurcation number (D). White circles (C) and bars (D) indicate interneurons lacking PSA-NCAM expression and black circles and bars correspond to PSA-NCAM--expressing interneurons. (E and
F) Compositions, using fragments of different confocal planes, of spinous dendrites of GFP-expressing cells in interneurons expressing PSA-NCAM (E) and in interneurons lacking this molecule
(F). (G andH) Histograms of the differences in dendritic spine density in segments at different distances from the soma (G) and the total density of dendritic spines (H). Scale bar5 10lm (E and
F) and 50 lm (A and B). Asterisks indicate statistically significant differences (*P\ 0.05, **P\ 0.01, ***P\ 0.001). Values represent means ± standard error of the mean.
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have reduced activity, possibly resulting in reduced dendritic
arborization, decreased spine density, and low expression of
cell activity markers. Electrophysiology experiments need to be
performed to verify this hypothesis. However, new techniques

for identifying PSA-NCAM--expressing cells, which do not affect
PSA function/structure, should be developed before conduct-
ing these experiments. It is tempting to think that PSA-NCAM--

expressing interneurons may constitute a reservoir, which,
after downregulating PSA-NCAM expression, may receive more
synaptic contacts and thus become more integrated in the

circuitry. Conversely, PSA-NCAM upregulation in interneurons
may lead to the opposite effect.

It has to be noted that, in contrast with our results,

a previous report described that PSA-NCAM--expressing neu-
rons receive more synapses than those lacking NCAM (and
consequently PSA) (Dityatev et al. 2000), suggesting that the
presence of PSA-NCAM may promote synapse formation.

However, these were cultured neurons from very young
animals. It is possible that in the environment of the control
adult cerebral cortex, in which plasticity is reduced, the

presence of PSA-NCAM in interneurons may mainly have an
insulating role.

The presence of PSA-NCAM on interneurons may also

interfere with NCAM-signaling pathways in these cells or their
synaptic input: Different reports have demonstrated that
polysialylation of NCAM decreases homophilic binding and
may influence the interactions with heterophilic-binding

partners, such as growth factor receptors (for review, see
Gascon et al. 2007) or, as it has been recently described,
glutamate receptors (Kochlamazashvili et al. 2010).

In conclusion, expression of PSA-NCAM on interneurons may
have important implications on the structure and physiology of
cortical inhibitory circuits. This expression may also be

relevant for the understanding of the etiology of certain
psychiatric disorders, in which alteration of inhibitory net-
works has been described. Recent work in our laboratory has

demonstrated PSA-NCAM expression in the neocortex is
regulated by dopamine (Castillo-Gomez et al. 2008) and
serotonin (Varea, Blasco-Ibanez, et al. 2007; Varea, Castillo-
Gomez, et al. 2007), which are profoundly implicated in the

etiology and pharmacological treatment of schizophrenia and
major depression. Moreover, this expression is also regulated in
animal models of depression, (Pham et al. 2003; Cordero et al.

2005), and in the hippocampus of schizophrenic patients
(Barbeau et al. 1995).
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Abstract

Background: Antidepressants promote neuronal structural plasticity in young-adult rodents, but little is known of
their effects on older animals. The polysialylated form of the neural cell adhesion molecule (PSA-NCAM) may
mediate these structural changes through its anti-adhesive properties. PSA-NCAM is expressed in immature
neurons and in a subpopulation of mature interneurons and its expression is modulated by antidepressants in the
telencephalon of young-adult rodents.

Results: We have analyzed the effects of 14 days of fluoxetine treatment on the density of puncta expressing PSA-
NCAM and different presynaptic markers in the medial prefrontal cortex, hippocampus and amygdala of middle-
aged (8 months old) rats. The density of puncta expressing PSA-NCAM increased in the dorsal cingulate cortex, as
well as in different hippocampal and amygdaloid regions. In these later regions there were also increases in the
density of puncta expressing glutamic acid decarboxylase 65/67 (GAD6), synaptophysin (SYN), PSA-NCAM/SYN and
PSA-NCAM/GAD6, but a decrease of those expressing vesicular glutamate transporter 1 (VGluT1). Since there is
controversy on the effects of antidepressants on neurogenesis during aging, we analyzed the number of
proliferating cells expressing Ki67 and that of immature neurons expressing doublecortin or PSA-NCAM. No
significant changes were found in the subgranular zone, but the number of proliferating cells decreased in the
subventricular zone.

Conclusions: These results indicate that the effects of fluoxetine in middle-aged rats are different to those
previously described in young-adult animals, being more restricted in the mPFC and even following an opposite
direction in the amygdala or the subventricular zone.

