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Beanty often seduces us on the road to truth.

House M.D., ‘Occam’s Razot’
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Abbreviations and glossary

artificial cerebrospinal fluid

synthetic variety of the fluid circulating the brain and spine
bromodeoxyuridine

thymidine analogue

central nervous system

brain and spinal cord

dentate gyrus

part of the hippocampal formation of the temporal lobe
electroencephalogra (m/ph/phic)

measurement of brain activity

granule cell(s)

main excitatory cell of the dentate gyrus

granule cell layer

clearly outlined dense aggregation of granule cell somata in
the dentate gyrus

interleukin

a family of cytokines

lateral perforant path

neuronal connection between the entorhinal cortex and
molecular layer

lipopolysaccharide

potent trigger of bacteria-like inflammation, naturally
occuring motif on gram-negative bacteria

molecular layer

part of the hippocampal formation, where the granule cells
extend their dendrites

picrotoxin

GABAAx channel blocker that isolates excitatory currents
status epilepticus

long-lasting epileptic seizure

subgranular zone

strip between the granule cell layer and the hilus where the
neural stem/progenitor cells are located and give tise to
adult neurogenesis.

tetrodotoxin

action potential blocker that isolates spontaneous cell
membrane activity



Abstract

The brain continues to form new neurons throughout life. This
process of adult neurogenesis has been thoroughly documented in several
species including birds, rodents and humans. Adult neurogenesis is not a
global process, but is confined to two subcompartments of the brain; the
subventricular zone lining the lateral ventricles, and the subgranular zone
(8GZ) in the hippocampal formation. A variety of stimuli such as voluntary
exercise, epileptic seizure activity and inflammation can affect the basal level
of neurogenesis. In the course of pathological conditions such as
Alzheimer’s disease, multiple sclerosis, epilepsy and stroke, an inflammatory
response is initiated in the brain. Prolonged epileptic seizure activity, status
epilepticus (SE), strongly imposes on the integrity of the delicate brain
structure and cell communication. SE not only induces inflammation, but
also neuronal death and a transient increase of basal adult neurogenesis in
the hippocampal formation. What role inflaimmation plays in a disease such
as epilepsy, and how it affects the neurons born in the aftermath of seizure
activity, is largely unknown. The specific aim of the four studies included in
this thesis was to investigate the effect inflammation has on the amount of
basal and seizure-induced neurogenesis, and if the morphological
development or functional characteristics of new neurons is affected when
the neuron is born into an inflammatory environment. In brief, the purpose
was to investigate the quantity and quality of the neurogenic outcome in
inflammation. To comprehend the interplay between neurogenesis and
inflammation would provide a valuable insight into disease progression, and
could ultimately be part of the treatment or even a cure for pathological
conditions involving seizure activity and inflammation.



Svensk sammanfattning

Det finns manga myter kring vart kanske viktigaste organ - hjirnan.
Till exempel hér man ofta att vi bara anvinder 10 procent av var hjirna, och
att den vuxna hjirnan inte fir ndgra nya nervceller. Men bdda dessa
pastdenden 4r just myter, vetenskapligt motbevisade. Redan i mitten av
1960-talet hittade forskare tecken pd att den vuxna hjirnan bildar nya
nervceller, och i slutet av 1990-talet visades det definitivt att minniskans
hjirna fir tillskott av nya nervceller under hela livet. Dock bildas det inte
nya nervceller 6verallt 1 var hjirna, utan intressant nog bara i tvd omraden:
subventrikuldrzonen och subgranulirzonen. Den senare nidmnda finns i
hippocampus-regionen i hjirnan, ett omride som ir viktigt £6r minnet, och
det spekuleras att det 4r for att 6ka hjirnans minneskapacitet det bildas nya
nerveeller just hir. I normala fall bildas de nya nerveellerna med en jimn
takt, men olika faktorer sisom motion, inflammation och epileptiska anfall
kan paverka med vilken hastighet, och hur minga nya nervceller som bildas.

Ungefir en procent av befolkningen har diagnosen epilepsi, vilket
innebir dterkommande, spontana krampanfall. Medicinerna som idag finns
tillgidngliga hjilper lingt ifrdn alla med epilepsi att bli helt anfallsfria. Pa
grund av bland annat denna bristande effekt hos tillginglig medicin, beh&vs
mer kunskap om vad som hinder i hjirnan vid epileptiska anfall. Efter ett
kraftigt och lingvarigt epileptiskt anfall, sd kallat status epilepticus (SE), 6kar
nerveellsnybildningen i subgranulirzonen tillfalligt, och det uppstir dven en
lokal aktivering av immunsystemet (inflaimmation) i omrddet. Man har
tidigare inte vetat om de nerveceller som bildas efter SE beter sig som
normala nervceller, eller om den efterféljande inflammationen eventuellt
paverkar hur de nya nervcellerna utvecklas. Malet med de fyra vetenskapliga
studier som ingdr i den hir avhandlingen var att ta reda pd hur inflaimmation
och epileptiska anfall paverkar nya nervcellers déd och 6verlevnad, och om
de nya nervcellerna paverkas till utseende eller beteende av att bildas i en
sjuk milj6 med inflammation och/eller epileptiska anfall.

De fyra studier som presenteras i denna avhandling har bidragit till
en utékad kunskap rérande det viktiga samspelet mellan nybildning av
nervceeller (neurogenes) och inflammation i hjirnan genom att studera dessa
processer i djurmodeller av inflaimmation och SE. Den férsta studien
(Paper A) visar hur bdde den normala och den SE-orsakade
nerveellsnybildningen dr negativt paverkade av inflaimmation. Férekomsten
av inflammation minskar drastiskt antalet 6verlevande nya nervceller, och pa
motsvarande sitt leder en samtidig anti-inflaimmatorisk behandling till en
okad nervcellsdverlevnad. Fastin inflammation dirfér kan anses vara
negativt f6r nya nervceller, samt att den andra studien (Paper B) visar att
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SVENSK SAMMANFATTNING

inflammationen efter SE blir kroniskt lingvarig, ser vi att manga av de nya
nervceller som bildats direkt efter SE faktiskt Overlever, trots att de har
bildats och mognat i en inflaimmatorisk miljé. Sex manader efter ett SE-
anfall 4r de nya nervcellerna fortfarande kvar i subgranuldrzonen, och utgér
sd manga som 10 procent av det totala antalet nervceller 1 omradet. I de tvi
sista studierna pévisas att miljén som nya nervceller bildas i spelar en
avgorande roll f6r deras beteende och signalering till andra nerveeller, trots
att de utseendemissigt inte gar att skilja frin idldre mogna nervceller.
Nervceller som bildas 1 en miljé med epileptiska anfall (Paper C) eller i en
milj6 med enbart inflaimmation (Paper D) har en 6kad benigenhet till
minskad nervcellssignalering, och en samtidig minskad benidgenhet till 6kad
signalering. Detta resultat dr spinnande eftersom epileptiska anfall just ér
karaktiriserade av bland annat en 6kad nervcellssignalering. Att dessa nya
nerveeller dd alltsd bidrar till att minska nervcellsignaleringen i hjirnan,
skulle kunna tyda pa att de nerveeller som bildas efter ett epileptiskt anfall
térsker motverka att fler anfall uppstar. Férhoppningar finns om att denna
vetskap pa lingre sikt ska kunna utgéra en grund fér en ny typ av
behandling mot epilepsi, och dven i férlingningen kunna Oka forstaelsen
kring andra sjukdomar med inflimmation och nervcellspaverkan, t.ex.
Alzheimers sjukdom och multipel skleros.



Introduction

The Brain
In ancient Egypt the brain was regarded as nothing more than
cranial stuffing, and hence removed — through the nose — before

mummification. It was in the heart intelligence was thought to lie. This
belief did not change for 2500 years, even Aristotele (300 B.C.) agreed with
this notion. Then along came Herophilos; a pioneer in basing medical
conclusions on actual dissections of the human body. Through his novel
work, he recognized that intelligence was located in the brain, the centre of
the nervous system. He was among the first to consider it essential to base
knowledge on empiric experimental study, and not religious belief, as did
many of his predecessors, thereby laying the foundation to the scientific
method in use today.

Hippocampus

Memoty is a complex process of imprint, storage, and retrieval of
information, involving a network of anatomical structures throughout the
brain. Memory is a process that declines during normal ageing and in
diseases such as Alzheimer’s. The frontal lobes and basal ganglia play
important roles in memory, as does the amygdala, which is further involved
in the emotional component. However, it is the seahorse-shaped structure
located in the temporal lobe, the hippocampus, that perhaps plays the most
crucial role in memory processing. In a case study from the 1950s, it was
demonstrated that the hippocampus is responsible for imprinting new
memories, but not the actual site of memory storage. The patient HM
underwent a surgical procedure, removing both hippocampi and medial
parts of the right and left temporal lobe. Afterwards, he was diagnosed with
anterograde amnesia, meaning that his old memories were unaffected and
available to him, but he could not form any new memories after the surgery.

The hippocampal structure comprises the dentate gyrus (DG) with
granule cell (GC) neurons arranged in a compact granule cell layer (GCL),
partially enclosing the hilus. The part of the GCL closest to the hilus, and
the part of hilus closest to the GCL are collectively referred to as the
subgranular zone (SGZ), a structure involved in adult neurogenesis. Other
parts of the hippocampal structure mentioned in this thesis are the inner
and outer molecular layer (ML and oML) where the entorhinal axons
connect to GC dendrites, and the CA1 and CA3 part of the information-
processing pathway of the hippocampus (FIGURE 1). The temporal lobes and
4



INTRODUCTION

especially the hippocampal structure are particularly vulnerable and often
affected in diseases such as epilepsy.

a FIGURE 1. Schematic layout of

relevant rat brain anatomy. The
rat brain (a) is cut along the
black dashed line forming a
coronal section (b). The
hippocampus (rectangle, b) is
comprised of the CAl, CA3
and dentate gyrus (DG, ¢). A
further magnification
(tectangle, ¢) reveals granule
cell layer (GCL) where granule
cell (GC) somata are located,
the subgranular zone (SGZ) on
the GCL-hilus border where
new neurons are born in the
adult brain, and the molecular
layer (ML) into which the GCs
extend their dendritic trees, and
the hilus into which the GCs
extend their axons toward CA3

@-

Neurons

All cells are surrounded by a hydrophobic cell membrane that
prevents free passage of molecules and ions. This restricted in- and outflux
converts free energy, ultimately from oxygen-<dependent cell metabolism,
into a membrane potential. Keeping the membrane potential at steady state
is essential for the survival of each cell. Reduced oxygen supply to cells,
such as seen in stroke, will disrupt the membrane potential and cause
promiscuous in- and outflux across the membrane, and necrotic cell death.
Leaky necrotic cells will release energy-rich compounds such as ions and
molecules into the extra-cellular space in an uncontrolled manner, which in
turn may propagate the damage to neighbouring cells.

In the case of neurons, the cytoplasm close to the membrane is
negatively charged relative to the outside the cell. This potential is
maintained by energy-requiring ion exchange through sodium-potassium
pumps in the cell membrane. Energy is delivered to the pumps as adenosine
triphosphate (ATP) molecules, formed in the process of cell metabolism.
For each ATP, three sodium (Na') ions are transported out and two
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INTRODUCTION

potassium (K¥) ions are transported into the neuron. This causes a relative
reduction of positive charge inside the cell, due to imbalance of ions, and
forms the basis for the electrical charge of —70 mV across neuronal cell
membranes. Furthermore, the sodium-potassium transport causes a
chemical imbalance over the cell membrane, which together with the ion-
imbalance is known as the electrochemical potential.

Neurons have a unique communicatory system based on the
electrochemical potential, where rapid electrical discharges are passed from
cell to cell within the neuronal network. In general, a neuron is composed of
a dendritic tree, through which it receives signals from other neurons; a cell
soma containing the nucleus with the DNA for neuronal proteins; the axon
through which the electrical signal is quickly conveyed; and finally a synaptic
bouton where it connects by a synapse onto the next neuron and conveys
the electric impulse (FIGURE 2).

Dendritic tree

Axon hillock

Synapse
Axon Nucleus f
Next Synaptic  Oligodendrocyte Cell
cell bouton insulation soma

FIGURE 2. Schematic layout of a generic neuron. The signalling entérs through the
dendritic tree, through the soma, to the axon hillock where it converts to an action
potential that travels the length of the axon to the synaptic bouton where vesicles
containing a transmitter substance are released into the synaptic cleft and induce a
response in the postsynaptic (next) cell.

