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Abstract
The glutamate synapse is by far the most common synapse in the brain and acts via

postsynaptic AMPA, NMDA and mGlu receptors. During brain development there is a
continuous production of these synapses where those partaking in activity resulting in
neuronal activity are subsequently selected to establish an appropriate functional pattern of
synaptic connectivity while those that do not are elimimated. Activity dependent synaptic
plasticities, such as Hebbian induced long-term potentiation (LTP) and low frequency (1 Hz)
induced long-term depression (LTD) have been considered to be of critical importance for
this selection. However, in the neonatal brain the glutamate synapse displays a seemingly
distinct plasticity in that even very low frequency stimulation (0.05-0.2 Hz) results in
depression of the AMPA receptor mediated signaling and hence to possible synaptic
elimination. The aim of this thesis was to investigate the relationship and interaction between
this very low frequency induced plasticity and the more conventional forms of synaptic
plasticity, such as mGlu receptor dependent LTD and NMDA receptor dependent LTP and
LTD, using the neonatal rat hippocampal CA3-CA1 synapse as a model synapse.

This thesis shows that very low frequency induced depression is related to NMDA receptor
dependent LTD. While elicited even during NMDA receptor blockade, this plasticity is
facilitated and stabilized by NMDA receptor activity and largely occludes NMDA receptor
dependent LTD. Surprisingly, considering their role in conventionally induced LTD, mGlu
receptors were not found to participate in either the very low frequency induced depression or
in low frequency induced long-lasting depression. A preceding LTP-inducing Hebbian
stimulation was found to only partially stabilize against the very low frequency induced
depression, and possibly also only in a temporary manner.

In conclusion; during brain development glutamate activated AMPA receptors are very easily
lost upon activation rendering these synapses AMPA silent, and Hebbian activity will only
temporarily rescue them from AMPA silence. Thus, synapses in the developing brain will
maintain their AMPA signaling only by more or less continuous participation in cooperative
neuronal activity, synaptic activity outside this context leading to AMPA silencing and
possible elimination.

Keywords: AMPA receptor, development, glutamate, hippocampus, long-term depression,
long-term potentiation, NMDA receptor, synaptic depression



POPULARVETENSKAPLIG SAMMANFATTNING

Den maénskliga hjdrnan bestar av cirka 100 miljarder nervceller som skickar signaler till och
aktiverar varandra via kopplingar som kallas synapser. Genom dessa synapser dr véra
nervceller sammankopplade 1 ett stort antal funktionella ndtverk inom vilka samtidig
aktivering av de ingdende nervcellerna utgér det neuronala underlaget for véara tankar och
beteende. Under hjarnans utveckling maste saledes inte bara nervceller bildas och hamna pa
sin rétta position 1 hjdrnan utan de maste ocksa kopplas ihop pa ett korrekt sitt. Att detta sker
ar av yttersta vikt, och storningar kan ge upphov till sjukdomar sasom autism och olika typer
av mentala funktionshinder. Under hjdrnans utveckling bildar forst varje enskild nervcell
enstaka synapser med manga andra nervceller. Darefter forstiarks synapser mellan de
nervceller som dr aktiva tillsammans (funktionell aktivering), medan de synapser som inte
ingar 1 samtidig aktivitet (icke-funktionell aktivering) forsvinner. Denna aktivitetsberoende
kontroll av synapserna kallas for synaptisk plasticitet. Det dr ocksd via denna synaptiska
plasticitet som hjdrnan senare skapar minnen genom bildandet av nya nétverk av nervceller.

I avhandlingen har jag undersokt en form av synaptisk plasticitet som specifikt pavisats i
hjarnan hos nyfodda. Denna plasticitet bestar i att signaleringen i synapserna dven vid mycket
sparsam icke-funktionell aktivering tystas, en plasticitet som mojligen &r ett forsta steg i
elimineringen av en synaps. Malet med avhandlingen har varit att skapa béttre kunskap om
egenskaperna hos denna form av plasticitet. I dessa studier har jag anvént mig av ett in vitro
preparat, tunna skivor av hjarnvdvnad fran neonatala rattor, tagna fran hippocampus, en del av
hjarnan som é&r viktig for bland annat minne och inldrning. I detta preparat har jag elektriskt
stimulerat och registrerat aktivitet fran synapser med glutamat som signalsubstans. I motsats
till tidigare fann jag att i stort sett inga av dessa synapser var immuna mot denna nedtystning,
dven om denna process kan ta langre tid for en del av synapspopulationen. Jag fann vidare att
nedtystningen kan bli ldngvarig om inte synapsen utsdtts for ett funktionellt
aktiveringsmonster. Att en synaps genom funktionell aktivering reaktiveras ger dock bara ett
kortvarigt skydd da en sparsam icke-funktionell aktivering aterigen kan tysta den.

Min slutsats &r att synapser under hjarnans tidiga utveckling uppvisar en sérskild sarbarhet for
icke-funktionell aktivering, vilket leder till en nedtystning av synapsen och i slutéindan till
dess eliminering. For att en nybildad synaps skall fortleva behdver den kontinuerligt aktiveras
tillsammans med andra synapser och kan da fortsétta leda signaler och bli en del i ett
funktionellt ndtverk av nervceller.



LIST OF PUBLICATIONS

This thesis is based on the following papers, which will be referred to in the text by their

Roman numerals:

II.

I1I.

Strandberg J., Wasling P. and Gustafsson B.

Modulation of low frequency induced synaptic depression in the developing CA3-
CA1 hippocampal synapses by NMDA and metabotropic glutamate receptor
activation.

Journal of Neurophysiology (2009) 101:2252-2262

Used with permission from The American Physiological Society

Strandberg J. and Gustafsson B.

Lasting activity-induced depression of previously non-stimulated CA3-CAl
synapses in the developing hippocampus; critical and complex role of NMDA
receptors.

In manuscript

Strandberg J. and Gustafsson B.
Hebbian activity does not stabilize synaptic transmission at CA3-CA1 synapses in
the developing hippocampus.