Background

Recent hypotheses support the idea that abnormalities

in neuronal structural plasticity may underlie the etio-

pathogenesis of major depression [1,2]. Accordingly, it

has been shown that patients and animal models of this

disorder show changes in the volume of certain cerebral

regions, such as the hippocampus, the medial prefrontal

cortex or the amygdala, which are related to the reorga-

nization of neuronal structure and may affect their con-

nectivity [3,4]. However, these structural changes are

not limited to neuronal remodeling, they may also affect

the production of new neurons, specially in the adult

hippocampus [5-8]. Interestingly, antidepressant treat-

ment is able to revert or block this plasticity in experi-

mental animals and humans [9-13]. In fact, different

lines of evidence indicate that both neuronal remodeling

[14-17] and adult neurogenesis [12,18] may play an

important role in the way of action of antidepressant

drugs.

The regulation of the expression of cell adhesion

molecules is critical for the neuronal structural remodel-

ing induced by aversive experiences or by antidepressant

treatments [19]. Previous results from our laboratory

have shown that chronic treatment with the serotonin

(5HT) reuptake inhibitor fluoxetine, a commonly used

antidepressant, influences the expression of the
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polysialylated form of the neural cell adhesion molecule

(PSA-NCAM) in different regions of the CNS of young-

adult animals [20,21]. Similar results have been obtained

with another antidepressant, imipramine [17]. PSA-

NCAM, due to its anti-adhesive properties, creates a

steric impediment for cell adhesion and, consequently,

promotes structural plasticity [22]. In fact, the changes

in PSA-NCAM expression induced by chronic fluoxetine

treatment are accompanied by parallel changes in the

expression of the synaptic protein synaptophysin (SYN),

suggesting the occurrence of synaptic remodeling [21].

PSA-NCAM expression is abundant during development

and, although it decreases markedly during adulthood, it

is still detectable in many cerebral regions, such as the

medial prefrontal cortex (mPFC) [23,24], amygdala [25]

and hippocampus [26], which are known to be involved

in major depression. In these regions, PSA-NCAM is

expressed in immature neu-rons, such as those in the

hippocampal subgranular zone (SGZ) [27] and the sub-

ventricular zone (SVZ) [28], but it is also expressed in a

subpopulation of mature interneurons [29,24], which

have reduced syn-aptic input and morphological features

compared with other interneurons lacking PSA-NCAM

[30]. Pre-vious work in our laboratory demonstrated

that 5HT, acting via 5HT3 receptors is able to regulate

PSA-NCAM expression in the mPFC of adult rats [20].

The effects of antidepressants on neuronal plasticity

are not restricted to structural remodeling of neurons

and their connections, they may also influence the gen-

eration and incorporation of new neurons in the adult

CNS. Chronic antidepressant treatments increase neuro-

genesis in the SGZ of the dentate gyrus and the SVZ of

young-adult rodents [31,32], and this increase appears

to be required at least for part of the behavioral

improvement observed in the treated animals [18].

However, other studies are in disagreement with these

findings and have found that antidepressants do not

produce an increase in neurogenesis in the SGZ [33,34].

Despite all these interesting findings regarding the

effects of antidepressants on neuronal plasticity, it has

to be noted that most of the experiments have been per-

formed using young-adult rodents, usually 2-3 months

old. Consequently, there is controversy on whether anti-

depressants, and specifically 5HT reuptake inhibitors,

exhibit the same efficacy within different age groups.

This is particularly interesting because aging influences

both neurogenesis [35] and PSA-NCAM expression

[36]. Studies on the effects of antidepressant treatment

using older animals are still scarce: Only a few works

have studied neurogenesis in the SGZ [32,37], but not

in the SVZ and, to our knowledge, none has studied

other types of neuronal structural plasticity.

We have analyzed the effects of 14 days of chronic

fluoxetine treatment on middle-aged (8 month old) rat

brains, studying the expression of PSA-NCAM and that

of different presynaptic proteins in regions known to be

specially affected in patients and in animal models of

major depression, as well as by antidepressant treatment,

such as the mPFC, the amygdala, and the hippocampus

[38-42]. We have studied the expression of SYN a gen-

eral synaptic marker, glutamic acid decarboxylase 65/67

(GAD6), a marker for inhibitory synapses and the vesi-

cular glutamate transporter 1 (VGluT1), a marker of

excitatory synapses. To study the effects of fluoxetine on

adult neurogenesis, we have analyzed the numbers of

im-mature cells, using immunohistochemistry for dou-

blecortin (DCX) and PSA-NCAM, and those of prolife-

rating cells with Ki67 in the two neurogenic niches of

the adult brain: the SGZ and the SVZ.

Methods

Animal treatments

Fourteen adult male Wistar rats (8 months old) were

used in this experiment. All the rats were maintained in

standard conditions of light (12 hour cycles) and tem-

perature, with no limit in the access to food or water.

All animal experimentation was conducted in accor-

dance with the Directive 2010/63/EU of the European

Parliament and of the Council of 22 September 2010 on

the protection of animals used for scientific purposes

and was approved by the Committee on Bioethics of the

Universitat de València. Every effort was made to mini-

mize the number of animals used and their suffering.