Several neurons connect to the dendritic tree of a single neuron and
release inhibitory or excitatory transmitter substance into the synaptic cleft.
Excitatory transmitter substances such as glutamate bind to ion-channels in
the postsynaptic membrane, causing them to open and allow Na* to flow
into the next neuron along the electrochemical gradient and depolarize the
membrane potential (< —70 mV). In contrast, inhibitory transmitter
substances such as GABA cause negatively charged chloride ions to enter
the next cell and hyperpolarize the membrane potential (> =70 mV). If
enough positive charge enters the connection between the dendritic tree and
the axon (or ‘axon hillock’), and ultimately the next cell soma, an electrical
impulse is initiated. The electrical impulse is an ‘all-or-none’ response
6



INTRODUCTION

known as the action potential, which in turn opens voltage-sensitive
channels that allow more Na* into the cell, propagating the signal along the
axon to the synaptic bouton. Once in the presynaptic bouton, the axon
potential causes influx of Ca?* ions, which allow transmitter substance-
containing vesicles to fuse with the cell membrane and release their content
into the synaptic cleft. These transmitter substances cause de- or
hyperpolarization of the next postsynaptic membrane, and hence the
communicated electrical impulse continues within the neuronal network.

Glia

Knowledge of glial cells has been limited, and they have long had to
suffice for being merely supportive of the zmportant cell of the brain — the
magnificent neuron. Although the phrase ‘brain cell’ commonly refers to a
neuron, glial cells actually outnumber neurons immensely. Interest in glial
cells has greatly increased in recent research, which has acknowledged their
crucial presence and function.

Glial cells of the CNS are divided into macroglia (astrocytes and
oligodendrocytes) and microglia. Astrocytes help maintain tissue
homeostasis by removing excess transmitter substance from neuronal
synaptic clefts, partaking in communication by emitting and responding to
growth factors and cytokines, and protecting the brain by lining CNS blood
vessels with large end-feet, thus forming the blood-brain barrier.
Oligodendrocytes are crucial for high-speed neuronal signalling since they
insulate most neuronal axons. Microglia, on the other hand, form a primary
defence against invading pathogens and damage, and are described in
further detail in the next chapter ‘Inflammation’.
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Inflammation

The concept of inflammation is complex, and trying to precisely
specify which cells and molecules define it is difficult. Inflammation can be
beneficial or harmful, or both, and depending on the type of stimuli the
inflammatory outcome can vary greatly. One hallmark of inflammation in
the brain is increased quantity and altered quality of the microglia cells. The
number of microglia can increase either through proliferation of
endogenous microglia, or invasion of microglia across the blood-brain
barrier, while the quality of microglia alters in respect to cell morphology
and to the level and type of factors secreted.

Microglia

The microglial cell was originally discovered and described by Del
Rio-Hortega in eatly 1930’s (Del Rio-Hortega 1932). Microglia are the
immunocompetent  brain-resident —macrophages (Kreutzberg 1996).
Macrophages are able to remove tissue debris by internalising it, a process
important for maintaining tissue homeostasis. Unlike neurons and all other
brain cells, the microglia are of mesodermal origin. This means microglia are
formed outside the brain during embryonic development, and perinatally
invade the rodent brain parenchyma to establish the endogenous microglial
population (Ling and Wong 1993, Chan ¢t a/ 2007). Microglia comprise
about 13 percent of glial cells in the CNS white matter (Hayes ez a/. 1987),
the rest being predominately astrocytes and oligodendrocytes. In the CNS
microglia are the primary surveillance and effector cells of the immune
system. They help maintain homeostasis by serving as a primary defence
against invading pathogens and damage, both by engulfing cellular debris
through vesicular phagocytosis and by their intimate relationship with the
Immune system.

Quiescent microglia form a non-ovetlapping three-dimensional grid
of cell somata territorially fixed in space. The cells are ramified, with several
highly branched processes protruding from each soma (Kreuzberg 19906).
These processes are dynamic, constantly extending and retracting within
their designated perimeter; randomly scanning the entire extracellular space
every few hours. This process allows the ‘quiescent’ microglia to maintain an
active vigilance for abnormalities in the extra-cellular space. Microglia cells
refrain from making physical contact with each other, but commonly
contact astrocytes, neurons, and blood vessels, which suggests an important
microglial role in cell-to-cell communication within the CNS (Nimmerjahn
et al. 2005).
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Microglia detect a variety of potentially harmful stimuli through
surface receptors such as complement factors, immunoglobulins, purines,
neurotransmitters, growth factors, and cytokines (for review, see Hanisch
and Kettenmann 2007). Upon detection of a harmful stimulus, microglia
undergo a series of morphological and functional changes, the extent of
which depends on the nature of the threat/trigger. When activated the
highly ramified, rod-shaped microglia cell somata will become increasingly
rounded while the processes will shorten and thicken (Kreutzberg 1996).
The microglia become polarized, as they extend their processes towards the
site of injury, shielding the injured area through accumulation of microglial
extensions (Nimmerjahn ez a/. 2005). The microglia somata will subsequently
start to migrate and/or proliferate following activation, along with
phenotypic and functional changes such as increased expression of major
histocompatibility complex II (MHC-II), and a wide variety of complement
proteins, cytokines, trophic factors, and cytotoxins (Gehrmann ef al. 1995,
de Simoni e al. 2000, Butovsky e al. 2005, Gibbons and Dragunow 2000,
Ziv et al. 20006b). Resting microglia show a low density of ion channels, but
when becoming increasingly active, the electrophysiological properties
change with addition of inward rectifying potassium currents, and later
outward potassium currents (Boucsein ez a/. 2000, Lyons ef a/. 2000). In a
final state of microglial activation, the microglia become phagocytic,
internalising and breaking down potentially toxic debris (Streit and
Kreutzberg 1988).

To avoid advetse effects of inflammation, it is crucial for the
organism that the ongoing inflammatory process is fine-tuned and balanced,
and it has been suggested that microglia are down-regulated and removed
through apoptosis after a threat has been cleared (Gehrmann 1995,
Gehrmann and Banati 1995). If the inflammatory process is not balanced
the immune system could attack surrounding healthy host cells, a
phenomenon seen in autoimmune diseases such as multiple sclerosis and
diabetes. Following CNS injury, a highly complex cellular and molecular
interplay occurs, an inflaimmatory communication that involves most CNS
cells (e.g. microglia, neurons, astrocytes, and oligodendrocytes; see FIGURE

3).
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FIGURE 3. An illustration ~ Microglia Oligodendrocyte
of parts of the complex
neuron-glia s ™

~—— Cytokines—~

communication in CNS
health and injury. Further
information is provided
and discussed in recent Growth factors
reviews (Ziv and Schwartz
2008, Pocock and
Kettenmann 2007, Ekdahl ROS
et al. 2008, Barres 2008,
Chen and Palmer 2008)
Purines\
L Neurotransmitters

\
Neurons '

Astrocyte

Neurogenesis

The notion that new neurons are continuously being born in the
adult brain was reported already in the mid 1960’s by Josef Altman and
Gopal Das (Altman and Das 1965). However, their findings were
controversial and therefore largely neglected for decades. Nevertheless,
during the 1990s, their data was verified and supported, when repeated in
several new publications using modern techniques (Gould and Cameron
1996, Gage et al. 1998). Today, the presence of adult neurogenesis is largely
accepted, and has been documented in several non-mammalian species and
a wide variety of mammals, including humans (Kaplan and Hinds 1977,
Goldman and Nottebohm 1983, Gould er a/. 1997, Eriksson e al. 1998).
Neurogenesis has controversially been implicated to occur in multiple
structures throughout the adult brain, but to date, only truly accepted to
occur from neural stem/progenitor cells in two discrete regions: the
subventricular zone of the lateral ventricle wall and in the subgranular zone
(8GZ) of the dentate gyrus (DG), part of the hippocampal formation
located within the temporal lobe (FIGURE 1) (Taupin and Gage 2002).

Adult neurogenesis in the granule cell layer

The process of adult hippocampal neurogenesis largely resembles
the corresponding perinatal process (Esposito ef al. 2005), where developing
granule cells go through distinct electrophysiological and morphological
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stages, and express a variety of cellular markers. In the DG, radial glia-like
precursor (type-1) cells in the SGZ, located on the border between DG and
hilus, give rise to transiently amplifying progenitor (type-2) cells. The round
type-2 cells express DCX, a marker for proliferating neuronal progenitors.
DCX+ cells become hyperpolarized by ambient GABAergic input, which
drives the process of maturation further through an intermediate (type-3)
cell type, before the cell becomes postmitotic and unable to further divide
(eds. Gage ef al. 2008). Maturing GCs migrate further into the GCL and start
sprouting appropriate dendritic projections towards the inner molecular
layer (ML) (Shapiro et al. 2007, Zhao et al. 2006). Within 10 days after cell
birth, the axons projecting from the immature GCs through the hilus start
reaching their CA3 target area, the dendritic tree continues to branch while
reaching the outer ML (Shapiro ef al. 2007, Zhao et al. 2000).

The ecarly depolarizing GABAergic input onto adult-born granule
cells becomes increasingly hyperpolarizing during maturation, and the
maturing granule cells progressively receive more glutamatergic synaptic
input (Espésito e¢f al. 2005, Overstreet-Wadiche and Westbrook 2006). An
abundance of new granule cells are born, out of which a minority survives in
a glutamate-dependent way (Tashiro er @/ 2000). Within 16 days after
granule cell birth, appropriate axonal connections have been made, the
dendritic tree has branched even further, and GCs display the four types of
dendritic spines onto which predominately excitatory glutamatergic input
connects (Zhao ¢ al. 2006). This connection between entorhinal cortex and
GC dendritic spines is the first synapse in the trisynaptic pathway of
hippocampal information processing, whereas the second synapse is
between the GC axon and CA3 pyramidal cell dendrites, and the third
between axons of CA3 pyramimdal cells and CAl neuronal dendrites.
Subsequently, the CA1 cell conveys the information back to the entorhinal
cortex (Witter and Amaral 2004). Within two months after adult birth, the
new GCs  become eclectrophysiologically and  morphologically
indistinguishable from neighbouring, older GCs in the GCL (van Praag ef al.
2002, Espésito et al. 2005).

Regulation of nenrogenesis

Adult neurogenesis is strictly controlled and limited to the
neurogenic niche, a confined subcompartment within the hippocampus,
which permits the neural stem cells to proliferate and continuously give rise
to new neurons throughout life. The hippocampal neurogenic niche is
comprised of neurons, astrocytes, microglia, transmitters, cytokines, and
blood vessels, all of which contribute in a complex manner to the delicate
balance of neurogenesis. Under physiological conditions, adult rodent
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neurogenesis produces a steady amount of around 9000 new GC neurons
on a daily basis (Cameron and McKay 2001). A change within the
neurogenic niche can potentially alter any stage of the neurogenic process;
the proliferation, survival, migration, maturation, or functional integration
of the new GCs. Factors such as stress (Gould e# a/. 1998), ageing (Kuhn ez
al. 1996), and depression (Brezun and Daszuta 1999) can ultimately reduce
neurogenesis. On the contrary, voluntary exercise (van Praag e al. 1999),
enriched environment (Kempermann ef al. 1997), learning (Gould e/ al.
1999) and epileptic seizures (Parent ef a/. 1997) have been shown to increase
neurogenesis.
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Results

Status epilepticus and bacteria-like infection cause acute and
chronic inflammation

Following detection of bacteria-like infection through LPS infusion
(Paper A, D) or trauma caused by SE scizure (Paper A, B, C), microglia
become activated in the dentate gyrus and initiate removal of tissue debris
through vesicular phagocytosis (FIGURE 4). The cell processes become
shorter, fewer, and thicker, whilst the homogenous three-dimensional grid
of microglial somata is disrupted when the cells cluster in the SGZ-GCL
and the hilus (Papers A, B, C, D). The activation of microglia is rapid, and
about four times more microglia are phagocytotically active one week after
SE (Paper C) and LPS-infusion (Paper D) as compared to the respective
control treatments. The acute activation of microglia becomes chronic, and
is still present within both SGZ-GCL and hilus at least six months after an
SE insult (Paper B) and seven weeks after a single LPS-infusion (Paper C).