In manuscript



TABLE OF CONTENTS

ABSTRACT ...ttt b ettt h et e h e bttt e st e bt et e st e sbeenbeenee 3
POPULARVETENSKAPLIG SAMMANFATTNING .......cc.cooovviiiiieeeeeeeceeeeee e, 4
LIST OF PUBLICATIONS ... .ottt st e 5
ABBREVIATIONS ...ttt ettt b ettt b et eseesbe e e eaee 8
INTRODUCGTION ..ottt ettt et ettt et e et e bt ebeestesbeenbeeseesseenseeneens 10
The glutamate SYNMAPSE........cc.eoiiiiiiiiii ettt e e e etee e e e steeeeeennreeesenres 12
GIULAMALE TEICASE ...vvevvieiieeieeciee ettt ettt et ettt e et e et esab e e aeeesbeenseesnbeenseeenseens 13

The AMPA TECEPLOT .....vveeiieieeeiie ettt et e ettt et e e e et e s aeebaessaeebeessseesseessseenseessseansaensseans 14

The NMDA TECEPIOT ..ueviieeiiieeeiie ettt ettt e et e e et e e steeeebaeessseeesnseeesssaeeesseeennseeennnes 16

The KaiNate TECEPLOT .....veiuvieiieeiieiie ettt ettt et ettt e steesbeesaeeesbeenseesnbeesaeenseens 17

The metabotropic glutamate TECEPLOT.......eevuiieiieeiieiieeie ettt ere e sae et e eebeeaeeeeaeens 17

The POStSYNAPLIC AENSILY ...veeiieiiiieiieeiie ettt ettt st esnaeenaee e 18
Glutamate receptor trafficking.................ccooooiiiiii e 20
SYNAPLIc PIASTICIEY .......oooiiiiiiiie e e e 22
Long-term POLENEIAtION. .......eeitieriiteiie it ettt ettt ettt et ettt esateeabeesaeeenbeesseeenneas 23

LTP MAINTENANCE. ... .cecvieeiiieiieeiieiieeteesieeeteeteeeaeesaeessaeesseeesseesseeesseessaesnseesssessseenseenns 25

LTP in NE0NAAL TALS ...e.eiiiiiiiiiiiiieeie ettt st 25
LONG-teIM AEPTESSION. ...eeviieiieriiieiieeieestie ettt eieeeteesteeeteesteeeaeesseesnseesseeesseesseeenseensseenseens 26
NMDAR-LTD ..ttt sttt et ettt et et e s e e eneeeseenee 26
MGIURELTD L.ttt ettt st e 28
Building of a functional network ...............ccocooiiiiiiii e 30
SYNAPLOZENESTS ...vveeeeiieeeiiiee ettt eeieeeette et e e ttee ettt e e tteeesaeessaeessseeesaeesnsseeansseesnseeessaeanns 30
SyNapse SlIMINATION .....cc.eiiiiiiiieiieeie ettt ettt esbeesaeeebeesaeeeneeeees 32
AMPA silent synapse and AMPA Silencing ................cooooiiiiiiiiiiiiniieeeeeeeeee e 32
Relationship between AMPA silencing and LTP/LTD..........cccoovvieiiieiiieiiecieeieecee e, 34
OBUJECTIVE ...ttt ettt ettt ettt et eeee e 35
SPECITIC AIMIS.....cooiiiiiiiiei e et e e st e e s e e et e e et eeennnee e nnes 35
METHODOLOGICAL CONSIDERATIONS ..ot 36
Brief outline of hippocampal anatomy .................ccoocoiiiiiiiiiiiiie e 36
The hippocampal slice preparation .................cocccooviiieiiiiiiiie e 37



The in vitro slice, its preparation and StOTAZE .........cc.eevverriieriieriieiie e 38

Recording and analysis ............ccoooiiiiiiiiiiii e 40
VOlley COMPENSAtION ... .uiiiiiiieiiiieeiieeeieeeeiee et e et e esteeeaaeeesaeeesaeeesaaessaeesnseeesnseeennnes 42
SUMMARY OF RESULTS ...ttt ettt 45
How labile is the AMPA signaling in the neonatal rat?.......................cccooiiiiiiiiinin. 45
Lability during KAR blockade..........cocueeiiiiiiiiiiiiieieeee e 46
Lability during combined blockade of NMDARs and mGIuRS..........cccccoceeviiiininninnen. 46
Lability during NMDAR blockade ..........c.ceoiiriiiiiiiiiieieeieeeee e 46
Lability during mGIuR blockade............ccooviiiiiiiiiiiiiiece e 47
Reversibility of the low frequency induced depression.................c.ccccoeviiiniiiniieninen. 47
Depression reversing by spontaneous NMDAR activity ........ccceeceievienieenienienniienieeen, 48
Depression reversing in an NMDAR independent manner............coceeoeeveenieniencnniennnens 49
Lability of the reversed dePreSSION .........c.ecvvierieeiiierieeiiecie et eeee e see e e seeeebeessaeeseens 49
Low frequency induced long-lasting depression ..............ccccccoooiiiniiiiniiiiniiciniiceeee 50
Does Hebbian activity reduce lability of AMPA signaling? .................ccccooiiiviiienienn. 52
GENERAL DISCUSSION ...ttt ettt 54
Mechanistic aspects of the observed changes in AMPA signaling................c.c.ccocee. 55
EXPIession — POSESYNAPLIC ...cuvveeuvieiieeiieiiieeteeniieeieesiee et estteeseesseeenseessaeesseesseeenseessseenseens 55
EXPression — PreSYNAPLIC. ...cuuiiiiireeiieeeiieeeiieesieeeeieeesreeesaeeessaeeesnbeeesssaeessseeensseeensseeennns 57
INAUCTION. ...ttt ettt et ettt 58
Reversal of dePreSSION .......ccciieriieiiieieeeie ettt a e et s ereesaeesseeneas 61
Reversal of the depression induced during combined NMDAR/mGIuR blockade ..... 61
Reversal of the depression induced in the presence of NMDAR activity.................... 63
Hebbian induced PIastiCity .............ccooiiiiiiiiiiie e 64
Hebbian activity and lability/stability of AMPA signaling................c...cccocociniiinnnn. 66
LTD and long-lasting depression are not the same.....................ccoocoeiiiiiiniiiininene, 69
CONCLUDING REMARKS ...ttt 72
ACKNOWLEDGEMENTS ...ttt sttt 73
REFERENCES .........ooiiiiii ettt ettt ettt et et ebeebeeseesaeenseeneens 75