Rats were chronically injected intraperitoneally either

with the antidepressant fluoxetine (n = 7, 10 mg/kg), or

with saline solution (n = 7), during 14 days (once daily

at 10.00 am). Previous studies have shown that this dose

produces behavioral changes and increases in the

expression of plasticity-related molecules [21,58]. The

day after these treatments, rats were perfused transcar-

dially under deep chloral hydrate anesthesia (chloral

hydrate 4%, 1 ml/100 gr), first with saline and then with

4% paraformaldehyde in so-dium phosphate buffer (PB

0.1 M, pH 7.4). After perfusion, the brains were

extracted and cryoprotected with 30% sucrose in PB.

Brains were cut into 50 μm thick sections with a freez-

ing sliding microtome, collected in 10 subseries and

stored at - 20°C in 30% glycerol, 30% ethylene glycol in

PB 0.1 M until used.

Immunohistochemistry

Tissue was processed free-floating as follows: Briefly,

sections were incubated for 1 min in an antigen

unmasking solution (0.01 M citrate buffer, pH 6) at 100°

C. After cooling down the sections to room tempera-

ture, the endogenous peroxidase was blocked with 10

min incubation in a solution of 3% H2O2 in phosphate

buffered saline (PBS). Afterwards, slices were incubated
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in 10% normal donkey serum (NDS) (Abcys SA), 0.2%

Triton-X100 (Sigma) in PBS with for 1 hour; then, they

were incubated overnight at room temperature with

goat polyclonal anti-doublecortin (DCX) (C-18; 1:250;

Santa Cruz Biotechnology, Inc.), mouse monoclonal

anti-PSA-NCAM IgM (1:1400; Abcys SA) or mouse

monoclonal anti-Ki67 IgG (1:2000; Novocastra). After

washing, sections were incubated for 30 min with bioti-

nylated donkey anti-goat IgG, donkey anti-mouse IgM

or donkey anti-mouse IgG (1:200; Jackson Immunore-

search) antibodies, followed by an avidin-biotin-peroxi-

dase complex (ABC, Vector Laboratories) for 30 min in

PBS. Color development was achieved by incubating

with 0,5% 3,3’ diaminobenzidine tetrahydrochloride

(DAB, Sigma) and H2O2 for 4 min. All the sections

passed through all procedures simultaneously to mini-

mize any difference from immunohistochemical staining

itself.

For double fluorescence immunohistochemistry, slices

were incubated overnight with rabbit polyclonal anti-

synaptophysin (SYN) IgG (1:1000; Chemicon Int. Inc.)

and mouse monoclonal anti-PSA-NCAM IgM (1:1400;

Abcys SA). Then, were incubated for 1 hour with don-

key anti-rabbit IgG Dylight 488 and donkey anti-mouse

IgM Dylight 555 (1:200; Jackson Immunoresearch).

For triple immunohistochemistry, the procedure was

similar but using a combination of anti-PSA-NCAM,

anti-glutamic acid decarboxylase 65/67 (GAD6; 1:500;

Developmental Studies Hybridoma Bank) and anti-vesi-

cular glutamate transporter (VGluT1; 1:2000; Chemicon

Int. Inc.) antibodies. In this case the following secondary

antibodies were used: anti-mouse IgM Dylight 555, anti-

mouse IgG subtype 1 specific Dylight 488 and anti-gui-

nea pig IgG Dylight 647 respectively.

Quantitative analysis

All the slides containing sections destined to quantita-

tive analysis were coded and their code was not broken

until the analyses were finished.

The volume of the mPFC, the hippocampus and the

lateral and basolateral region of the amygdala was esti-

mated using Volumest, an ImageJ plugin for volume

estimation using an stereological method. For this analy-

sis we used the tissue processed with PSA-NCAM

immunohistochemistry and developed with DAB was

used.

The images used for the analysis of neuropil puncta

were obtained with a confocal microscope (Leica TCS

SPE) and parallel subseries of Nissl stained sections

were used as guides to help locate the regions of inter-

est. We analyzed layer V of two different regions of the

medial prefrontal cortex (mPFC): the prelimbic cortex

(PrL) in a single section corresponding to Bregma +2.20

mm and another one of the dorsal cingulate cortex

(Cg2) (Bregma +1 mm). In the amygdala, five nuclei

were analyzed in one section (Bregma -3.30 mm):

basomedial, lateral, medial, central and basolateral. Dif-

ferent regions and strata of the hippocampus were also

analyzed in another section (Bregma -4.30 mm): the

molecular layer of the dentate gyrus, the strata lacuno-

sum-moleculare, radiatum and oriens of CA1 and the

stratum lucidum of CA3. Confocal z-stacks covering the

whole depth of the sections were taken with 1 μm step

size and only subsets of confocal planes with the opti-

mal penetration level for each antibody were selected.