Non-resident microglia are known to infiltrate the brain across the
blood-brain-barrier at two, six, and sixteen weeks after experimental stroke
(Thorted et al., 2008), a feature that does not occur five weeks or six months
following SE (Paper B). In pilocarpine-induced SE, astrogliosis is
prominent in the hippocampus ten and thirty-one days after the insult
(Borges ez al. 2003), but in our studies not present at five or six weeks, or six
months, after electrically induced SE (Paper B unpublished observation,
Paper C).
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FIGURE 4. Inflammation following status epilepticus (SE) and
lipopolysaccharide (LPS) injection. The number of microglia (Ibal+) in active
phagocytosis (Ibal+/ED1+) is upregulated at one and eight weeks after LPS
injection (a), and at seven weeks after SE (b), as compared to respective
controls (vehicle/run). Error bars indicate SEM. Adapted from Paper C:
figure 1 h; and Paper D: figure 1 c.
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Microglia  react to  pathological disturbances of  their
microenvironment by aforementioned responses, along with concomitant
modifications to gene expression and their profile of secreted cytokines and
growth factors. A full account of this is not within the scope of this thesis,
but briefly IGF-1, IL-1p, IL-6, inducible nitric oxide synthase (iNOS) and
TNF-a are upregulated acutely after SE (de Simoni ef a/. 2000, Choi ez al.
2008), and IL-6, IL-1, IL-1f and TNF-a after LPS-mediated microglial
activation (Vallieres ez a/ 1997, Cacci et al. 2008). Neurons respond to
cytokines secreted from microglia, and conversely microglia respond to
neuronal signals. Thus, there exists an intimate connection and
communication between microglia and neurons in the CNS both under
physiological and pathological conditions (FIGURE 3).

Inflammation can be detrimental to granule cell neurogenesis

An intense trauma like severe SE naturally affects the delicate
balance in the hippocampal neurogenic niche, and neurons die within the
hilus at one and five weeks after SE (Paper A, C), and within the CA1 and
CA3 fields of the hippocampus at five weeks after SE (Mohapel ef a/. 2004).
For many years, inflammation has been regarded as nothing but negative for
the survival of neurons and recovery after trauma to the CNS (Bracken
1991, Popovich et al. 1999, Ghirnikar ez a/ 2001). In support of this, an
inflammatory response is attained when the brain is subjected to LPS-
infusion (FIGURE 5 a) or clectrically induced SE (FIGURE 5 b), accompanied
with greatly reduced survival of those neurons born following the insult
(FIGURE 5 ¢ and d, respectively). After continuous LPS-infusion for 28 days,
only as few as one-seventh of the neurons born into the inflammatory
environment have survived and matured as compared to the control
environment. The number of surviving neurons is negatively correlated with
the number of microglia in active phagocytosis following LPS infusion
(FIGURE 5 ¢).
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FIGURE 5. Inflimmation impairs basal and status epilepticus (SE)-induced
hippocampal neurogenesis. The number phagocytotic microglia (ED1+) and
newborn neurons (BrdU/NeuN+) after four weeks of intracortical
lipopolysaccharide (LPS) (a, c) or five weeks after SE insult (b, d). Both LPS-
infusion and SE-insult give rise to a dramatic increase in the number of ED1+
microglia (a, b) and reduced number of surviving neurons (c, d) as compared to
respective control environment (veh/control). Follwoing LPS-infusion, the
number of BrdU/NeuN+ cells is negatively correlated with the number of
ED1+ microglia (c). Etror bars indicate SEM. Adapted from Paper A: figure 1 c,
e, f; figure 2 f, g.

Anti-inflammatory treatment with minocycline reduces the number
of microglia in active phagocytosis both six and 35 days after SE-induced
inflammation (FIGURE 6 a, b). This reduced inflammation is accompanied by
increased number of surviving insult-induced newborn neurons (FIGURE 6 c).
The detrimental effect inflammation exerts on neurogenesis was confirmed
in an independent contemporary study (Monje ¢f a/. 2003). Together, these
results show that both basal and SE-induced neurogenesis is negatively
regulated by LPS-induced inflammation, and that the number of surviving
neurons can be restored through anti-inflammatory treatment.
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FIGURE 6. Minocycline prevents inflammation-mediated suppression of
hippocampal neurogenesis. Reduced number of microglia in active phagocytosis
(ED1+) at six days (a) and five weeks (b) following electrically induced SE. The
reduction of ED1+ cells increases the survival of neurons born after the initial SE-

insult (c). Adapted from Paper A: figure 4 a, b, e.

Granule cells survive despite being born into an inflammatory
environment

Status epilepticus causes a transient increase of neurogenesis that can be
detected three days after the SE insult, peaking seven days after the initial
insult (Parent e a/ 1997). Before, the long-term survival of these neurons
had not been investigated, but was only monitored for four-five weeks
following the initial insult (Paper A, Mohapel e a/. 2004). In the next study
the long-term neurogenic outcome after electrically induced SE was
investigated. Acute inflaimmation becomes chronic after SE, and is still
present even six months after the initial insult (FIGURE 7 a). Despite the
previously described detrimental effects of inflammation, an impressive
amount of the neurons born after both partial and generalized SE had
survived for six months (FIGURE 7 b) and comprised about nine percent of
the total number of neurons within the SGZ-GCL, compared to two
percent in the control environment. The neurons born into the
inflammatory environment incorporate into the GCL without giving rise to
a subsequent increase in GCL volume, suggesting they replace neurons that
died following the insult (FIGURE 7 c). At four weeks after severe generalized
SE, fewer newborn neurons are detected in the SGZ-GCL, as compared to
after milder partial SE (Mohapel ¢t a/ 2004). This initial difference in
neuronal survival depending on seizure severity is no longer present at six
months, where the number of surviving seizure-induced neurons is at equal
levels in partial and generalized SE profiles (FIGURE 7 ¢).

A previous study has reported that the ongoing neurogenesis is
decreased at four months after kainic acid-induced SE as compared to basal
control level of neurogenesis (Hattiangady e# 2/ 2004). However, this is a
result the present studies were unable to replicate, where instead it was
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found that the level of ongoing neurogenesis returned to control levels six
months after SE (FIGURE 7 d). Moreover, granule cells are found to
aberrantly migrate into the hilus following SE (Parent e a/. 1997), which was
confirmed and furthermore showed that these aberrant newborn granule
cells were still migrating into the hilus even six months after their SE-
induced birth (FIGURE 7 ¢).

-
&
a % C
0 160 + -3
c D (rp— o
v 140 - < — - S
o ® 300 N 150"«
© 120 4 3 »
5 100 4 z s
13' a0 2 20 g 1004
2 -
3 » 100 = 50
40 - °© °
2 i 3
£ 20 ;
= z 2
5 weeks 6 months a pSE oSE ctd pSE gSE
d € 10 +
801 —— Oectrl
+ + 81
6060' =< M pSE
Or% 8 2 61 B oSE
39 404 o=
Op 40 °F 4
3c Fg=
£ © 204 EL o]
S5 =}
Zo z8
0 04

FIGURE 7. Neurogenesis after an acute and chronic status epilepticus (SE)-
induced inflammation. After electrically induced SE, the number of microglia
in active phagocytosis (Ibal+/ED1+) is rapidly increased, and remains
increased five weeks and six months after the initial insult (a). SE induces
increased neurogenesis, and many of these neurons are still present within the
subgranular zone (SGZ) — granule cell layer (GCL) six months after the insult
(b) without causing a subsequent increase in the total number of granule cells
in the SGZ-GCL (c). The number of proliferating neuroblasts (DCX+) has
returned to basal levels in the SGZ-GCL (d), but there are still more newborn
neurons migrating into the hilus (¢) six months after SE, as compared to
controls. Error bars indicate SEM. Adapted from Paper B: figure 4c; 5 ¢, d; 6

e g.
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Granule cells born in an inflammatory environment do not
exhibit altered membrane properties or morphological
development

The granule cell intrinsic membrane properties — resting membrane
potential, membrane time constant, input resistance, and action potential
threshold, amplitude and duration — were investigated. Despite being born
into a pathological inflammatory environment after electrically induced SE
(Paper C) or LPS-injection (Paper D), the newborn neurons developed
similar intrinsic membrane properties as the granule cells born in the
physiological control environment, and resembled those of older granule
cells born before the inflammatory stimuli. The morphological development
of the granule cells born into the inflammatory environment was thoroughly
investigated at time of decapitation five weeks after SE (Paper C), or
throughout their development (10, 17, and 23 d after LPS) and at the time
of decapitation eight weeks after LPS-injection (Paper D) (i.e. four weeks
and three days, 10 days, 16 days, seven weeks after retroviral labelling
following SE and LPS-injection respectively). At five weeks after SE, the
newborn granule cells throughout the GCL exhibited small cell somata and
dendritic trees extending well into the molecular layer, characteristics typical
of dentate granule cells (Paper C). The granule cells born into the LPS-
provoked inflammatory environment (Figure 4 b) show similar
morphotemporal development as the granule cells born into a physiological
control environment. The dendrites extend into the ML within the first
three days, axons reach towards the CA3 within the first 10 days, branched
dendritic trees with spines reach even further into the ML within the first 16
days, and finally the new granule cells become morphologically
indistinguishable from their neighbouring mature granule cells within seven
weeks after their birth (Paper D).

It has been previously described that about 10 percent of granule
cells born up to 60 weeks after pilocarpine-induced SE display aberrant
dendrites, projecting into the hilus (hilar basal dendrites, HBD) and
sometimes subsequently projecting trough the GCL into the molecular layer
(recurrent basal dendrites, RBD), a feature very rarely found in granule cells
born in a physiological control environment and suggested to contribute to
pathological network excitability following SE (Ribak e# 4/ 2000). Granule
cells born around one week after kainic acid-induced SE display dendrites
still aberrantly projecting into the hilus several weeks later (Jesssberger ef al.
2007). However, in granule cells born one week after an SE insult (Paper C)
or LPS injection (Paper D), only very few hilar basal dendrites were
detected at four or six weeks later, respectively, with no difference from
granule cells born in the physiological control environment.
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A detailed analysis of the morphological characteristics of the
granule cells (GFP+) born into an LPS-induced inflaimmatory environment
was conducted six weeks after their birth. However, the morphology of the
granule cells born in an inflammatory environment did not differ from
those born in a physiological control environment in regards to distribution
of GFP+ granule cells in the GCL (inner, mid, and outer GCL) (FIGURE 8 a),
the polarity of the GFP+ cells (parallel, 45° angle, ot perpendicular to the
direction of the GCL) (FIGURE 8 a), the number of dendrites per GFP+ cell,
the number of branching points along the dendritic tree (FIGURE 8 c), ot the
axonal exit point (basal, medial, apical). Furthermore, the density of GFP+
dendritic spines in general (FIGURE 8 d, e), and the density of mushroom
spines in particular (associated with strong excitatory connectivity; ref) was
not different for the granule cells born into an inflammatory environment
compared to the control environment (Paper D).
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FIGURE 8. The morphological properties characteristic of granule cells are not affected
when the granule cell is born into an inflaimmatory environment. A detailed study of
morphological parameters of granule cells were conducted revealing no difference in
location (a), cell soma polarity (b), dendritic branching (c), ot spine density in the inner and
outer molecular layer (d; iML and oML, respectively) on newborn granule cells (GFP+) in
LPS- or vehicle-treated animals respectively. Morphological appearance of the four types of
dendritic spines (e); mushroom (open citcle), filopodia (filled circle), thin (open square),
and stubby (closed square). Scale bar: 1 wm. Error bars indicate SEM. Adapted from Paper
D: figure 2 f, g, h and figure 8 a, b. 19
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Granule cells born into an inflammatory environment show
altered excitatory and inhibitory synaptic properties

Despite that the neurons born into an SE- (Paper C) or LPS-induced
(Paper D) inflammatory environment developed into mature granule cells
morphologically indistinguishable from those born in respective
physiological control environment, we have shown that they actually display
altered excitatory and inhibitory synaptic connectivity. The granule cells
born into the inflammatory environment one week after electrically induced
SE (Paper C) or LPS-injection (Paper D), develop decreased excitatory
connectivity along with increased inhibitory connectivity.