ABBREVIATIONS

ACSF
AIDA

AKAP 79/150

AMPA
AP2
Arc/Arg3.1

CA
CaMKII
CNS

Cv
D-AP5S
DHPG
EPSP
ER
fEPSP
FMRP
GABA
GKAP
GluA
GluK
GluN
GRIP/ABP

IPSP
KAR
LFS
LFS-LTD
LTD

LTP
mGluR

Artificial cerebrospinal fluid
(RS)-1-aminoindan-1,5-dicarboxylic acid

A-kinase anchoring protein 79/150
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
Adaptor protein 2

Activity-regulated cytoskeleton-associated protein/Activity-regulated
gene of 3.1 kb

Cornu ammonis

Calcium-calmodulin-dependent kinase I1

Central nervous system

Coefficient of variation
D(-)-2-amino-5-phosphonopentanoic acid
(RS)-3,5-dihydroxyphenylglycine

Excitatory postsynaptic potential

Endoplasmatic reticulum

Field excitatory postsynaptic potential

Fragile X mental retardation protein

y-aminobutyric acid

Guanylate kinase-associated protein

AMPA receptor subunit

Kainate receptor subunit

NMDA receptor subunit

Glutamate receptor interacting protein/AMPA receptor binding
protein

Inhibitory postsynaptic potential

Kainate receptor

Low-frequency stimulation

LFS induced LTD

Long-term depression

Long-term potentiation

Metabotropic glutamate receptor



MAPK Mitogen-activated protein kinase

MSPG (RS)-a-methyl-4-sulfonophenylglycine

NMDA N-methyl-D-aspartate

NP Neuronal pentraxin

NSF N-ethylmaleimide sensitive fusion protein

P Postnatal day

P, Probability of release

Pyes Probability of release for a single vesicle

PICK-1 Protein interacting with C kinase

PKA Protein kinase A (cAMP-dependent protein kinase)
PKC Protein kinase C

PLC Phospholipase C

PP1 Protein phosphatase 1

PP2A Protein phosphatase 2A

PP2B Protein phosphatase 2B (calcineurin)

PSD Postsynaptic density

PSD-MAGUK Postsynaptic density-membrane associated guanylate kinases
STEP Striatal-enriched protein tyrosine phosphatase
TARP Transmembrane AMPAR regulatory protein
VGCC Voltage gated Ca®" channel



INTRODUCTION

During human brain development some 100 billion neurones (nerve cells) are formed, these
neurones thereafter making direct physical contacts, synapses, with each other. Each neurone
will make synapses with thousands of other neurones thereby forming neuronal networks that
ultimately will be capable of handling everything from simple reflexes to higher cognitive
functions. These neuronal networks are formed in two distinct phases. During the first phase
neurones send axonal branches towards each other governed by guidance molecules ensuring
that synapses are established in appropriate brain regions (reviewed by O'Donnell et al.,
2009). During the second phase mechanisms dependent on the neuronal activity will form the
more precise pattern of neuronal connectivity, linking neurones that are active together within
a functional context (reviewed by Lu et al., 2009a). Synaptic connectivity is thus not only
genetically pre-determined, but also determined by the operation of processes that ensures the
survival of functionally relevant synapses while functionally irrelevant synapses are removed
(Waites et al., 2005). While in general much is now known about activity dependent
modification of synapses, so called synaptic plasticity, the specific nature of the activity
dependent processes operating in the developing brain and their role in synapse selection are
still largely unknown. Kandel and O'Dell (1992) suggested over a decade ago that the
synaptic plasticity, described in the more mature brain as involved in learning and memory,
can be seen as a model for synaptic plasticity also in the developing brain. In line with this
notion, experimental studies on synaptic plasticity have only to a lesser degree been
concerned with the possible relevance of the age of the experimental animal. Results obtained
from animals at different ages have thus often been lumped together when explaining the
nature and mechanisms of synaptic plasticity. However, while both brain development and
learning involve brain organization and reorganization, there may well be different
requirements for synaptic organization/reorganization requiring different synaptic plasticities
during brain development and during learning, respectively. In fact, more recent studies have
shown forms of plasticity that only exist in the developing brain, as well as shown that
activity patterns not resulting in synaptic modification in the mature brain do so in the
developing brain (Kidd and Isaac, 1999; Xiao et al., 2004; Lauri et al., 2006; Abrahamsson et
al., 2007).

In this thesis I will specifically focus on a recently described form of plasticity which is

predominantly found in the developing brain and which may be a key player in synapse
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selection (elimination/stabilization). Thus, in the developing hippocampus weak synaptic
activation at very low frequencies, such as 0.05-0.2 Hz, easily results in a large depression
explained by a total loss of postsynaptic receptors from activated synapses (Xiao et al., 2004;
Abrahamsson et al., 2005). This result suggests that synaptic transmission in the developing
brain can be particularly labile so that synapses even sporadically active can lose their
signaling. As shown by prolonged (tens of minutes) interruption of synaptic stimulation, this
activity-evoked depression is in itself labile in that synaptic transmission re-appears during
such an interruption (Abrahamsson et al., 2007). This very low frequency induced depression
is thus not equal to synaptic elimination. However, such a loss of postsynaptic receptors may
be the initial necessary step towards elimination if occurring too frequently during a certain
period of time, for example by leaving the synapse exposed to complement factor binding to
pentraxin (Perry and O'Connor, 2008) and subsequent physical elimination (Stevens et al.,
2007). On the other hand, when a synapse is active in conjunction with many other synapses
the transmission can be regained and seemingly stabilized (Xiao et al., 2004; Abrahamsson et
al., 2008). Synapses active in a functional context will thus keep, or regain, its signaling.
Based on the now existing data concerning this form of plasticity, one can envisage a scenario
in which synapses are born with a labile transmission that can result either in loss of
transmission and later elimination, or to a stable transmission and survival. Loss of
postsynaptic receptors and subsequent elimination is thus the fate suffered by synapses that do
not properly participate in network activity together with a sufficient number of other
synapses, whereas synapses that do so retain their receptors and survive (Hanse et al., 2009).
Such activity-driven synapse stabilization should thus be an ongoing process in the
developing brain as indicated by the fact that already by the 2™ postnatal week of the rat only
30-40% of the synaptic response is depressed, i.e., that only 30-40% of the synapses remain
labile (Abrahamsson et al., 2007).