On these planes, small regions of the neuropil (505

μm2) were selected for analysis, in order to avoid blood

vessels and cell somata.

Images were processed using ImageJ software as fol-

lows: the background was substracted with rolling value

of 50, converted to 8-bit deep images and binarized

using a determined threshold value. This value

depended on the marker and the area analyzed and was

kept the same for all images with the same marker and

area. Then, the images were processed with a blur filter

to reduce noise and separate closely apposed puncta.

Finally, the number of the resulting dots per region was

counted, as well as the colocalization between PSA-

NCAM and the different pre-synaptic markers (Addi-

tional File 1, Figure S1). In addition, we also analyzed

the size of the dots and the total surface covered by

the puncta after binarization. Means were determined

for each animal group and the data were subjected to

two-way ANOVAs with repeated measures followed by

Bonferroni post hoc test.

The density of DCX, PSA-NCAM and Ki67 expressing

cells in the SGZ of the dentate gyrus was estimated as

described before [25]. Briefly, sections were selected by

a 1:10 fractionator sampling covering the whole rostral

to caudal extension of the dentate gyrus and on each

section all labeled cells within the region of interest

were counted. Cell somata were identified and counted

with a 40 × objective using an Olympus CX41 micro-

scope. The volume of the different areas analyzed was

determined for each animal using the Cavalieri’s

method. Student’s t-test was performed for statistical

analysis.

In the SVZ, a single section between Bregma +0.48

and +0.7 mm, was analyzed for DCX, PSA-NCAM and

Ki67 immunohistochemistry. The number of immunor-

eactive cells was estimated following a modification of

the method described by Hansson et al. [43]. Ki67

expressing nuclei were counted using automatic count-

ing software as described above for immunoreactive

puncta, analyzing an area of 100 μm2 and then

expressed as the number of immunoreactive positive

cells per mm2. Densities of DCX and PSA-NCAM

expressing cells were too high for a correct individual
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cell count. Therefore, we performed densitometry of

small areas within the SVZ, using a 40 × magnification,

as described before [20].

Results

Weight of the animals and volume of the different

structures analyzed

In concordance with previous studies [44,45], chronic

fluoxetine treatment produced a significant diminution

of weight gain (p < 0.001) after 14 days, when compar-

ing the relation final weight/initial weight between the

treated animals (0.877 ± 0.017) and the controls (1.017

± 0.009) (Figure 1).

We also analyzed the effects of chronic fluoxetine

treatment on the volume of the different cerebral

structures studied. We did not observe changes in

the volume of the mPFC or the amygdala, but we

found an increase in the volume of the hippocampus

of the animals treated with fluoxetine (p = 0.001,

Figure 1).

Expression of plasticity-related Molecules

Medial prefrontal cortex

The expression pattern of PSA-NCAM in the mPFC was

similar to that described previously [23]: All regions

within the mPFC showed a moderate intensity of stain-

ing in layer I, nearly lack of staining in layer II, weak

staining in layer III and intense staining in layers V-VI

(Figure 2).

In this cortical region, there was an increase in the

density of PSA-NCAM expressing puncta in the fluoxe-

tine treated animals in the dorsal cingulate cortex (Cg2)

(p = 0.043), but not in the prelimbic cortex (PrL) (Fig-

ure 3 and Additional File 2, Table S1). No differences

were found in the density of puncta expressing synapto-

physin (SYN), glutamic acid decarboxylase 65/67

(GAD6), or vesicular glutamate transporter 1 (VGluT1)

in any of the regions studied (Figure 3 and Additional

File 2, Table S1)). We did not find changes in the den-

sity of puncta colocalizing PSA-NCAM/SYN, PSA-

NCAM/GAD6 or PSA-NCAM/VGluT1 neither in the

PrL nor in the Cg2 (Figure 2 and Additional File 2,

Table S1).

We did not find changes neither in the dot size nor in

the surface covered by puncta in any of the regions and

the markers analyzed (Additional File 3, Figure S2).

Amygdala

As described previously [24], low levels of PSA-NCAM

expression were found in the neuropil of the lateral and

basolateral amygdaloid nuclei. By contrast, PSA-NCAM

expression was denser and more intense in the central,

medial and basomedial nuclei (Figure 2).

In the fluoxetine treated group we found significant

increases in the density of PSA-NCAM expressing

puncta in the central amygdaloid nucleus (p = 0.001), of

SYN expressing puncta in the lateral (p = 0.049) and

basolateral amygdaloid nuclei (p = 0.047) and of GAD6

expressing puncta in the basolateral nucleus (p = 0.005)

(Figure 4 and Additional File 2, Table S1). On the con-

trary, we found a significant decrease in the number of

VGluT1 expressing puncta in the basolateral amygdaloid

nucleus (p = 0.04) (Figure 4 and Additional File 2, Table

S1). We also found an increase in PSA-NCAM/SYN (p

= 0.007) and PSA-NCAM/GAD6 (p = 0.041) expressing

puncta in the central amygdala. No changes in the den-

sity of these double-labeled puncta were observed in any

of the other amygdaloid nuclei studied (Figure 4 and

Additional File 2, Table S1).