Accumulation of the cytoplasmic protein gephyrin is required for
stability of GABAergic synapses (Kneussel and Betz 2000, Yu ez 2/ 2007).
Following LPS-induced inflammation, the gephyrin cluster density remained
unaltered (FIGURE 9 a), but the increased inhibitory synaptic connectivity was
accompanied with significantly larger GABAergic inhibitory gephyrin
clusters on the dendritic trees in the ML as compared controls (FIGURE 9 b).

O vehicl
a vehicle b

€ @ LPS x
. 35 ]
L P . N 2 o
= 49 T %,\ 4
O O 59
£ E 37 S E 1.17
2E 2 £9 1
> N
8‘% 14 -g_m 10:\
o 0 8 0\r
© iML oML iML oML

FIGURE 9. Inhibitory synaptic connections on granule cell dendrites. The
density of inhibitory GABAergic synaptic clusters (gephyrin+) remained
unaltered in both inner and outer molecular layer (a; iML and oML), but the
gephyrin clusters were significantly larger in the outer ML (b) at seven
weeks  following lipopolysaccharide (LPS) induced inflammation as
compated to in control environment. Error bars indicate SEM. Adapted
from Paper D: figure 8 f, g.
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Together, the results from the four studies presented in this thesis
llustrate the specttum of the impact inflaimmation poses on adult
hippocampal neurogenesis. It ranges from detrimental to permissive, and
can even dictate the functional properties of neurons born into the
inflammatory environment. Inflaimmation reduces the number of surviving
newborn neurons in both basal and SE-induced inflammation, a condition
reversed by anti-inflaimmatory treatment. However, despite both an acute
and chronic inflammation following SE, a substantial number of the granule
cells born following the insult survived on a long-term basis and comprised
nine percent of the total number of neurons within the hippocampus.
Neurons born in an inflammatory environment induced by SE or bacteria-
like infection responded to their pathological environment with reduced
excitatory and increased inhibitory synaptic connectivity. Also, while the
new neurons developed along the same detailed morphotemporal course as
in a control environment, the increased inhibitory synaptic connectivity
following bacteria-like infection was accompanied with larger inhibitory
synapses on the new neurons.

Inflammation affects the quantity of neurons

That inflammation has an impact on the outcome of adult
neurogenesis is clear from the results presented in this thesis, yet how and
to what extent appears to be highly variable, depending on factors such as
the type of inflammatory trigger, whether it be seizure activity or bacteria-
like infection.

Upon activation, microglia migrate towards the affected area, an
effect potentially mediated through monocyte chemoattractant protein-1
(MCP-1) expressed by already activated microglia at the site of injury (Deng
et al. 2008). This explains why inflammation causes the highly organized grid
of microglia cell bodies to be disrupted, and how microglial cells can
accumulate at sites of damage. Pathogen-associated LPS is a potent trigger
of microglia activation, and a subsequent cytokine release that produces an
unfavourable environment for neurons 7z vivo and in vitro (Paper A, Cacci ef
al. 2005, Liu e/ al. 2005). However, when microglia are cultured with LPS for
longer periods, instead of an acute exposure, a different state of microglial
activation and cytokine expression pattern is reached, characterized by
reduced expression of proinflammatory molecules like IL-6, TNF-a and
nitric oxide, and increased expression of anti-inflaimmatory cytokines like
IL-10 and PGE-2 (Ajmone-Cat ¢# al. 2003, Cacci et al. 2008). This work is
further supported by an iz wivo study revealing a variable inflaimmatory
21
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outcome dependent on timing and magnitude of intrahippocampal LPS-
infusion (Herber ef al 2006) Furthermore, subsets of inflammatory
microglia and macrophages within the same structure can express different
levels and types of cytokines, illustrated following experimental stroke
where the same inflammatory cell rarely expresses both IL-1f and TNF-a
(Clausen ez al. 2008). TNF-a is a potent inflammatory cytokine released by
microglia, acting either neuroprotective or pro-apoptotic through TNF-
receptors 1 and 2 (INF-R1 and -R2) located on neuronal progenitors.
Signalling via TNF-R2 has a neuroprotective role on basal hippocampal
neurogenesis, while TNF-R1 is a negative regulator of basal neurogenesis,
and insult-induced neurogenesis in both the hippocampus after SE and in
the subventricular zone following experimental stroke (Heldmann ez al
2005, losif et al. 2006, 2008). Infusion of insulin-like growth factor 1 (IGF-
1) has been shown to promote neurogenesis, while depletion attenuates the
neurogenic effect of environmental enrichment (Aberg e a/. 2000, Trejo ef
al. 2001). When microglial cells are stimulated by INF-y or TGF-f,
neurogenesis is increased, while oligodendrogensis is favoured when the
microglia are stimulated with I1.-4, showing that microglia can actually
dictate and increase the neurogenic outcome (Battista ¢/ a/. 2006, Butovsky ez
al. 2000).

That the same trigger can cause different subsets of microglia to
display different cytokine profiles, that the state of microglia activation is
dependent on the timing of the inflimmatory trigger, and that the
neurogenic outcome is affected differently by a vatiety of inflimmatory
cytokines, desctibes the dynamic and highly variable function of microglia in
inflaimmation. In turn, it also describes how inflammation can have an
impact on neurons and the neurogenic outcome of granule cells born in the
inflammatory environment.

Inflammation affects neuronal distribution and function

The evolutionary basis and functional relevance of adult
hippocampal neurgenesis remains eclusive, as do the reasons for
inflammation-mediated and seizure-induced changes to the neurogenic
process. Not only does SE cause death of neurons while transiently
increasing neurogenesis, but it also alters the distribution and functional
properties of the newborn neurons (Mohapel ¢f al. 2004, Parent e# al. 1997,
Paper C).

GCs aberrantly migrate into the hilus following SE, and remain
there long-term (Parent ef a/. 1997, Paper B). The hilus is an area of cell
death and inflammation following SE (Mohapel ¢f /. 2004, Paper B), and
neuroblasts have previously been shown to migrate towards sites of damage
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following experimental stroke and experimental multiple sclerosis
(Arvidsson ef al. 2002, Picard-Riera e# al. 2002). The inflammatory response
following SE produces a plethora of molecules which can attract the neural
progenitor cells through expression of a variety of cytokine receptors such
as CCR1, CCR2 and CXCR3 (Tran et 4l 2007, Belmadani e 4/ 20006).
Inflammatory cytokines like INF-y and TNF-o are potential mediators of
the NPC attraction, through their induction of local microglial production
of monocyte chemoattractant protein-1 (MCP-1), which attracts NPCs
through CCR2 receptor (Belmadani ez a/. 2000).

Eatlier studies have suggested that the SE-induced neurogenesis
contributes to the maintenance of epilepsy based on studies showing
granule cells located aberrantly within the hilar formation, granule cell
dendrites projecting aberrantly into the hilar formation, and granule cell
axons projecting aberrantly into the molecular layer (Ribak e a/ 2000,
Schatrfman e# a/. 2000, 2002, Buckmaster e# a/. 2002, Pierce e al. 2005). Here,
the fate of the majority of the SE-induced new neurons, i.e. those that (non-
aberrantly) integrate into the GCL, was investigated (Paper C). Previous
studies have shown that granule cells can have different morphological
characteristics in a pathological environment, and showed altered numbers
of dendritic spines (Suzuki e al 1997), dendritic length and extent of
dendritic tree branching (von Campe et al 1997), aberrant hilar basal
dendrites and recurrent basal dendrites (Ribak ez a/ 2000), and mossy fiber
sprouting into the molecular layer (Houser e a/ 1990). We performed
extensive studies of morphological characteristics, without finding any
differences between the cells born into either the SE-exposed or LPS-
induced inflammatory environments, compared to respective physiological
control environment. Interestingly, the present experiments found that new
cells born into either of the two inflammatory environments showed
reduced excitatory- and increased inhibitory synaptic connectivity of the
neurons born into the SE-exposed GCL. These findings suggest that the
majority of the newborn neurons following SE, the ones that integrate into
the GCL, actually tended to counteract the pathologically excitable SE-
environment. However, spontaneous seizures do occur despite the presence
of seizure-induced newborn neurons within the GCL following SE (Parent
et al. 1997, Paper B, C). The reason for these spontaneous seizures may be
the aforementioned aberrant hilar basal dendrites and mossy-fiber
sprouting, two phenomena that possibly contribute to an immense network
suceptibility and epileptogenesis following SE. Also, many inhibitory
GABAergic interneurons die following the SE insult, reducing the inhibitory
capacity of the hippocampal network, potentially contributing to subsequent
epileptogenesis. Furthermore, the decreased excitatory and increased
inhibitory synaptic connectivity onto the new granule cells born into the
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LPS-induced inflaimmatory environment, suggest a possible mechanism for
these granule cells to precautionarily reduce the risk for subsequent seizure
activity to occur as a secondary effect of brain inflammation.

The research presented in this thesis has shown for the very first
time that synaptic connectivity is altered in the new granule cells born into a
pre-existing pathologic environment (Paper C, D). Both SE and LPS create
an inflammatory environment that promotes plastic changes through
cytokines and growth factors such as TNF-a and brain-derived
neurotrophic factor (BDNF), which are capable of modulating excitatory
and inhibitory synaptic transmission, and altering dendritic spine
morphology (Ajmone-Cat et al. 20006, Pickering ez al. 2005, Henneberger e# al.
2005, von Bohlen und Halbach ez a/. 20006). In conjunction with increased
inflammatory-induced inhibitory synaptic connectivity following LPS-
injection, we found larger GABAs receptor-clusters (gephyrint) on the
dendrites of newborn granule cells (Paper D), potentially mediated by the
ability of BDNF to regulate the transcription of GABAx receptors (Lund e7
al. 2008).

Is inflammation good or bad?

Following trauma such as SE, it now seems unlikely that
simultaneous local inflaimmation and neurogenesis are merely coincidental,
but instead, in cohort, serve the increased tissue demand for maintenance
and repair. Dependending on the type and intensity of the trigger, along
with the duration of exposure, different states of microglial activation and
subsequent neurogenic outcome will result. In light of such a complex
relationship between pro- and anti-inflammatory cytokines, to suggest that
microglia merely perform a dual role, or are either good or bad for the
process of neurogenesis, would be to over-simplify. For a recent review of
the intimate relationship between inflammation and adult neurogenesis see
Ekdahl ez a/ (2008).

Here, while we have demonstrated that inflammation can be
detrimental to neurogenesis (Paper A), permit long-term survival of
neurons (Paper B), and dictate the excitatory and inibitory synaptic
connectivity of the newborn neurons (Paper C, D), yet other studies have
shown the immune system can actually instruct neurogenesis to occur. In
spinal cord injury simultaneously treated with neural progenitors and
inflammatory T-cells directed towards a CNS antigen, the T-cells recruit the
exogenously applied neural progenitors to migrate to the site of injury, thus
improving the functional recovery (Ziv ef al. 20006a). Also, in animals
depleted of T-cells, neurogenesis was clearly decreased, and when restoring
the system with T-cells interacting specifically with microglia in the brain,
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progenitor proliferation was again increased (Ziv ¢f a/. 2006b). Furthermore,
depending on whether microglia are activated by either of the T cell-derived
cytokines IL-4 or IFN-y, microglia contribute to hippocampal neurogenesis
and oligodendrogenesis respectively (Butovsky ez 2/ 2006). This shows that
the inflammatory-mediating microglia, previously associated primarily with
exerting negative effects on neurogenesis, can in association with immune
system T-cells actually participate in instructing adult neurogenesis.

Together, our results show that not all newborn neurons will
respond to an inflammatory environment by dying, even when exposed to
inflammation under the crucial period of their development. Rather, some
will survive, mature, and integrate into a chronically inflamed hippocampus,
both after SE and after LPS-injection.