A problem however with this scenario is that it is still based on a restricted set of data. For
example, while the very low frequency induced depression seemingly reaches a plateau level
after some 100 synaptic activations, in a case where more prolonged activation was given,
further depression was observed (Abrahamsson et al., 2007). To what extent the majority of
the synapses by the 2" postnatal week have become resistant towards such very low
frequency activation is thus unclear. Likewise, the stabilization induced by participation in

conjunctive synaptic activity has also only been examined over a restricted time period, which
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casts doubt on the idea that such activity actually results in long-term synaptic stability.
Whether this very low frequency induced depression actually constitutes a unique plasticity
process or forms part of previously known synaptic plasticity also remains unsettled. In this
thesis I will put the above scenario to a more extensive experimental test, by examining
synaptic transmission using electrophysiological recordings from slices of rat hippocampus, a
brain structure commonly used for this kind of investigation. I will specifically examine the
glutamatergic monosynaptic connection between CA3 and CAl pyramidal cells (the CA3-
CA1 synapse), an often used model for the study of brain synapse function. I will also focus
my experiments on 8-12 days old rats, a time period that corresponds roughly to the last

months of the pregnancy in human terms.

In the remaining part of the INTRODUCTION I will summarize the basic characteristics of
the glutamate synapse in terms of its composition and physiology, specifically with respect to
the postsynaptic aspects of AMPA signaling and focusing on results obtained using the CA3-
CA1 synapse as a model. In doing this I first wish to emphasize the fact that essentially none
of these results has been obtained on the CA3-CA1 synapse in situ in the living brain. Instead,
these results have been obtained using acute slices from rats, or mice, at different ages, or
cultures of hippocampus, or on dissociated hippocampal cell cultures. Moreover, these
experiments have been performed at temperatures varying from room temperature (~ 20° C)
to close to the physiological condition. This variation in type, age and temperature of the
experimental preparation may contribute to the often multifaceted, at times even
contradictory, results obtained regarding the workings of the CA3-CAl synapse. In the
summary below I will generally disregard this variability in experimental condition with the
exception of results obtained in neonatal (< 12 postnatal day) rats. Thus, when not directly
specified the experimental data can have been obtained in any experimental situation except

from a neonatal preparation.

The glutamate synapse

The amino acid glutamate is the major excitatory transmitter in the CNS and glutamate
synapses constitute ~ 90% of all synapses onto CA1 pyramidal cells (Megias et al., 2001).
Glutamate is released from the presynaptic terminal and mainly acts postsynaptically through
four different kinds of receptors, three of which are an integral part of the channel protein

(ionotropic receptors) and one which is a G-protein-coupled (metabotropic) receptor. At the
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synapse the ionotropic glutamate receptors, the AMPA receptor (AMPAR), the NMDA
receptor (NMDAR), and at some synapses, the kainate receptor (KAR), named after their
respective main agonists, are highly accumulated in clusters at the postsynaptic density
(PSD), a structure which in addition contains a large number of proteins, such as kinases,
phosphatases, scaffolding proteins and adaptor proteins associated with each other and with
the cytoskeleton (for review see; Okabe, 2007; Feng and Zhang, 2009). AMPARs, NMDARs
and KARs can also be expressed at the presynaptic terminal (Schenk and Matteoli, 2004;
Corlew et al., 2008; Jane et al., 2009) where they can act by altering transmitter release. The
metabotropic glutamate receptors are located both presynaptically and postsynaptically
depending on the receptor subtype. Postsynaptically the metabotropic glutamate receptors are
mainly located perisynaptically, outside of, but close to the PSD (Ferraguti and Shigemoto,
2006; Okabe, 2007).

Glutamate release

Glutamate is stored in small vesicles in the presynaptic terminal and released by Ca**-induced
exocytosis. This exocytosis takes place at a specific site of the presynaptic terminal directly
opposite to the PSD at the so called active zone, at which voltage-gated Ca*" channels
(VGCC), vesicles and a number of vesicle- and presynaptic membrane-attached proteins,
including the so called SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein
receptor) proteins, are assembled. To be released a vesicle must, with the assistance of the
attached proteins, be mobilized from cytoplasmic vesicle pools, be docked to the active zone
and thereafter primed for release. This means that at each instant of time there are very few
vesicles ready for release of which only at most one is released when an action potential
arrives. The probability of release (P;) is decided by the number of vesicles ready for release
and the release probability of the individual vesicle (Pyes). Among the CA3-CA1 synapses
there is a substantial heterogeneity in P, with most terminals exhibiting values < 0.2,
presumed to reflect either a variation in vesicle number (Dobrunz and Stevens, 1997) or in
Pyes (Hanse and Gustafsson, 2001c) among the synapses. This heterogeneity is observed
already within the first postnatal days and remains fairly constant throughout development
(Hanse and Gustafsson, 2001c; Wasling et al., 2004). The P, at a given synapse is however
not a fixed entity but may be modulated by a series of events, including the recent activity of
the presynaptic terminal itself, by the release of its own transmitter acting on presynaptic

glutamate receptors, by the release of transmitters from other terminals acting on their
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ionotropic or metabotropic receptors on the presynaptic membrane, as well as by the release

of other transmitters and molecules, such as NO, from the postsynaptic cells or from glia.

The AMPA receptor

The synaptic transmission to be studied in this thesis is mediated by glutamate acting on the
AMPAR and represents the most common and basal form of excitatory transmission in the
brain. When the AMPAR is activated by glutamate it becomes permeable to Na" and K" ions
and thereby allows for a large influx of Na" ions that depolarizes the membrane and creates an
excitatory postsynaptic potential (EPSP). The AMPAR is a tetramer, i.e., built up of four
subunits. There are four different AMPAR subunits that have variously been referred to as
GIuRA-D, or GluR1-4. Recently, however, a new terminology for the glutamate receptor
subunits has been introduced in which these AMPAR subunits are referred to as GluA1-A4
(Collingridge et al., 2009). In the following I will therefore use this new terminology. Based
on the length of their cytoplasmic tail (their C-terminal) the subunits can be divided into two
groups, GluA1l and GluA4 having long C-terminals and GluA2 and GluA3 having short C-
terminals (Dingledine et al., 1999). AMPARs can be composed of different combinations of
these subunits which allows for the existence of AMPARs with different functional
characteristics. For example, AMPARs containing only short C-terminal subunits (e.g.
GluA2A3) can constitutively traffic into and out of the membrane while those containing a
long C-terminal subunit (e.g. GluA1A2) can only do so in an activity dependent manner (Shi
et al., 2001). Moreover, AMPARSs lacking the GluA2 subunit are permeable not only to Na"
and K ions but also to Ca®" ions (Isaac et al., 2007). There are also different splice variants of
the subunits as all these four subunits are expressed as either a “flip” or a “flop” isoform
(Sommer et al., 1990). Receptors containing “flip” variants of the subunits do not desensitize
as fast and as much as receptors containing the “flop” variants (Sommer et al., 1990;
Dingledine et al., 1999). In addition, the GluA2 subunit also has a splice variant with a longer
C-terminal, hence called GluA2,,, (K&hler et al., 1994) which is thus functionally equivalent
to GluA1 and GluA4 subunits.