We also found changes similar to those described for

puncta density when analyzing the dot size and the sur-

face covered by these puncta. In the central amygdaloid

nucleus we observed an increase both in the dot size

and the surface covered by PSA-NCAM expressing

puncta (p = 0.027 and 0.011). In the lateral nucleus we

only observed an increase in the dot size of puncta

expressing SYN (p = 0.038). By contrast, in the basolat-

eral nucleus we found an increase in the dot size and

surface covered by puncta expressing GAD6 (p = 0.011

and 0.018) and a decrease in both, the dot size and the

surface covered by puncta expressing VGluT1 (p =

0.005 and 0.007) (Additional File 4, Figure S3).

Hippocampus

PSA-NCAM expression in the hippocampus was similar

to that described previously [26]: briefly, the most

intense expression of PSA-NCAM was located in the

somata and apical dendrites of granule cells in the SGZ

of the dentate gyrus, as well as in the neuropil of the

hilus and the mossy fibers. A weaker and more diffuse

expression of PSA-NCAM could be found in the neuro-

pil of other regions of the hippocampus, such as the

molecular layer of the dentate gyrus and the strata lacu-

nosum-moleculare, radiatum and oriens of CA1 and

CA3 (Figure 2), where PSA-NCAM expressing cell

somata could also be found [29].

Figure 1 Graphs showing (A) the body weight change through

the experiment for the control and fluoxetine group and (B)

the effect of the chronic fluoxetine treatment on the volume

of the different structures studied. Statistically significant (* P <
0.05, ** P < 0.01, *** P < 0.001) Student t-test.
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After chronic fluoxetine treatment, we found signifi-

cant increases in the density of PSA-NCAM expressing

puncta in the molecular layer (p = 0.045), stratum luci-

dum (p = 0.032) and stratum lacunosum-moleculare (p

< 0.001) (Figure 5 and Additional File 2, Table S1).

Similar increases were found in the density of SYN

expressing puncta in the strata lucidum (p = 0.012) and

lacunosum-moleculare (p = 0.038). We also found a

significant increase (p = 0.018) in the density of GAD6

expressing puncta in the stratum lacunosum-moleculare.

By contrast, we found a decrease in the density of

VGluT1 expressing puncta in the strata lacunosum-

moleculare (p = 0.021) and radiatum (p = 0.030) of CA1

(Figure 5 and Additional File 2, Table S1). When study-

ing the density of puncta co-expressing PSA-NCAM

and each of the other markers, we observed an increase

Figure 2 Confocal images showing the expression of PSA-NCAM, VGluT1 and GAD6 in the different regions of the hippocampus (B, E

and H), the amygdala (B, D and G) and the mPFC (A, C and F). Scale bar = 200 μm in A and B, 100 μm in C, D and E and 1 μm in F, G and
H.
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in the density of puncta co-expressing PSA-NCAM/SYN

(p = 0.008) in the stratum lacunosum-moleculare, but

no change was observed in those co-expressing PSA-

NCAM/GAD or PSA-NCAM/VGluT1 (Figure 5 and

Additional File 2, Table S1).

Finally, when analyzing the dot size and the surface

covered by immunoreactive puncta, we also observed

changes in most of the regions that showed differences

in the density of puncta in these structures. In the stra-

tum lacunosum-moleculare we observed an increase in

the dot size and the surface covered by puncta expres-

sing PSA-NCAM (p = 0.011 and < 0.001) and GAD6 (p

= 0.047 and 0.021), while there was only an increase in

dot size in those expressing SYN (p = 0.044) and a

decrease in both dot size and surface covered by those

expressing VGluT1 (p = 0.035 and 0.017). We also find

a decrease in both the dot size and the surface covered

by puncta expressing VGluT1 in the stratum radiatum

(p = 0.015 and 0.007) (Additional File 5, Figure S4).

Adult neurogenesis

No change in the density of cells expressing DCX or

PSA-NCAM was observed in the subgranular zone

(SGZ) of the dentate gyrus after chronic fluoxetine

treatment (Figure 6). However, when analyzing the

number of Ki67 expressing nuclei there was a trend

Figure 3 Graphs representing the expression of puncta for the different markers and its colocalization in the prelimbic and cingulate

cortex of the medial prefrontal cortex. White bars represent control animals and black bars represent fluoxetine treated animals respectively.
A and B are focal planes showing the expression of PSA-NCAM in (1) the prelimbic and (2) the cingulate cortex. Scale bar: 200 μm.