Future perspective

The four studies included in this thesis have significantly increased
the knowledge of the effect an inflammatory environment poses on the
neurons. However, as always when questions are answered, inevitably, more
will arise. To date, it has been very difficult, if not impossible, to discuss
inflammatory effects in general terms. The discourse is rather more
emphasized when results are specified as ‘under these exact conditions’, ‘in
this strain of animal’, and ‘in this amount, type and time of exposure results
in’, etc. It will be important to continue the mapping of specific stages of
microglial activation, and also, what provokes and defines them. Papers C
and D have shed light on how neurons are affected by being born into an
inflammatory environment. Obviously, it would be of great value to know
how newborn neurons in different stages of maturation respond to an onset
of inflammation: to understand when the neurons are sensitive to
inflammatory exposure, and subsequent events. Finally, the very interesting
results from Paper C suggest that the SE-induced newborn neurons might
actually counteract the excitable environment they are born into, an
approach that could be taken much further by trying to increase the number
of surviving neurons following SE, perhaps using inflammatory mediators
to attract the neurons to the desired location and monitor the effects on the
environment excitability. In order to someday translate these pre-clinical
data in a therapeutic manner in human conditions such as seizure disorders,
and also other CNS disorders where the immune system is involved, such as
multiple sclerosis, Alzheimer’s disease, and stroke, it is my opinion that one
must consider both neuronal and inflammatory properties for the greatest
success.
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Animal models

To reach our specific aim of elucidating the impact a pre-existing
inflammatory environment poses on neuronal birth, survival, migration, and
integration into the neuronal network, two animal models have been used
throughout the four papers included in this thesis. The models mimic two
types of inflammatory environment formed as a response to bacterial
infection and epileptic seizure, respectively, whereupon the neurogenic
outcome is analysed. The animal models and subsequent analyses atre
reviewed in this chapter, and for specific information on concentrations,
provider etc., I refer to Papers A-D.

Model for bacterial infection

Almost all Gram-negative bacteria are pathogens, meaning they
cause disease when infecting a host organism. Gram-negative bacteria have
an outer layer mainly comprised of lipopolysaccharide (LPS), a motif
conserved throughout bacteria evolution due to its protective function. In
the simultaneous evolution of the immune system e.g. in rat and human, it
has proven useful to be able to respond to bacterial infection in order to
fight it and survive. To accomplish this, the innate immune system in the
brain has taken advantage of pathogen-associated motif patterns like LPS.
The main immune cells of the brain are microglia, further described in the
previous chapter (‘Inflammation’). Through toll-like receptors (TLRs) on
microglia membranes, pathogen invasion causes activation of microglia
cells, a process known as inflammation.

To mimic bacteria-induced inflammation in an animal model, LPS
endotoxin is delivered to the hippocampus, either continuously through a
micro-osmotic pump (Paper A), or by a single microcapillary injection
(Paper D). The LPS causes a prominent inflammatory response with
increased numbers of microglia throughout the period of continuous micro-
osmotic delivery (Paper A), and both acutely and seven weeks after the
single-dose injection (Paper B). Thus, the LPS animal model provides a
local and stable inflaimmatory environment, enabling the study of survival
and morphological development of hippocampal neurons born therein.

Model for status epilepticus

Normal brain function is based on a delicate balance of factors
stimulating or inhibiting nerve cell signalling. An altered balance favouring
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excitation over inhibition, can give rise to uncontrolled signalling commonly
referred to as epileptic seizures. Epilepsy is a collective name of a
heterogeneous group of recurrent, unprovoked seizures. The extent of a
single seizure varies widely depending on where in the brain the seizure
originates and whereto it spreads. A seizure manifests itself along a
spectrum: from creating a few seconds of absence, to a long-lasting full-
blown seizure called status epilepticus (SE). Severe SE is a condition that
causes uni- or bilateral cramps of peripheral limb muscles, loss of
consciousness, and an increased risk of death due to heart failure. About
one percent of the western population suffers chronically from epilepsy,
primarily affecting children and the elderly. Some cases of epilepsy are
hereditary. These are often caused by mutations affecting neurotransmitter
communication towards increased excitation or reduced inhibition, which
lowers the threshold for seizure occurrence. Furthermore, an array of
conditions affecting the brain can secondarily give rise to epilepsy, such as
tumours, stroke, infection, malformation and trauma. Nonetheless, despite
the modern techniques available, about 50 percent of the cases remain
idiopathic, meaning a plausible underlying cause of the disease cannot be
determined. In the brain, the temporal lobes seem particularly prone to
seizure activity, and are often affected in epilepsy. Apart from seizure
activity per se, human temporal lobe epilepsy (TLE) can give rise to cognitive
decline and abnormal changes of the hippocampal granule cell layer (GCL).
Change can include reorganisation of granule cell (GC) mossy fibers
(axons), dispersion of the GCL, loss of GCs, appearance of aberrantly
located GCs, along with occurrence of activated microglia, astrogliosis, and
increased levels of inflammatory cytokines like interleukin-1 (IL-1), and
cytokine receptors like IL-1 receptor type 1 (IL-1R1) (Houser 1990, Ozbas-
Gergeker et al. 2004, Oyegbile ef al. 2004, Ravizza et al. 2008).

1 2

FIGURE 10. Electroencephalographic (EEG) recordings of status
epilepticus (SE) activity in an animal model. From the electrode implanted

into the hippocampus measured EEG shows SE seizure activity (1),
abnormal interictal spiking (2), activity during a spontanecous seizure four

weeks after initial SE insult (3), and normal control EEG activity at one

week after running (4; control). Scale bar: 2's, 1 mV. Adapted from Paper 27
C: figure 1 a.
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To mimic severe human TLE in an animal model, an electrode is
implanted into the rodent hippocampus through which SE is induced
clectrically (Paper A, B, C). Animals develop ecither mild partial or more
severe generalized SE, involving one or both hemispheres, respectively.
Spontaneous seizures will continue to occur throughout life with
concomitant changes to electroencephalogram (EEG) recordings of brain
activity (FIGURE 10), and with behavioural manifestations including akinesia,
automatisms, limb cramps, salivation, and loss of balance (Mello e¢7 a/. 1993).
As in human TLE, the SE-treated rodent hippocampus show GCL
dispersion, aberrantly located GCs within the hilus and ML, GC loss,
reorganisation of GC mossy fibers, astrogliosis and a pronounced
inflammatory response (Mello ef al 1993, Parent et al. 1997, Borges ef al.
2003).

Techniques for detecting neurogenesis and inflammation

A number of methods have been developed to study the processes
of neurogenesis and inflammation in the brain. The technical goal is to label
cells or cell structures specifically and efficiently, detecting as many as
possible of nothing but the desired cell type. For the papers included in this
thesis, newborn cells have been detected with bromodeoxyuridine (BrdU;
Paper A, B) and retrovirus (Paper C, D) in wivo, along with in situ
immunohistochemical labelling with antibodies for specific visualisation of
the inflammatory and neurogenic processes (Paper A, B, C, D).

Bromodeoxcyuridine labelling

The blueprint for an organism is stored in its genes made of
deoxyribonucleic acid (DNA) strands inside the nucleus of each and every
cell. The DNA is folded into 42 and 46 chromosomes in rat and human
cells respectively. The DNA molecule has only four building blocks:
cytosine, guanine, adenosine and thymidine. Different combinations of
these are the basis for building all types of molecules and cells, and by
extension, whole organisms. When a cell divides to form two daughter cells,
the pattern of cytosine-guanine and adenosine-thymidine block-order is
copied; giving the newborn cells a clone of the mother-cell DNA.
Bromodeoxyuridine (BrdU) is a molecule analogous to thymidine, meaning
that when BrdU is injected at the time of cell division it will incorporate into
the newborn cells at thymidine sites along the DNA molecule. The BrdU-
molecule is associated with a bromide-group, allowing for subsequent
antibody-based specific detection of newborn BrdU-labelled cells, using a
standard protocol for immunohistochemistry (see below).
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As for all techniques, it is important to critically evaluate the
efficiency and specificity of the method at hand. Detecting dividing cells by
incorporating thymidine analogues into DNA has been used for several
decades, but the specificity of the method is to some extent still debated.
One risk using the method is that damaged cells repairing their DNA could
also incorporate BrdU, thus falsely labelling a repairing cell as a new cell.
Moreover, by incorporating BrdU into its DNA, the cell risks that the
modified thymidine interferes with normal cell function and potentially
induce cell death. However, the technique has been highly refined (for
references, see Christie and Cameron 2000). It is now known that low-dose
injections of BrdU (50 mg/kg for rat) are not lethal, and cells are not
damaged by the uptake of BrdU. Also, BrdU+ and BrdU- cells show similar
functional characteristics. To ascertain BrdU-specificity, other techniques
for labelling newborn cells, such as retrovirus based approaches or using
antibodies such as Ki67 and DCX, have been utilised to show overlap of
newborn cells and cells labelled with BrdU. Also, none of the approaches
label a large population of cells in areas of damage, where many cells are
expected to undergo DNA repair. Furthermore, cells in need of DNA repair
only restore small portions of the whole DNA molecule, which renders the
BrdU content of a repairing cell too minute to detect with antibody-based
immunohistochemistry. Additionally, for the papers included in this thesis,
only completely and homogenously stained nuclei were analysed and
regarded as part of a truly newborn cell.

Replication-deficient retroviral labelling

Another efficient way to label dividing cells is to infect them with
replication-incompetent oncoretrovirus particles carrying the gene for
green-fluorescent protein (GFP; Papers C, D). This approach allows for
easy detection of newborn cells in live slices during electrophysiological
patch-clamp recordings (see chapter ‘Electrophysiology’). The retrovirus
(RV) particles are injected locally, and enter host cells through interaction
between viral surface glycoprotein and host cell membrane receptors. The
single-stranded viral RNA is reversely transcribed into double-stranded
DNA in the host cell cytoplasm. If the infected cell undergoes mitosis, viral
DNA enters through a transiently open nuclear envelope into the host cell
nucleus, where it randomly integrates into the host DNA. Regulated by a
promoter on the viral DNA, the viral gene becomes transcribed and
translated into GFP, which stably labels the entire newborn cell. Essential
parts have been removed from the viral genome prior to infection,
rendering the replication-incompetent RV unable to spread and infect
neighbouring cells. For papers C and D included in this thesis, Moloney
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Murine Leukemia virus (Mo-MLV) backbone inserted with a GFP-coding
sequence under either of the ubiquitous promoters NIT (Paper C) or CAG
(Paper D) has been utilized to efficiently label cells born around the time of
viral infection.

The efficiency of transducing viral DNA into host cells may vary
depending on intracellular half-life of the RV vector and the number of
infectious units delivered. The concentration of the RV solution injected in
Paper C and D was approximately 1.1 — 1.3 x 108 transducing units per
milliliter, and the half-life of Mo-MLV-derived retroviral vectors has been
estimated to 5.5 - 7.5 hours inside the host cell cytoplasm (Andreadis ez al.
1997). An estimated 250 transducing units are required for successful
labelling of one neuron using GFP-carrying RV under the CAG-promoter
(Zhao et al. 20006). Thus, it can be deduced that only a negligible number of
neurons (about eight) may still be retrovirally infected 48 hours (six half-
lives) after the 1.5-ml injection in Paper C and D. Another factor limiting
the number of host cells expressing GFP after viral infection is the type of
promoter associated with the RV. As aforementioned, RV with either NIT
(Paper C) or CAG (Paper D) promoters have been used, and the CAG
promoter transduces a much higher number of GFP-expressing neurons as
compared to the NIT promoter. Furthermore, the random incorporation of
retroviral DNA into host DNA during mitotic cell division can potentially
cause irreparable damage to the infected cell if incorporated into a crucial
host gene. Another risk is that modified retroviral particles may be or
become replication competent and consequently spread to and infect
neighbouring host cells uncontrollably. Nevertheless, the biology of
retroviral vector is well known, and has successfully been used in gene
therapy since 1989 without reports of serious side effects (Vile ez a/ 1996).

Immunobistochemistry

The technique of immunohistochemistry is based on use of
antibodies (‘immuno-‘) recognizing specific antigens on the cell surface, in
the cytosol or inside the cell nucleus when added to thinly sliced tissue
(‘histo-°).

To ensure tissue morphology and stability during the
immunohistochemical staining procedure and subsequent analysis, the soft
brain tissue is treated with the formalin-derived fixative paraformaldehyde
(PFA). Exposing tissue to PFA disables endogenous proteolytic enzymes,
protects from bacterial damage, and lends stability by creating strong
covalent bonds between serine-residues in proteins throughout the tissue.
The added rigidity enables the tissue to be thinly sliced, a requitement for
adequate antibody penetration. Antibody penetration is further improved by
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addition of the membrane rupturing detergent Triton X-100. For antigen
located within the cell nucleus, additional treatment may be required to
open the nuclear envelope. By heating tissue in either warm hydrochloric
acid or boiling citrate buffer (both pH < 7), specific antibodies can reach
and efficiently label nuclear BrdU and Ki67-antigen respectively (Paper A,
B).