The subunit composition of AMPARs undergoes changes during development. Thus, while
the expression of GluA4 peaks at postnatal day 2 (P2) and is completely abolished by P20
(Zhu et al., 2000), the expression of GluA1-A3 increases throughout the first couple of

postnatal weeks. Also the different splice variants are expressed differently during
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development such that the “flip” variants are expressed from early on in development while
the “flop” variants start to be expressed at significant levels from the 2™ postnatal week
(Monyer et al., 1991). Furthermore, the expression of GluA2j.,, peaks during the 2" postnatal
week thereafter being reduced to a lower level (Kolleker et al., 2003).

While studies of receptor expression have shown that GluAl and GIluA2 are the
predominating subunits in more adult hippocampal pyramidal neurones (Geiger et al., 1995;
Wenthold et al., 1996; Sans et al., 2003), the synaptically located AMPARs were long thought
to be dominated by GluA2A3 heteromers (Shi et al., 2001). Even though GIuA1A2
heteromers were found to be inserted in an activity dependent manner they were thought to be
subsequently replaced by the GluA2A3 heteromers (Shi et al., 2001). However, when recently
examined in 2-4 week old rats using a single-cell genetic approach coupled with
electrophysiology, principally all AMPARs were found to consist of GluA2-containing
heteromers of which the vast majority (80%) actually were GluA1A2 heteromers, and only a
small minority (< 20%) were GluA2A3 heteromers (Lu et al., 2009b). GluA2-lacking Ca*"
permeable AMPARSs are thus at that time essentially absent from the CA1 pyramidal cells. As
noted above, in this thesis [ have studied rats of age P8-P12 at which GluA4 is still expressed
(although the absolute level of this subunit should be quite low) (Zhu et al., 2000) and at
which age quite a large fraction of GluA2 at the synapse is of the GluA2,4,, isoform (Kolleker
et al., 2003). In what manner these GluA2,, subunits preferentially form receptors is not

known.

The properties of AMPARs are not only decided by their subunits, but also by auxiliary
subunits that when binding to the AMPARs may alter for example the conductance,
desensitization, deactivation of the channels as well as the pharmacology of the receptors.
One such auxiliary subunit belongs to the TARP (transmembrane AMPAR regulatory
proteins) family (Nicoll et al., 2006), and another to the cornichon proteins (Schwenk et al.,
2009). As will be described below (see section on Glutamate receptor trafficking), such

auxiliary subunits are also involved in the trafficking of AMPARSs to and from the synapse.

In the hippocampus the AMPARs can also be expressed presynaptically but not at the CA3-
CA1 synapse. Thus, presynaptic AMPARs can be found at the mossy fiber-CA3 synapse
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Fabian-Fine et al., 2000) and might there regulate glutamate release both via Na' influx and
( g g g

via metabotropic processes (Wang et al., 1997; Schenk and Matteoli, 2004).

The NMDA receptor

While also the NMDAR is involved in excitatory synaptic transmission per se, its main
impact on synaptic transmission is its pivotal importance in the induction of several forms of
plasticity of the AMPAR mediated synaptic transmission (see section on Synaptic plasticity).
Similar to the AMPAR the NMDAR is a tetramer and there are seven different NMDAR
subunits, GluN1, GIuN2A-2D and GluN3A-3B (Collingridge et al., 2009). The NMDAR
always consists of two GluN1 subunits combined with two other subunits (GluN2 or GluN3).
In addition to Na" and K" ions all NMDAR channels are permeable to Ca®" ions. The
NMDAR channel has the very unusual property for a ligand-gated ion channel of a strong
voltage dependence of its opening. This is because at normal resting membrane potential
levels the ion channel is blocked by extracellular Mg®". This block is voltage dependent and
relieved by membrane depolarization. Thus, in addition to glutamate binding, the membrane
needs to be depolarized for the NMDAR channel to open up for ion flux. Further, the
NMDAR requires binding of a co-agonist (such as glycine or D-serine) for its activation
(Johnson and Ascher, 1987; Kleckner and Dingledine, 1988). When activated by synaptically
released glutamate the current generated from NMDAR activation rises slower than the
AMPAR mediated current, and decays slower (Dzubay and Jahr, 1996), enabling a large Ca*"
influx. The slower decay of the NMDAR mediated current is due to the higher affinity for
glutamate to the NMDAR than to the AMPAR (Dingledine et al., 1999). NMDARs
containing GluN2A and GIuN2B subunits are expressed in most regions of the brain. While
GIluN2B is expressed early at the embryonic stage and is maintained throughout development
(Monyer et al., 1994; Sheng et al., 1994; Wenzel et al., 1997), the expression of GluN2A
starts just before birth (in the rat) and its expression increases during development. Thus, the
GluN2A/GIuN2B ratio increases during development, conferring with age faster kinetics to
the NMDAR mediated currents (Flint et al., 1997), and smaller Ca®" net influx upon NMDAR
activation (Sobczyk et al., 2005). Recent studies have also shown an activity dependent
control of the GluN2A/GIluN2B ratio (Bellone and Nicoll, 2007; Xu et al., 2009b) (see section
on Synaptic plasticity). These developmental and activity dependent changes in the
GIluN2A/GIuN2B ratio are of clear significance since this ratio has been suggested to affect

the type of synaptic plasticity to be induced (see section on Synaptic plasticity). NMDARs
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containing the GluN3A subunit have a much reduced Ca®" permeability and a reduced
sensitivity to Mg®" block compared to the GluN2 containing receptors (Pérez-Otafio et al.,
2001; Sasaki et al., 2002). The GluN3A subunit is widely expressed in the CNS, including the
CA1 region (Ciabarra et al., 1995; Sucher et al., 1995; Wong et al., 2002), its expression (in
the rat) however reaching a peak at P8 and thereafter decreasing into adulthood. This down-
regulation of GIuN3A during development seems to be important for synaptic maturation,

synaptic plasticity and cognitive functions (Das et al., 1998; Roberts et al., 2009).