Figure 4 Graphs representing the expression of puncta for the different markers and its colocalization in different areas of the

amygdala. White bars represent control animals and black bars represent fluoxetine treated animals respectively. A is a focal plane showing the
expression of PSA-NCAM in the (1) basomedial (2) lateral, (3) medial, (4) basolateral and (5) central nuclei of the amygdala. Scale bar: 200 μm.
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towards a decrease in the treated group (p = 0.061) (Fig-

ure 6). In the subventricular zone (SVZ) we also failed

to find changes in the expression of DCX or PSA-

NCAM, but we observed a dramatic significant decrease

in the number of Ki67 immunoreactive nuclei in the

treated group (p < 0.001) (Figure 6).

Discussion

Our results indicate that in middle-aged rats chronic

fluoxetine treatment induces changes in the expression

of molecules related to neuronal structural plasticity.

These changes occur in the same direction of those

observed previously in young-adult animals in the hip-

pocampus and the mPFC, although to a reduced extent

in this later region. However, they follow the opposite

direction in the amygdala. We have also observed that,

in contrast with what has been observed in young-adult

rats, there is a negative impact of fluoxetine on cell pro-

liferation in the SVZ and apparently a lack of effect in

the SGZ.

PSA-NCAM expression as an indicator of neuronal

structural plasticity

Previous experiments have demonstrated that PSA-

NCAM expression is sensible to fluoxetine treatment,

acting through 5HT3 receptors [20]. However, since

other 5HT receptors are known to mediate the effects

of fluoxetine, they may also influence PSA-NCAM

expression [46-51]. Many PSA-NCAM expressing struc-

tures in the cerebral cortex [24,29,30] and the amygdala

[52] of rodents belong to mature interneurons. Conse-

quently, changes in PSA-NCAM expression should pri-

marily affect the structure of these inhibitory. In this

line, we have recently reported that PSA-NCAM expres-

sing cortical interneurons have reduced synaptic input

and decreased dendritic arborization and spine density

when compared with neighboring interneurons lacking

PSA-NCAM [30]. In fact, a previous report from our

laboratory using a dopamine D2 receptor antagonist,

which increases PSA-NCAM expression in the mPFC,

also resulted in a parallel upregulation of GAD67

expression [53]. It is possible then, that the changes in

PSA-NCAM expression observed in the present study

affect the connectivity of certain interneurons, regulating

the surface of preexisting plasma membrane available

for the establishment of synaptic contacts. Another non-

excluding possibility may be that, given its anti-adhesive

properties, changes in PSA-NCAM expression may reg-

ulate the ability of certain interneurons to remodel the

structure of their neurites, and consequently their con-

nections, in response to fluoxetine treatment.

Comparison of the effects of chronic fluoxetine treatment

on the expression of PSA-NCAM and presynaptic markers

between middle-aged and young-adult animals

The present results in the mPFC, showing only an

increase in the density of PSA-NCAM expressing puncta

in the dorsal cingulate cortex, are more restricted than

those found previously in young-adult rats, which

showed increases in every region and layer of the mPFC

[20]. The lack of changes in the density of puncta

expressing presynaptic markers is also in contrast with

previous reports using young-adult rats, which showed

increases in SYN expression in deep layers of the pre-

limbic and infralimbic cortices [21] and of VGluT-1

mRNA expression in the cingulate cortex [54].

Figure 5 Graphs representing the expression of puncta for the different markers and its colocalization in different areas of the

hippocampus. White bars represent control animals and black bars represent fluoxetine treated animals respectively. A is a focal plane showing
the expression of PSA-NCAM in the strata (1) Lucidum, (2) Molecular, (3) Lacunosum Moleculare, (4) Radiatum and (5) Oriens of the
hippocampus. Scale bar: 200 μm.
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In the hippocampus, previous studies with young-

adult rats found a similar increase in PSA-NCAM

expression in the stratum lucidum, but not in the rest

of hippocampal strata studied [21]. Since in young-adult

rats antidepressants promote an increase in the density

of PSA-NCAM expressing cells in the SGZ [17], fluoxe-

tine may be affecting PSA-NCAM expression in the

stratum lucidum by increasing the production or

Figure 6 Graphs representing (A) the total number of cells expressing immature and proliferative markers in the subgranular zone

(SGZ) of the hippocampus and (B) the gray level of doublecortin (DCX) and PSA-NCAM and the density of Ki67 in the subventricular

zone (SVZ). White bars represent control animals and black bars represent fluoxetine treated animals respectively. (C) Micrographs showing the
expression of Ki67 in the SVZ and (D) DCX in the SGZ. Scale bar: 100 μm (C and D) and 50 μm (insets in D).
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accelerating the maturation of immature granule cells,

some of which may have already sent PSA-NCAM

expressing mossy fibers to this layer [55]. However, our

results clearly indicate that the number of these cells is

not affected by fluoxetine in middle-aged rats, suggest-

ing that changes in PSA-NCAM expressing puncta are

not linked to adult neurogenesis. In connection to this,

a recent report has shown that chronic fluoxetine treat-

ment may produce a dematuration of granule cells [56].