In immunohistochemistry, a specific antibody binding directly to
the antigen of interest is called a primary (1°) antibody (FIGURE 11). Once the
primary antibody is in contact with its antigen, they strongly bind together.
A primary antibody can be either monoclonal or polyclonal, depending on
how it is produced. A monoclonal antibody is produced by infusing the
desired antigen into a mouse, where the murine immune system will
respond by making antibodies against the infused antigen. Antigen-
producing spleen cells are then fused with myeloma cells and cultured
individually, while the surrounding medium is tested for the desired
antibody. When a positive culture is found (one that produces the desired
antibody) the antibody is cloned and propagated 7 vivo or in vitro, followed
by the harvesting of the specific monoclonal antibody. Monoclonal
antibodies all bind to exactly the same epitope (location) on a corresponding
antigen. For production of polyclonal antibodies, the antigen is similarly
infused into an animal and the activated immune system produces
antibodies against the antigen. The serum from the animal is thereafter
purified to obtain a mix of polyclonal antibodies. Thus, a polyclonal
antibody is produced by a variety of immune cells that all recognise the
same antigen, but do so by binding to different epitopes on that specific
antigen. Monoclonal antibodies are generally regarded more specific than
polyclonal antibodies.

In immunohistochemistry, when the primary antibody has bound to
the desired antigen, excess antibodies are rinsed away from the tissue, before
a secondary (2°) antibody is introduced. The secondary antibody binds to
the Fc heavy-chain part of the primary antibody (FIGURE 11). The secondary
antibody can be conjugated with FITC (green) or Cy3 (red) fluorophores, or
non-fluorescent biotin. When conjugated with a fluorophore, the stained
cells will light up in a fluorescent microscope when excited with the
complementary wavelength. Biotin-conjugated secondary antibodies can
cither be made green-fluorescent by adding Alexa fluor 488, or making them
brown for light microscopy by adding avidin-biotin-complex (ABC), and
subsequently exposing the complex to 3,3’diaminobenzidine (DAB) and
hydrogen peroxide (FIGURE 11)
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The technical drawbacks of immunohistochemistry include a risk
for labelling of unspecific antigens, and general labelling of the background
tissue reducing the contrast between specific and non-specific staining.
However, specificity of antibodies can be assessed by use of positive and
negative controls. A positive control is obtained by staining tissue with an
antibody where the corresponding antigen should be present, e.g. BrdU-
antigen in areas of continuous cell division (e.g. SGZ of adult hippocampi)
in BrdU-injected animals. Absence of BrdU-positive staining under these
circumstances should be interpreted as inadequacy of the antibody. Either
by staining tissue with an antibody whose antigen should not be present, or
by omitting the primary antibody from the staining protocol, one can obtain
a negative control. If staining is detected under these circumstances, the
specificity of the antibody is inadequate. A further control for labelling
specificity occurs during subsequent microscopical analysis. Knowledge of
where and in which cell type an antigen should be located allows for
identification of the morphology of a specific, and thereby a non-specific,
labelling outcome (EXAMPLE 1). Furthermore, antigen detection with rat
primary antibody (e.g. rat anti-BrdU; Paper A, B) on rat tissue is
complicated by high levels of background staining due to secondary anti-rat
antibody (Cy3 donkey anti-rat) binding not only to the primary antibody but
also unspecifically to endogenous rat tissue immunoglobulin like IgG.
However, this problem is common only in tissue like muscle, skin, and
kidney, but not in brain tissue since it is devoid of IgG-antibodies (Peress ¢z
al. 1989) apart from areas with close association to the cerebrospinal fluid
such as periventricular tissue (Peress ef al. 1987).
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Example 1. When analysing an immunohistochemical staining made with
ED1 antibody, specific labelling is solely confined to phagocytic vesicles
inside microglia cell bodies. Active and quiescent microglia cell bodies can
be stained specifically with Ibal-antibody. If ED1+ labelling is found
outside Ibal+ cell bodies, the specificity of the labelling technique and/or
antibody used should be questioned. Also, if the exact morphological
structure is fluorescent in several wavelengths (colours), the stained
structure is likely non-specific auto-fluorescence, and not a phagocytic
vesicle.

Finally, measures can be taken to reduce labelling of background
tissue by adding serum to the antibody solution, or by quenching the tissue
with hydrogen peroxide and methanol before DAB-technique labelling for
light microscopy.

Electrophysiology

This thesis is particularly focused on neuronal and inflaimmatory
cell number and morphology. However, paper C and D are also based on
electrphysiological patch-clamp recordings of neurons. In order to fully
comprehend the conclusions drawn from these two studies, a basic
understanding of neuronal electrophysiology is essential. The number of
neurons and their morphological characteristics cannot provide a complete
understanding of how a pathological condition affects neurons in the brain.
Additionally, the functional characteristics of neurons must be taken into
account. When neurons communicate, transmitter substances are released
into the synaptic cleft, causing a flow of ions across the membrane of the
postsynaptic cell. In the electrophysiological technique, electrical current in a
single neuron is measured. The single-cell currents reflect neuronal function,
and can be more broadly applied to understanding how single neurons
integrate and communicate in the larger neuronal circuitry of the CNS.

To distinguish newborn neurons from adult neurons, the newborn
cells are specifically labelled with a retrovirus carrying the gene for GFP (see
Replication-deficient retroviral labelling’ on pp 29-30). Functional
properties were electrophysiologically recorded from newborn and adult
neurons in live hippocampal tissue from animals exposed to SE or LPS, and
their respective control animals. The hippocampal tissue was cut into thick
slabs, and kept alive in aCSF for a few hours under a microscope connected
to an advanced system for recording of electrophysiological activity. The
technique is known as whole-cell voltage-clamp recording, where the patch
micropipette seals onto the GC soma and ruptures the membrane. This
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renders an open connection between the GC and micropipette interior, thus
enabling recording of electrical currents within the patched cell.

When an action potential reaches the synaptic bouton it causes
release of transmitter substances into the synaptic cleft (see ‘Neurons’ on pp
5-7). Depending on the type of transmitter substance released, it can either
cause excitation or inhibition of the postsynaptic neuronal membrane.
Excitation may lead to propagation of the action potential signal along the
postsynaptic neuronal axon to further synaptic clefts, while inhibition
reduces the likelihood of continued action potential propagation. Changes in
cell excitation can be studied by blocking inhibitory GABAA receptors with
picrotoxin (PTX), which allows for recording of purely excitatory currents.
Blocking the inhibitory signalling enables monitoring of spontaneous and
action potential-elicited excitatory glutamate release in the postsynaptic cell.
The recorded currents are called spontaneous excitatory postsynaptic
currents (sEPSCs). The effect of spontaneous presynaptic glutamatergic
release alone can be recorded in the chosen cell by simultaneously blocking
GABAA receptors with PTX and presynaptic action potentials with
tetrodotoxin (TTX) added to the extracellular bath solution. The tecorded
currents in these conditions are referred to as miniature excitatory
postsynaptic currents (mEPSCs). Reduced frequency of EPSCs (i.e. EPSCs
occuring at longer inter-event intevals: IEIs) suggests reduced excitatory
input onto the recorded cell. To normalize the dispersion of the EPSC
responses recorded in the postsynaptic cells, the standard deviation is
divided by the mean, rendering the coefficient of variation (CV). CV is a
measurement that gives an estimation of the probability that glutamate will
be released from the presynaptic terminal and subsequently cause
postsynaptic EPSCs. By delivering extracellular stimulations to the afferent
excitatory pathway, the lateral perforant path (LPP), coming from the
entorhinal cortex synapsing onto the hippocampal granule cells, induces
excitatory currents in the postsynaptic neuron. This approach can be used to
study the way a synaptic response changes due to previous activity.
Delivering two pulses in short succession to the LPP, induces paired-pulse
facilitation (PPF), a form of presynaptically mediated short-term plasticity.
PPF and CV of EPSCs are both inversely related to overall release
probability of glutamate. This means that increased PPF or CV is indicative
of the patched cell having presynaptic connections with an overall reduced
probability of glutamate release (i.e. a reduced excitatory input onto the
recorded cell).

As mentioned previously, neurotransmitter release can also induce
inhibitory effects on the postsynaptic neuron. While excitatory effects are
commonly mediated by the neurotransmitter glutamate, GABA typically
mediates inhibitory effects. Changes in cell inhibition can be isolated by
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blocking glutamate-mediated excitation with D-AP5 and NBQX, while
studying the inhibitory postsynaptic currents (IPSCs). Under these
conditions, spontaneous and action potential-dependent postsynaptic
inhibition can be monitored through spontancous inhibitory postsynaptic
currents (sIPSCs). Furthermore, by blocking action potential generation in
the presynaptic cells with TTX, inhibitory currents due to spontaneous
GABA release can be monitored alone through miniature inhibitory
postsynaptic currents (mIPSCs). IPSCs occuring at shorter IEIs with higher
amplitudes are indicative of the recorded cell receiving enhanced inhibitory
input. A slow rise and decay of the IPSCs suggest activation of synapses on
the dendrites, distal to the recording pipette, while faster kinetics are
associated with signalling through proximal somatic synapses. Stimulating
the molecular layer (ML) twice in short succession induces paired-pulse
depression (PPD) of IPSCs. PPD occurs when the first stimulation releases
GABA which, besides inducing IPSCs in the postsynaptic cell, gives rise to
inhibition of GABA release following the second stimulation. Reduced PPD
suggests that the postsynaptic cell receives more inhibitory input, since the
second GABA release is not as reduced.

Microscopy and statistics

To analyse the immunohistochemically stained tissue, a variety of
microscopical approaches have been used: regular light microscopy and light
microscopy in a stereological setting to estimate the total number of
neurons in the granule cell layer (Paper B), conventional fluorescence
microscopy and confocal fluorescence microscopy to safely determine
colocalisation of two antibodies or, to cleatly visualise minute details of
neuronal morphology, such as dendritic spines (Paper D).

Statistical analysis between experimental conditions, such as partial
and generalized SE, and the corresponding control group (Paper B) was
performed using analysis of variance (ANOVA) with Bonferroni post-hoc
test. Single treatment conditions were analysed with #tests, such as LPS-
injected animals and their controls (Paper D). Both ANOVA and #tests ate
based on analysing the variance of means, and require the data to follow
normal distribution. T-tests can be either paired or unpaired. A paired #test
is used to compare data that are repeated measures, such as data from the
same animal measured before and after a treatment. Unpaired ~tests are
used to compare independent groups, such as separate control and
experimental groups.

Data obtained from immunohistochemically labelled tissue was
analysed with appropriate statistical tests and a p-value was obtained. If the
p-value is greater than 0.05, one fails to reject the null-hypothesis, and it can
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be concluded there is no statistically significant difference between the
groups. With a p-value less than 0.05 the null-hypothesis is rejected, and it
can be concluded there is a significant difference between the compared
groups. A p-value is an arbitrarily, predetermined cut-off point, and a value
of less than 0.05 suggests with 95 percent likelihood that the data from the
compared distributions are different. A null hypothesis can be rejected with
increasing certainty when p-values of 0.01 or 0.001 are set. Thus, a p-value is
a measurement of credibility, how likely it is that the obtained result actually
reflects a true difference between compared data groups.