NMDARs containing the GluN2B subunit have also been observed presynaptically at the
CA3-CAl synapse and facilitate axon excitability (Sudrez et al., 2005; Suéarez and Solis,
2006). Moreover, in rats < PS5 presynaptic NMDARs containing the GIuN2D subunit can

facilitate glutamate release (Mameli et al., 2005).

The kainate receptor

The KAR is a tetramer and five different KAR subunits, GluK1-K5 (Collingridge et al., 2009)
have been identified. The KAR channel is permeable to Na" and K" ions and is located at
presynaptic terminals of both glutamate and GABA synapses onto CA1 pyramidal cells (Jane
et al., 2009). Activation of the presynaptic KARs at glutamate synapses depresses synaptic
transmission, presumably by reducing the probability of vesicular release (Vignes et al.,
1998). Early in development (in the P3-P6 rat) glutamate tonically activates these KARs,
providing a tonic inhibition of the CA3-CA1 excitatory transmission. Interestingly, this tonic
inhibition, which disappears with synaptic maturation, can be modulated in the long term in
an activity dependent manner (Lauri et al., 2006; Sallert et al., 2007) (see section on Synaptic
plasticity). There are also postsynaptic KARs, but while their contribution is quite substantial
at the mossy fiber-CA3 pyramidal cell synapse and at interneurone synapses onto CA3 and
CA1 pyramidal cells, their contribution at the CA3-CA1 synapse is quite small (Jane et al.,
2009).

The metabotropic glutamate receptor

Through its metabotropic glutamate receptors (mGluRs) glutamate modulates presynaptic
release and the postsynaptic excitability as well as induce synaptic plasticity (see section on
Synaptic plasticity). The mGluRs are G-protein-coupled receptors, i.e., they are coupled to an
effector system through a GTP-binding protein. There are eight different subtypes of mGluRs
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(mGlul-8), divided into three different groups (mGluR group I-III) based on their structure
and function (Ferraguti and Shigemoto, 2006). The group I mGluRs consists of mGlul and
mGlu5 and activates phospholipase C (PLC) resulting in the production of diacylglycerol, an
activator of protein kinase C (PKC), and of inositol trisphosphate that releases Ca’" from
intracellular stores. Group II receptors consisting of mGlu2 and mGlu3, and group III
receptors, consisting of mGlu4 and mGlu6-8, are negatively coupled to adenylate cyclase and
thus inhibit cAMP formation (Ferraguti and Shigemoto, 2006; Kim et al., 2008). As indicated
by immunohistochemical studies in the CA1 region group I mGluRs are primarily located
postsynaptically on either pyramidal cells (primarily mGlu5) or on interneurones (primarily
mGlul) (Martin et al., 1992; Baude et al., 1993; Lujan et al., 1996; Shigemoto et al., 1997). In
contrast, group II receptors can be located both pre- and postsynaptically, mGlu2 primarily in
the stratum lacunosum moleculare and mGlu3 mostly in glial cells (Neki et al., 1996; Petralia
et al., 1996; Shigemoto et al., 1997; Ohishi et al., 1998; Tamaru et al., 2001), while group III
receptors (predominantly mGlu7) are presynaptic (Shigemoto et al., 1997). Thus, with respect
to my study of the CA3-CAl synapse the most relevant mGluRs are mGlu5 and mGlu7
receptors which are expressed in the rat CA1 stratum radiatum throughout the entire neonatal
development (Bradley et al., 1998; Lopez-Bendito et al., 2002). However, in the neonatal rat
the mGlu8 receptor as well as group II receptors may be present presynaptically (Li et al.,
2002; Ayala et al., 2008). Postsynaptically, also the mGlul receptor may be expressed in the
CA1 pyramidal cells, at least in rats older than two weeks (Mannaioni et al., 2001; Ireland and

Abraham, 2002; Berkeley and Levey, 2003; Rae and Irving, 2004; Volk et al., 2006).

The postsynaptic density

As noted above, scaffolding and adaptor proteins together with a variety of enzymes give rise
to an electron dense subsynaptic structure referred to as the postsynaptic density (PSD). The
scaffolding proteins in the PSD hold the glutamate receptors in place and thus ensure that the
postsynaptic membrane contains a high density of receptors. AMPARs and NMDARs are
anchored such that they are positioned directly opposite the presynaptic active zone, while
mGluRs are anchored to the PSD such that they are positioned perisynaptically but still very
close to the synapse (Newpher and Ehlers, 2008). Several hundred proteins have been
identified in the PSD with calcium calmodulin dependent kinase II (CaMKII), the synaptic
GTPase activating protein and the postsynaptic density-membrane associated guanylate

kinases (PSD-MAGUKs) among the most abundant (Cheng et al., 2006). The PSD-MAGUKSs
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are a family of scaffolding proteins, consisting of PSD-93, PSD-95, SAP-97 and SAP-102
(Elias and Nicoll, 2007) of which PSD-95 is the most plentiful in the PSDs of adult animals
(Cheng et al., 2006). PSD-95 plays a central role in the organization of the PSD, binding
directly or indirectly via other scaffolding proteins to a wide variety of membrane proteins,
cytoplasmic enzymes, cell adhesion molecules and the cytoskeleton (Kim and Sheng, 2004;
Feng and Zhang, 2009). While PSD-95 seems to be the predominating PSD-MAGUK in adult
animals, SAP-102 seems to be the predominating PSD-MAGUK during the first couple of
postnatal weeks (Sans et al., 2000). Shank is another central scaffolding protein in the PSD,
which associates PSD-95 to the actin cytoskeleton via the binding of GKAP (guanylate
kinase-associated protein) and cortactin, respectively (Sheng and Kim, 2000). As mentioned
above, AMPARs are bound to auxiliary subunits (TARPs and cornichon proteins), and the C-
terminals of TARPs bind to the PDZ domains of PSD-95 (as well as PSD-93, SAP-97 and
SAP-102), anchoring the AMPARs to the PSD (Chen et al., 2000; Nicoll et al., 2006). On the
other hand, the NMDAR is anchored to the PSD by a direct interaction of the GluN2 subunits
and PSD-95 (or PSD-93/SAP-97/SAP-102) (Kornau et al., 1995; Niethammer et al., 1996;
Sans et al., 2000; Kim and Sheng, 2004). The mGIuR group I receptors are associated with
the PSD via its binding to Homer, Homer in its turn associates with the PSD scaffolding
protein Shank (Ferraguti and Shigemoto, 2006; Okabe, 2007). The ionotropic glutamate
receptors seem to have differential location in the PSD membrane area, where AMPARSs are
concentrated in the periphery or evenly spread out, while NMDARs are concentrated to the

center (Newpher and Ehlers, 2008).