Since many mossy fibers in the stratum lucidum are

polysialylated by St8SiaII, the enzyme responsible for

the polysialylation of immature neurons in the adult cer-

ebral cortex [57], this putative dematuration induced by

fluoxetine may explain the increase in PSA-NCAM

expression that we observe in this stratum. In conso-

nance with this hypothesis and with previous studies in

young-adult rats [21,58], we have failed to find any sig-

nificant difference in the density of SYN expressing

puncta in the stratum lucidum, which may indicate that

the changes in PSA-NCAM are not related to the gen-

esis of new functional synaptic contacts. By contrast, the

increase of PSA-NCAM expressing puncta in the stra-

tum lacunosum-moleculare of middle-aged rats is

accompanied by an increase in the density of SYN

expressing puncta and of puncta co-expressing PSA-

NCAM/SYN, suggesting that these structures corre-

spond to synapses. Interestingly, in the stratum lacuno-

sum-moleculare of middle-aged animals we also found

an increase in the density of GAD6 expressing puncta,

and a decrease in the density of those expressing

VGluT1, which may indicate that the upregulation of

PSA-NCAM expression may be linked to changes in

inhibitory circuits, probably involving the formation of

inhibitory synapses.

Chronic fluoxetine treatment in young-adult rats

decreases PSA-NCAM and SYN expression in most

amygdaloid nuclei [21] and decreases the number of

PSA-NCAM expressing neurons in this limbic region

[59]. By contrast, in middle-aged rats we not only have

failed to observe decreases in the density of puncta

expressing PSA-NCAM or SYN, but have observed sig-

nificant increases in the density of PSA-NCAM expres-

sing puncta in the central nucleus and of those

expressing SYN in the lateral and basolateral nuclei.

There is, in fact, a general tendency for an increase in

the density of puncta expressing PSA-NCAM, SYN and

GAD6 in all the amygdaloid nuclei studied. Moreover,

despite the fact that no significant changes in puncta

expressing exclusively GAD6 or SYN were observed in

the central amygdala, the density of puncta coexpressing

PSA-NCAM and each of these two markers also

increases significantly, suggesting that changes in PSA-

NCAM expression may be associated to the generation

or remodeling of inhibitory synapses in this region. In

the basolateral amygdala, chronic fluoxetine treatment

may also influence positively synaptic plasticity of inhi-

bitory circuits, as indicated by increased densities of

GAD6 and SYN expressing puncta, while the density of

those expressing VGluT1 is decreased.

It is possible that substantial differences in 5HT con-

tent and in the expression of its receptors, transporters,

etc... exist in middle-aged animals. The levels of 5HT

are generally reduced in the brain of aged rats [60] and,

although there are no studies in middle-aged animals, it

is possible that they are already reduced at this age.

There is also evidence indicating that the expression

5HT1A receptor, which has an important role in the

antidepressant effects of 5HT reuptake inhibitors

[61,62], is lower in young-adult than in adolescent rats

[59]. Additionally, other factors such as changes in inhi-

bitory neurotransmission may also influence the effects

of fluoxetine in middle-aged animals, particularly in the

amygdala, where decreases in GABA concentration and

hyperactivity have been described during aging [63,64].

Effects of fluoxetine treatment on neurogenesis

The present results on adult hippocampal neurogenesis

are in agreement with previous studies showing that

neither proliferation nor neuronal survival/differentia-

tion is affected by chronic antidepressant treatment in

middle-aged rodents [32,37]. This lack of response of

the SGZ in middle-aged animals must be due to changes

that alter the molecular pathways by which 5HT stimu-

lates neurogenesis. There is an age-dependent reduction

in the levels of 5HT [60] and some of its receptors [65]

in the hippocampus. Since glucocorticoids are important

modulators of adult hippocampal neurogenesis and

these steroids are particularly elevated during aging [66],

they may also influence the neurogenic response to anti-

depressants in middle-aged animals. In fact, glucocorti-

coids decrease 5HT transporter expression [67] and the

neurogenic action of fluoxetine is blocked by a flattened

corticosterone rhythm induced by artificially enhanced

glucocorticoid levels [68]. Additionally, a previous study

has clearly shown that intraperitoneal injections per se

have effects on the structure of neurons, at least in the

mPFC [69]. This effects are similar to those observed

after chronic stress [41]and it is very likely that this pro-

cedure also affects some of the plasticity parameters

measured in our study, including neurogenesis, which is

importantly influenced by chronic stress [8].