Technical limitations

When studying a human disease like epileptic seizure and
inflammation in a rodent model using a vatiety of markers to detect
inflammatory cells and neurons, one must be careful with interpretation of
the data. It is essential to remember that the present discussion is of rodent
epilepsy and the data might not be clearly transferrable to the human
condition. When labelling resected rodent tissue with an antibody against,
for instance, Iba-1, it is crucial to keep in mind that what is visualized under
the microscope are those Iba-1 antibodies that have successfully bound to
Iba-1 antigen. The antigen should only be localized to microglia, excess
antibody should have been rinsed off the tissue, and the Iba-1 antibody
should have bound to all Iba-1 antigen within the tissue. When injecting a
label like BtdU 7n wivo, it is possible that the BrdU might label other than
dividing cells, and might not label all dividing cells. The issue of label
uncertainty becomes even more evident when using a replication-deficient
retrovirus like RV-GFP. Even though the label efficiency increased from
Paper C to Paper D when switching viral promoter, the uptake and
expression of a retroviral label is variable from one injection to another,
making this labelling technique particularly unsuitable for quantitative
comparisons. The low efficacy of transduction of GFP to newborn cells in
Paper C prompted us to increase the neurogenesis in control animals,
which is the reason that we used animals with voluntary exercise as a control
group for this experiment. Finally, when analysing the stained tissue for
positive labelling, there is always a risk for bias. To reduce the risk, the
analyst should always be blind to treatment conditions. However, the
treatment per se might sometimes alter the tissue integrity or labelling
parameters in a clear and predictable way, making it difficult to blind the
samples. For instance, experimental stroke induces a large lesion and tissue
loss in the brain, where the control animals have no lesion at all. The same
is true for analysing inflammatory environment following either SE- or LPS-
treatment, where both cause a marked upregulation of microglia (increased

36



METHODOLOGY

numbers and altered morphology). Under these conditions where the
treatment results in obvious effects not found in the corresponding control
animals, the risk of bias cannot be removed and therefore must be taken
into account. However, drawbacks should not simply be viewed as
arguments to avoid using a specific technique, since all techniques and
models have drawbacks (along with their respective advantages), but rather
be kept in mind when critically analysing the results, and also be a motivator
for a continuous strive to improve the technique.
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New hippocampal neurons are continuously generated in the adult
brain. Here, we demonstrate that lipopolysaccharide-induced in-
flammation, which gives rise to microglia activation in the area
where the new neurons are born, strongly impairs basal hippocam-
pal neurogenesis in rats. The increased neurogenesis triggered by
a brain insult is also attenuated if it is associated with microglia
activation caused by tissue damage or lipopolysaccharide infusion.
The impaired neurogenesis in inflammation is restored by systemic
administration of minocycline, which inhibits microglia activation.
Our data raise the possibility that suppression of hippocampal
neurogenesis by activated microglia contributes to cognitive dys-
function in aging, dementia, epilepsy, and other conditions leading
to brain inflammation.

In the adult mammalian brain, neural progenitor cells located
in the subgranular zone (SGZ) of the dentate gyrus (DG)
generate thousands of new neurons each day (1). These neurons
develop the morphological and functional properties of dentate
granule cells and become integrated into existing neuronal
circuitries (2). The role of neurogenesis for hippocampal func-
tion is still unclear, but some experimental evidence suggests its
involvement in memory formation (3) and mood regulation (4).
Impairment of hippocampal neurogenesis may be linked to the
cognitive decline in aging, Alzheimer’s disease (AD), and major
depression (5-7).

Brain inflammation probably plays an important role in the
pathogenesis of chronic neurodegenerative disorders like AD
and Parkinson’s disease (8, 9). Neurodegeneration caused by
inflammation involves activation of the brain’s resident immune
cells, the microglia, which produce a large number of proinflam-
matory factors (10-12). Also, acute brain insults, e.g., stroke and
status epilepticus (SE), are linked to inflammation (13, 14),
which contributes to the propagation of the neuropathological
events (9, 15). These insults trigger increased neurogenesis in the
SGZ (16-19). After severe SE, there is an 80% loss of newly
formed dentate neurons (20), which raises the possibility that the
associated inflammatory response is deleterious for hippocam-
pal neurogenesis.

Here, we show that the microglia activation associated with
inflammation impairs both basal and insult-induced hippocam-
pal neurogenesis. We find that systemic administration of the
tetracycline derivative minocycline, which specifically inhibits
microglia activation, is an effective treatment to restore neuro-
genesis suppressed by inflammation.

Materials and Methods

Surgery and Induction of SE. Male Sprague—Dawley rats were
implanted with a stimulating/recording electrode into the right
ventral hippocampus [coordinates: 4.8 mm caudal and 5.2 mm
lateral to bregma, 6.3 mm ventral to dura, and toothbar at —3.3
mm (21)] under pentobarbital or halothane anesthesia. In 37
animals, a brain infusion cannula (Alzet, Palo Alto, CA) was also
placed intracortically on the right side of the brain (2 mm caudal
and 1.2 mm lateral to bregma and 2.6 mm ventral to dura).
Twenty-five rats were implanted only with the infusion cannula.

13632-13637 | PNAS | November 11,2003 | vol. 100 | no.23

Ten days after surgery, all rats with implanted electrodes, except
nonstimulated controls, were subjected to electrically induced
SE with 60-90 min of suprathreshold stimulation followed by 2 h
of self-sustained continuous ictal electroencephalographic
(EEG) activity (22). Seizures were interrupted with i.p. injec-
tions of pentobarbital. Forty SE animals were subjected only to
SE and perfused 2, 6-8 (pooled), or 35 days later.

BrdUrd Labeling. Six days after SE, rats were given four injections
(every 2 h during a 6-h period) of BrdUrd (50 mg/kg, i.p; Sigma).
Animals subjected to 4 weeks of intracortical infusions of
lipopolysaccharide (LPS) or vehicle were injected with BrdUrd
twice daily for 1 week, starting 6 days after the initiation of
infusions. Rats receiving only 6 days of intracortical infusions
were given four injections of BrdUrd (every 2 h during a 6-h
period) at day 6 and perfused 2 h thereafter.

LPS and Minocycline Treatment. A miniosmotic pump (28-day
pump, 0.25 ul/h; Alzet) was connected to the brain infusion
cannula. The pump contained either LPS from Escherichia coli
(serotype 055:B5; 20 pg/ul artificial cerebrospinal fluid; Sigma)
or vehicle. Infusions were continued for 6 or 28 days.

Minocycline (Sigma) dissolved in potassium PBS (KPBS), pH
7-7.4, or vehicle was injected i.p. during 6 days or 35 days after
SE or in nonstimulated controls. Animals received minocycline
(50 mg/kg) twice daily for the first 2 days and once daily for the
next 5 days (4 days for the short-term survival group), followed
by 25 mg/kg once daily (23).

Immunohistochemistry. Rats were transcardially perfused with
saline followed by 4% paraformaldehyde. Brains were postfixed
overnight in the same medium and placed in 20% sucrose for
24 h, before sectioning (30 pwm). For BrdUrd/NeuN, BrdUrd/
doublecortin, and BrdUrd/ED1 double-label immunofluores-
cence, the sections were pretreated with 1 M HCI for 30 min at
+67°C and then preincubated with appropriate serum, followed
by incubation with primary antibodies overnight at +4°C. Sec-
tions were incubated for 2 h in the dark with secondary anti-
bodies, followed by 2 h with Streptavidin Alexa Fluor 488 (1:200,
Molecular Probes). The following antibodies were used: rat
anti-BrdUrd (1:100, Oxford Biotechnology, Oxfordshire, U.K.),
mouse anti-NeuN (1:100, Chemicon), mouse anti-ED1 (1:200,
Serotec), goat anti-doublecortin (1:400, SC-8066, Santa Cruz
Biotechnology), Cy3-conjugated donkey anti-rat (1:400, Jackson
ImmunoResearch), and biotinylated horse anti-mouse or anti-
goat (1:200, Vector Laboratories). Single labeling for NeuN,
ED1, and Ki67 (mouse anti-Ki67 antibody, 1:200, NovoCastra,
Newcastle, U.K.) were performed with biotinylated horse anti-
mouse antibody and visualized with avidin-biotin-peroxidase
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Abbreviations: SGZ, subgranular zone; DG, dentate gyrus; AD, Alzheimer’s disease; SE,
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Inflammation impairs basal hippocampal neurogenesis. (a—c) Immunohistochemical staining for ED1-positive activated microglia in the DG after 28 days

of intracortical vehicle (a) or LPS (b) infusions, and number of activated microglia in the SGZ/GCL in the same treatment groups (c). (d) A newly formed
BrdUrd/NeuN double-labeled neuron in the SGZ is visualized by using confocal microscopy in an orthogonal projection composed of 19 optical z-planes (0.5 um
thick). (e) The number of BrdUrd/NeuN double-labeled new neurons in the SGZ/GCL after 28 days of LPS or vehicle infusion (14 days after the last BrdUrd
injection). (f) Correlation between number of ED1-positive and BrdUrd/NeuN double-labeled cells. Data are the number of cells per section. n = 6 and 10 for
vehicle- and LPS-treated rats, respectively. Shown are means + SEM. *, P < 0.05. Hilus, dentate hilus. Dotted lines depict SGZ. (Scale bar = 20 um in b and 7.2

pmind.)

complex, followed by diaminobenzidine reaction. For the
Fluoro-Jade staining, the sections were rehydrated, pretreated in
0.06% potassium permanganate for 15 min, rinsed in distilled
water, incubated in 0.001% Fluoro-Jade working solution
(Histo-Chem, Jefferson, AR) for 30 min, rinsed in distilled
water, immersed in xylene, and cover-slipped.

Microscopical Analysis. By using light microscopy, all single-
labeled BrdUrd-, ED1-, and Ki67-positive cells were counted in
the granule cell layer (GCL) and within two cell diameters below
this region in the SGZ. Single-labeled NeuN-positive cells were
counted in the dentate hilus, outlined by the GCL and an
imaginary border between the lateral endings of the GCL. The
number of labeled cells was calculated in 3-6 coronal sections
from each rat, located between 3.3 mm and 4.3 mm posterior to
bregma (encompassing dorsal hippocampus), and expressed as
the mean number of cells per section. The numbers of BrdUrd/
doublecortin and BrdUrd/NeuN double-labeled cells were
quantified by using Olympus AX-70 epifluorescent and confocal
scanning (Kr/Ar 488 nm and 568 nm excitation filter; Bio-Rad
MRC1024U V) microscopes, respectively. Fifty BrdUrd-positive
cells were analyzed from each rat, and the percentage was used
to calculate the total number of BrdUrd/NeuN-positive cells per
section.

Statistical Analysis. Values are means = SEM. Comparisons were
performed by using one-way analysis of variance (ANOVA)
followed by post hoc Bonferroni test. Differences were consid-
ered significant at P < 0.05. A correlation z test was used to
assess the relation between number of ED1-positive cells and
BrdUrd/NeuN double-labeled cells.

Results

Inflammation Impairs Basal Neurogenesis. We first explored
whether inflammation influences the formation of new neurons
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in the SGZ in the intact brain. LPS is a potent activator of the
inflammatory response, particularly of microglia. It acts via the
CD14 receptor to trigger a kinase cascade in microglia, resulting
in cytokine gene transcription (10). After 28 days of intracortical
infusion of LPS, we observed a substantial number of ED1-
immunopositive, activated microglia in the dentate SGZ/GCL
and hilus whereas very few such cells were detected in control
brains (Fig. 1 a—). To label new cells, we used BrdUrd, a
thymidine analogue that is incorporated into DNA during its
synthesis, i.e., cell division, DNA replication, and to less extent
DNA repair (24). Several lines of evidence strongly indicate that
BrdUrd-labeled cells in the SGZ/GCL, both in the intact brain
and after insults such as cerebral ischemia and SE, are not
mature neurons undergoing DNA repair but cluster-forming,
dividing cells that subsequently pass through distinct neuronal
differentiation steps (16, 25-27).

The LPS-induced inflammation caused an 85% reduction in
the number of new neurons, i.e., BrdUrd-immunoreactive cells
double-labeled for the neuron-specific marker NeuN, in the
SGZ/GCL (Fig. 1 d and e). There was a significant negative
correlation between the number of new neurons and the number
of activated microglia (correlation coefficient = —0.7; P =
0.0019; Fig. 1f). We observed no loss of mature hilar neurons
(compare ref. 28), indicating a specific detrimental effect of
inflammation on the newly formed neurons.

We then explored whether the LPS-induced inflammation
suppressed basal hippocampal neurogenesis by inhibiting cell
proliferation. Six days of intracortical LPS infusion followed by
BrdUrd injections and perfusion 2 h thereafter did not signifi-
cantly alter the number of BrdUrd-positive cells (LPS: 48 = 20.2
vs. vehicle: 26.8 = 5.3) or of cells double-labeled with BrdUrd
and doublecortin (LPS: 6.9 = 1.8 vs. vehicle: 10.6 = 2.5), a
marker for immature neuroblasts, in the SGZ/GCL. Also, the
number of newly proliferated Ki67-positive cells did not differ
between LPS- and vehicle-treated animals (data not shown).