Another scaffolding protein localized to the PSD is the A-kinase anchoring protein 79/150
(AKAP79/150), which binds protein kinase A (PKA), PKC and protein phosphatase 2B
(PP2B), enzymes which are crucial for synaptic plasticity (Carr et al., 1992; Coghlan et al.,
1995; Klauck et al., 1996; Oliveria et al., 2003). AKAP79/150 also binds to PSD-95 and
SAP97, thereby positioning PKA, PKC and PP2B close to their substrates GluN2B and
GluA1l (Colledge et al., 2000; Oliveria et al., 2003). It seems that the PKA bound to
AKAP79/150 acts as a ‘“guard” at the synapse holding AMPARs constrained there by
continuously keeping them phosphorylated (Snyder et al., 2005).
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Glutamate receptor trafficking

The glutamate receptors are however not statically bound to the PSD but can move in and out
of the synapse. This receptor trafficking occurs both via diffusion within the membrane
between the synaptic and extrasynaptic membrane (lateral diffusion) and via transport
between intracellular organelles and surface membrane coupled with exocytosis/endocytosis
(Groc and Choquet, 2006). The receptor subunits are synthesized in the endoplasmic
reticulum (ER) not only in the soma but also locally close to the synapse (Kennedy and
Ehlers, 2006). In the lumen of the ER and in the Golgi apparatus the subunits are subjected to
post-translational modifications, such as glycosylation and palmitoylation, and are assembled
into functional receptors together with their auxiliary subunits (Kennedy and Ehlers, 2006;
Nicoll et al., 2006; Hayashi et al., 2009). The TARPs are important for the trafficking of the
AMPARs between the ER and the Golgi apparatus, as well as for the trafficking to the cell
membrane and to the synapse where the TARPs interact with PSD-95 (Nicoll et al., 2006), an
interaction that seems very important not least also for the retention of AMPARSs in the
synapse (Schnell et al., 2002; Bats et al., 2007). The binding of GluA1-containing AMPARs
to SAP-97 has also been implicated in the trafficking of these AMPARs from the ER and
Golgi apparatus to the cell membrane and to the synapse (Sans et al., 2001; Waites et al.,
2009). Possibly due to this GluA1-SAP-97 interaction, GIuA1A2 heteromers exit the ER
more efficiently than GluA2A3 heteromers (Greger et al., 2002). The insertion of GluAl-
containing AMPARs also seems dependent on the interaction between GluA1l and the actin-
binding protein 4.1N, which is mediated by depalmitoylation of GluA1 and a PKC mediated
phosphorylation at ser-816 and ser-818 (Lin et al., 2009).

While the endocytosis of AMPARs for AMPAR internalization takes place just outside the
PSD (Blanpied et al., 2002; Petralia et al., 2003; Racz et al., 2004), the location of AMPAR
exocytosis is a contentious issue. It was initially described that while the exocytosis of
AMPARs not containing GluAl takes place in close proximity to the synapse, the activity
dependent exocytosis of GluA1-containing AMPARSs takes place extrasynaptically (Passafaro
et al.,, 2001). However, it was thereafter reported that all AMPAR exocytosis should take
place at the soma membrane (Adesnik et al., 2005), the AMPARSs only reaching the synapse
by lateral diffusion from the soma membrane. In contrast, it was also reported that all
AMPAR exocytosis takes place directly at the synapse (Gerges et al., 2006). More recently,

new techniques enabling the visualization of individual GIluA1 insertions have indicated that
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exocytosis of at least GluA1-containing AMPARs does take place extrasynaptically, in the
soma as well as in the dendrites (Yudowski et al., 2007; Lin et al., 2009). The inserted
AMPARs will then constitute a large extrasynaptic pool of AMPARs that can enter the
synapse by lateral diffusion (Triller and Choquet, 2005).

AMPARs are retained at the synapse by the interaction of TARPs with PSD-MAGUKs, as
mentioned above. In addition, they are retained by GluA2 and GluA3 subunits binding to
GRIP/ABP (glutamate receptor interacting protein/AMPA receptor binding protein) (Chung
et al., 2000; Osten et al., 2000). The GluA2-GRIP/ABP binding site can also interact with
PICK-1 (protein interacting with C-kinase-1) such that phosphorylation of the GluA2 binding
site results in dissociation of the GluA2-GRIP/ABP binding allowing for GluA2-PICK1
binding and AMPAR internalization (Chung et al., 2000; Lu and Ziff, 2005). Thus, while
GluA2-GRIP/ABP binding retains the AMPARs at the synapse, GluA2-PICK-1 binding
results in mobile AMPARs. In addition to phosphorylation of the GluA2 binding site, GluA2-
PICK-1 binding can be directly altered by cytoplasmic Ca*" in a biphasic manner. Thus, while
modest increases in Ca>" result in an increased GluA2-PICK-1 binding and an increased
AMPAR mobility, large increases in Ca>" rather reduces the GluA2-PICK-1 interaction and
stabilizes AMPARSs at the synapse (Hanley and Henley 2005). AMPARs, if internalized, may
thereafter either be recycled back to the cell membrane, or they will be degraded by the
lysosome (Ehlers, 2000).