Other molecules known to modulate adult neurogen-

esis, including neurotransmitters, such as glutamate act-

ing on NMDA receptors [70] and GABA [71], or

trophic factors, such as BDNF [72], can be influenced by

antidepressants, including fluoxetine [73-76]. Conse-

quently, age-dependent changes in their expression or in

the molecular pathways in which these molecules are
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involved may also lead to changes in the pro-neurogenic

effects of antidepressants.

In contrast with previous studies using fluoxetine [31]

and 5HT receptor agonists [77] in young-adult rodents,

which found increases in the number of proliferating

cells in the SVZ, we have found the opposite effect. On

the other hand, our results are in agreement with a

recent report describing that in young-adult mice 3

weeks of fluoxetine treatment do not affect cell prolif-

eration in the SVZ, but that the extension of this treat-

ment to 6 weeks produces a significant deficit in the

number of dividing cells in this region [78]. These

results indicate that the SVZ of middle-aged rodents is

more sensible to fluoxetine treatment, since a significant

decrease in cell proliferation can be achieved with a

shorter treatment. It is possible that the lack of differ-

ences in the number of neuroblasts in the SVZ may be

due to a homeostatic parallel change in the number of

apoptotic cells in this region, as suggested previously

[79]. Alternatively, fluoxetine could impair neuronal

migration, which may cause accumulation of neuroblasts

in the SVZ.

Implication of the present results on antidepressant

therapy

In light of the neuroplastic hypothesis of depression [1],

our results indicate that antidepressant treatment in

middle-aged individuals also has an important impact

on neuronal structure and connectivity. Consequently, it

may have relevant consequences on the therapeutics of

major depression. In the present results, we have shown

that chronic fluoxetine treatment increases the volume

of the hippocampus and the expression of molecules

related to structural plasticity and inhibitory neurotrans-

mission. These phenomena may counteract the

decreases in hippocampal volume and balance the

increases in excitatory neurotransmission observed in

depressed patients and in animal models of this disorder

[8]. Similar, although lighter, effects have been observed

in the amygdala. In this region, the increases in the

expression of molecules related to structural plasticity

and inhibitory neurotransmission may compensate the

structural changes observed in inhibitory and excitatory

neurons, which accompany the increased excitation

observed in this limbic region in animal models of

depression [80]. The effects of fluoxetine in the mPFC

of middle-aged rats are more discrete, but it is reason-

able to think that the increase in PSA-NCAM expres-

sion may facilitate compensatory structural changes to

overcome the structural atrophy of pyramidal neurons

observed in animal models of depression [42].

By contrast, our results on the effects of fluoxetine on

adult neurogenesis do not seem to give support to the

idea that this type of plasticity is important for the

treatment of depression, at least in middle-aged rodents.

It has to be noted, however, that our experiment has

been performed in control animals and that the effects

of fluoxetine on molecules related to neuronal structural

plasticity or in neurogenesis may be more intense or fol-

low a different direction when applied to animal models

of this psychiatric disorder.

Conclusions

Our results indicating substantial differences in the plas-

tic response of the CNS to fluoxetine in middle-aged

animals may be relevant when considering what are the

cellular bases of the behavioral changes associated to

antidepressant action.

As it happens with rodents, middle-aged humans may

also show reduced plasticity in response to antidepres-

sant and, what is more important, this plasticity may fol-

low a different direction in certain brain regions, such as

the SVZ or the amygdala. These results indicate that the

response to antidepressant treatment is more complex

than previously thought and that the age of the subjects

receiving these drugs is an important factor to consider

and a subject for more intensive research.

Additional material

Additional file 1: Quantification of PSA-NCAM and SYN expressing

puncta in the hippocampus. Confocal image showing the expression
of PSA-NCAM and SYN in the hippocampus. Focal planes showing the
original image and the processed image for the puncta analysis for (B1
and B2) PSA-NCAM, (C1 and C2) SYN and (D1 and D2) the composite
image. Scale bar: 320 μm in A and 5 μm in the rest.

Additional file 2: Statistical values of puncta expressing different

markers. Statistical information of the expression of the different markers
and its colocalization in the diferent regions of the mPFC, the
hippocampus and the amygdala.

Additional file 3: Graphs for the dot size and surface covered by

puncta expressing different markers in the Mpfc. Graphs representing
the dot size and surface covered by puncta expressing different markers
in the prelimbic and cingulate cortex of the medial prefrontal cortex.
White bars represent control animals and black bars represent fluoxetine
treated animals respectively.

Additional file 4: Graphs for the dot size and surface covered by

puncta expressing different markers in the amygdala. Graphs
representing the dot size and surface covered by puncta expressing
different markers in different areas of the amygdala. White bars represent
control animals and black bars represent fluoxetine treated animals
respectively.
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puncta expressing different markers in the hippocampus. Graphs
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