PNAS | November 11,2003 | vol. 100 | no.23 | 13633
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Fig.2. Hippocampal neurogenesis is impaired after brain insult associated with tissue damage and inflammation. (a-d) Neurodegeneration as visualized with
Fluoro-Jade staining (a and ¢) and NeuN immunoreactivity (b and d) in the DG 35 days after SE. Note more damage and fewer remaining neurons in the dentate
hilus after generalized SE (gSE) as compared with partial SE (pSE). (€) The distribution of ED1-positive, activated microglia in the DG 6 and 35 days after partial
or generalized SE. (Left Inset) Shown are higher magnification of activated microglia. (Right Inset) Shown are ED1-positive (green) cells surrounding
BrdUrd-positive (red) cells in the SGZ. (f) The number of ED1-positive microglia in the SGZ/GCL 2, 6-8, and 35 days after SE. (g) The number of BrdUrd/NeuN
double-labeled new neurons in the SGZ/GCL 35 days after SE (28 days after BrdUrd injections). Data are number of cells per section. Shown are means + SEM.
*, P < 0.05 (compared with pSE in f). #, P < 0.05 compared with 35 days. Inf, n = 6 (3 + 3), 21 (14 + 7), and 13 (8 + 5) for the 2-day, 6- to 8-day, and 35-day groups,
respectively, with individual numbers for pSE and gSE in parentheses. In g, n = 5, 8, and 5 for nonstimulated controls, pSE, and gSE, respectively. Hilus, dentate
hilus. Dotted lines depict SGZ. (Scale bar = 100 um in a-e and 10 um in Right Inset in e.)

Inflammation Attenuates Increased Neurogenesis After Brain Insult.
We then assessed whether the magnitude of neurogenesis in the
SGZ after a brain insult is affected by the degree of concomitant
inflammation in the tissue environment. We induced SE of two
different severities, partial and generalized, respectively, by
applying electrical stimulation to the hippocampus (22). Gen-

13634 | www.pnas.org/cgi/doi/10.1073/pnas.2234031100

eralized SE caused more damage in the DG hilus compared with
partial SE, as shown both with Fluoro-Jade staining (Fig. 2 @ and
¢) and counts of NeuN-positive cells 35 days after the insult (Fig.
2 b and d; cells per section: generalized SE, 385 + 49.5; partial
SE, 578.1 * 39.8). Animals with generalized SE also had
significantly higher numbers of activated microglia in the SGZ/
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GCL and dentate hilus (Fig. 2f). Six to eight days after the insult,
many of the ED1-positive cells had swollen cell bodies and
processes and were often found in close proximity to clusters of
newly formed BrdUrd-labeled cells (Fig. 2¢). Over the subse-
quent 28 days, the number of EDI-positive cells markedly
declined but was still higher in generalized as compared with
partial SE animals (Fig. 2f). The ED1-positive cells also became
smaller with fewer processes (Fig. 2¢).

Hippocampal neurogenesis clearly differed between partial
and generalized SE. At 35 days, there was a 15-fold increase in
the number of new neurons in the SGZ/GCL of partial SE
animals. Also, rats with generalized SE showed increased neu-
rogenesis, but the number of new neurons was 60% lower as
compared with the partial SE group (Fig. 2g). This difference
was not due to reduced formation of new neurons because cell
proliferation in the SGZ is similar after partial and generalized
SE (P. Mohapel, C.T.E., and O.L., unpublished results). These
data indicated that the severity either of the hippocampal
damage or of the inflammatory response determined the mag-
nitude of neurogenesis after SE. To distinguish between these
two mechanisms, LPS was infused intracortically during 28 days
in animals that had exhibited partial SE. Such animals normally
show only minor damage and inflammation. LPS caused no loss
of NeuN-positive cells in the DG hilus after partial SE (cells per
section: partial SE plus vehicle, 422.1 = 37.3; partial SE plus LPS,
446.4 + 41.2). Also, with LPS treatment, the damage in partial
SE animals was significantly less than that in vehicle-treated,
generalized SE animals (259.0 = 76.7 NeuN-positive cells per
section).

The LPS infusion increased the numbers of ED1-positive cells
in the SGZ/GCL (Fig. 3 a—d). Importantly, both the number of
ED1-positive cells in the SGZ/GCL and their morphology in
these rats were similar to what was observed in the vehicle-
treated generalized SE rats (Fig. 3 ¢ and d).

The LPS-induced inflammation was accompanied by a re-

duced number of new neurons in the SGZ/GCL (Fig. 3¢). There
was a significant negative correlation between the numbers of
new neurons and activated microglia (correlation coefficient =
—0.6, P = 0.0001). Thus, without aggravating the damage, the
inflammation caused by LPS infusion in the partial SE animals
resulted in a similar low number of new neurons as observed in
vehicle-treated, generalized SE animals (Fig. 3e).
Minocycline Restores Neur is in Infl ion. We finally in-
vestigated whether the inflammation-mediated suppression of
hippocampal neurogenesis can be prevented by specific inhibi-
tion of microglia activation. Minocycline readily passes the
blood-brain barrier and suppresses the microglial response in
neurodegenerative disease models (23, 29). In both partial and
generalized SE animals that received minocycline systemically
for 6 days and were perfused immediately thereafter, the number
of activated microglia in the SGZ/GCL was dramatically re-
duced compared with vehicle-treated rats (Fig. 4a). Also, 35 days
of minocycline treatment led to a decreased number of ED1-
positive cells in the generalized SE animals whereas the low
number of ED1-positive cells at this time point after partial SE
was unchanged (Fig. 4b).

Minocycline treatment gave rise to increased numbers of new
neurons in the SGZ/GCL 35 days after SE (Fig. 4 c—¢). The
effect of minocycline was more pronounced in generalized SE
animals, and therefore, similar numbers of new neurons were
now found in partial and generalized SE rats. Minocycline did
not act through stimulation of SGZ cell proliferation because we
observed no increase in the number of newly proliferated,
Ki-67-positive cells in the minocycline-treated rats. Also, mino-
cycline did not alter the degree of neuronal differentiation from
the proliferating cells because the percentage of BrdUrd-positive
cells double-labeled with NeuN was similar in minocycline- and
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Fig.3. Inflammation causes impairment of hippocampal neurogenesis after
brain insult not associated with tissue damage. (a—c) Immunohistochemical
staining of ED1-positive activated microglia in the SGZ/GCL after intracortical
vehicle or LPS infusions during 28 days after partial SE (pSE) or generalized SE
(gSE). (d) The number of ED1-positive cells in the DG after SE. Note that the
distribution and number of ED1-positive microglia in the SGZ is similar in
partial SE plus LPS and generalized SE plus vehicle animals whereas there are
very few cells in the partial SE plus vehicle rats. (e) The number of BrdUrd/
NeuN-positive new neurons in the SGZ/GCL 28 days after LPS or vehicle
treatment after SE (21 days after BrdUrd injections). Data are number of cells
per section. Shown are means = SEM. *, P < 0.05. n = 16, 15, and 5 for pSE plus
LPS, pSE plus vehicle, and gSE plus vehicle, respectively. Hilus, dentate hilus.
Dotted lines depict SGZ. (Scale bar = 100 um.)

vehicle-treated rats. The degree of epileptic damage to dentate
hilar neurons was unaltered after minocycline treatment (NeuN-
positive cells per section: partial SE plus vehicle, 505.3 = 72.7 vs.
partial SE plus minocycline, 401.3 = 39.9; generalized SE
plus vehicle, 286.5 = 56.7 vs. generalized SE plus minocycline
170.5 = 41.4).

We also found that minocycline did not influence neurogen-
esis in nonstimulated control animals, which had very few
activated microglia in the SGZ/GCL (Fig. 4 a and b). Thus,
administration of minocycline did not significantly alter either
the number of Ki67-positive cells after 6 days (cells per section:
minocycline, 20.4 = 1.1 vs. vehicle, 26.6 = 7.8) or the number of
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Minocycline prevents inflammation-mediated suppression of hippocampal neurogenesis. (a and b) The number of ED1-positive, activated microglia in

the SGZ/GCL in nonstimulated controls, and 6 days (a) and 35 days (b) after generalized SE (gSE) and partial SE (pSE) with or without minocycline treatment. (¢
and d) The distribution of BrdUrd (red) and NeuN (green) cells in the DG at 35 days after gSE with and without minocycline treatment. Arrowheads depict
BrdUrd/NeuN-double-labeled new neurons. (e) The number of new neurons in the SGZ/GCL in nonstimulated controls and 35 days after gSE and pSE (28 days
after BrdUrd injections). Ina,n =19(5+ 9+ 5)and 14(4 + 7 + 3);inb,n =13 (4 + 5+ 4)and 14(5 + 4 + 5);and ine,n =13 (4 + 5+ 4)and 14 (5 + 4 + 5)
for minocycline and vehicle, respectively, with individual numbers for nonstimulated controls, pSE, and gSE in brackets. Data are number of cells per section.

Shown are means * SEM. *, P < 0.05 compared with vehicle-treated animals.

BrdUrd/NeuN-double labeled new neurons after 5 weeks of
treatment (Fig. 4e).

Discussion

Our data show that brain inflammation causes inhibition both of
the basal, continuous formation of new neurons in the intact
hippocampal formation and of the increased neurogenesis in
response to a brain insult. We provide direct in vivo evidence for
a cellular mechanism underlying the detrimental action of
inflammation on neurogenesis. Thus, we find that activated
microglia are localized in close proximity to the newly formed
cells and, also, that the impairment of neurogenesis depends on
the degree of microglia activation, irrespective of whether there
is damage or not in the surrounding tissue. We demonstrate a
significant negative correlation between the number of activated
microglia in the neurogenic zone and the number of surviving
new hippocampal neurons. Finally, we show that a selective
inhibitor of microglia activation, minocycline, restores hip-
pocampal neurogenesis in inflammation without affecting neu-
rogenesis in control animals. The microglia activation specifi-
cally compromises the survival of the new hippocampal neurons
whereas there is no evidence for suppression of cell proliferation
or neuronal differentiation in either basal or insult-induced
neurogenesis. The deleterious effect of activated microglia on
the newly formed neurons is most likely mediated through the
action of cytokines, such as IL-18 or IL-6, tumor necrosis factor
a, nitric oxide, and reactive oxygen species (10-12, 30). These
molecules can be released from microglia and are neurotoxic
in vitro.

13636 | www.pnas.org/cgi/doi/10.1073/pnas.2234031100

Hilus, dentate hilus. Scale bar = 50 um.

Brain inflammation and microglia activation are believed to
be involved in many disorders associated with cognitive impair-
ment such as AD, Lewy body dementia, and AIDS dementia (8,
31, 32). Antiinflammatory treatment can protect from onset or
progression of AD in patients (33). Cranial irradiation leads to
inflammation in the SGZ and progressive cognitive deteriora-
tion (34). There is now growing evidence that systemic inflam-
mation, triggered by peripheral infection or injury, can cause
activation of already primed microglia in the brains of AD
patients, as well as in the normal aging brain, leading to delirium
and aggravation of the cognitive decline (32). Our data are
consistent with a model in which inflammation-mediated sup-
pression of hippocampal neurogenesis plays a pathophysiological
role for the cognitive dysfunction in these conditions.

The high vulnerability to inflammation observed here for
newly generated neurons could have implications also for neu-
rogenesis in other brain areas. Generation of dopamine neurons
was recently reported to occur in the adult mouse substantia
nigra (35). Inflammatory changes in this region, which are
common in Parkinson’s disease patients (9), could suppress
neurogenesis and contribute to disease progression. Also, >80%
of the new striatal neurons that are generated from the subven-
tricular zone after stroke in rats die within the first weeks after
the insult (36). Ischemic insults are associated with inflammation
(37) that, based on the data reported here, is likely to compro-
mise the survival of newly formed neurons. Our findings suggest
antiinflammatory treatment as a possible novel strategy to
improve the efficacy of neuronal replacement from endogenous
precursors in stroke and other neurodegenerative disorders.
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Here, we have demonstrated that an inflammatory response in
the tissue environment that encounters newborn neurons during
neurogenesis in the adult brain is detrimental for their survival.
However, microglia activation after brain damage can probably
also have beneficial effects by promoting other aspects of
regeneration, e.g., through the release of neurotrophic molecules
(38, 39). It is conceivable that the relative importance of the
harmful and helpful actions of microglia under various circum-
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