In contrast, it has been reported that neither PICK-1 nor phosphorylation of the GluA2 site
play a critical role in AMPAR internalization but rather regulates the AMPAR recycling from
the endosomes (Daw et al., 2000; Lin and Huganir, 2007). In this case, phosphorylation of the
GluA2 site and the GluA2-PICK-1 binding results in greater retention of AMPARs at the
endosomal membrane. N-ethylmaleimide sensitive fusion protein (NSF) (an ATPase involved
in membrane fusion) can dissociate the GluA2-PICK-1 binding and facilitate the recycling
and synaptic targeting of the AMPARs. In fact, when blocking the NSF-GluA2 interaction
and thereby preventing NSF-mediated recycling, the AMPAR mediated synaptic response
shows a stimulation dependent run-down (Duprat et al., 2003). This result was taken to
suggest that synaptic activation regularly results in ligand-induced AMPAR internalization
that is normally masked by a NSF-mediated recycling back to the membrane (Lee et al., 2002;
Duprat et al., 2003). Importantly, however, later studies have indicated that the NSF-PICK1-
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GluA2 interactions may rather take place at the surface membrane (Gardner et al., 2005). The
stimulation-induced run-down following blockade of the NSF-GIluA2 interaction may
therefore represent a ligand-induced AMPAR lateral diffusion out of the synapse normally

masked by a NSF-mediated recycling (within the surface membrane) back to the synapse.

NMDARs also traffic from the ER to the cellular membrane in association with PSD-
MAGUKSs (Lau and Zukin, 2007). The NMDARs are thought to be less dynamic than the
AMPAR:S (i.e. the anchoring of NMDARSs to the PSD is thought to be more stable than that of
AMPARs), and NMDARs do indeed have a lower rate of lateral diffusion in the membrane
(Groc et al.,, 2004). Furthermore, GluN2A-containing NMDARs are less mobile than
GluN2B-containing NMDARs (Groc et al., 2006b).

Synaptic plasticity

As noted in the introductory paragraph, the activity dependent modification of synapses is
commonly referred to as synaptic plasticity. There are several forms of synaptic plasticity,
ranging in duration from ms to at least several weeks (and probably years). Short-term
plasticity (< minutes) is often explained by a direct effect of activity itself on the presynaptic
release, for example a Ca*'-induced change in the release probability or a depletion of
transmitter vesicles. The mechanisms involved in long-term plasticity (= hours) are still hotly
debated and both presynaptically and postsynaptically located mechanisms have been
suggested to play an important role. Synaptic plasticity can be either homosynaptic, i.e.,
occurring in only the activated synapses, or heterosynaptic, i.e., occur in nearby inactive
synapses as well. In this thesis, the term plasticity will refer solely to homosynaptic plasticity.
There are basically two forms of long-term synaptic plasticity, long-term potentiation (LTP)
in which there is a sustained increase in synaptic strength, and long-term depression (LTD) in
which there is a sustained reduction in synaptic strength. Whether synaptic activity results in
LTP or LTD depends upon the strength and the temporal characteristics of synaptic
activation, strong brief high frequency activation giving rise to LTP and weaker low
frequency activation giving rise to LTD. LTP and LTD share one important characteristic in
that they both depend on a postsynaptic Ca*" elevation, the amplitude and temporal pattern
thereof determining the direction of plasticity (Yang et al., 1999).
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Long-term potentiation

LTP was the first form of long-term synaptic plasticity to be discovered (Bliss and Lemo,
1973), and is induced by correlated pre- and postsynaptic activity, so-called Hebbian activity.
Such Hebbian activity can experimentally be achieved in a number of ways, for example by
trains of high frequency stimulation involving many synapses or by pairing a weaker synaptic
stimulation, even at low frequency, with a large postsynaptic depolarization induced via
current injection from an intracellular microelectrode. The most common form of LTP studied
critically depends on NMDAR activation for its induction, the NMDAR acting as an
associative device requiring both presynaptic activity, in the form of released glutamate, and
postsynaptic activity, in the form of postsynaptic depolarization for its activation (Wigstrom
and Gustafsson, 1986). It was reported that the NMDAR subunit composition should affect
LTP in that blockade of GluN2A-containing but not GluN2B-containing NMDARSs impaired
LTP induction (Liu et al., 2004; Massey et al.,, 2004). However, later studies have
subsequently shown that LTP can be induced by activation of GluN2B-containing as well as
GluN2A-containing NMDARSs (Berberich et al., 2005; Bartlett et al., 2007; Li et al., 2007).
Nonetheless, the specific subunit composition of NMDARSs does play a role in LTP induction
in that a low GluN2A/GIuN2B ratio lowers the induction threshold for LTP and vice versa
(Xu et al., 2009b). Interestingly LTP itself increases the GluN2A/GIluN2B ratio (Bellone and
Nicoll, 2007; Xu et al., 2009b), thereby raising the induction threshold for any subsequent
LTP, and at the same time decreasing the induction threshold for any subsequent LTD.
However, other studies have suggested that LTP can actually inhibit the induction of LTD, at
least temporarily (Peineau et al., 2007), because of phosphorylation and inactivation of the

ser/thr kinase GSK3p involved in LTD induction (see section on NMDAR-LTD).

While it is well established that the Ca*” influx through the NMDAR channels provides the
initial step in LTP induction, which the following steps are remain uncertain. Nonetheless, a
number of studies have indicated that a Ca®" mediated activation of CaMKII may be the
important next step in the generation of LTP (Malinow et al., 1989; Silva et al., 1992;
Fukunaga et al., 1993; Otmakhov et al, 1997). Which other biochemical steps that
subsequently occur, or whether these steps result in mainly postsynaptic events such as altered
receptor trafficking, or to the production of retrograde messengers affecting presynaptic
function, is still unclear. However, since the findings in the 1990s that synapses can be

AMPA silent and of the lively AMPAR trafficking (see sections on Glutamate receptor
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trafficking, and AMPA silent synapse and AMPA silencing), most researchers have favored a
postsynaptic expression for LTP. Nevertheless, some recent studies suggest that LTP at the
CA3-CALI synapse is at least partly expressed as an increased P, (Zakharenko et al., 2001;
Bayazitov et al., 2007). Moreover, at the perforant path-CA1 synapse (but not at the CA3-
CA1 synapse) LTP has recently been explained as recruitment of presynaptic N-type Ca’"
channels resulting in an increased P; (Ahmed and Siegelbaum, 2009). In addition, a recent
study of the CA3-CAl synapse measuring P, at individual synapses using two-photon
imaging of transmitter-evoked Ca”" transients suggests that LTP can be expressed solely as an
increased P, (Enoki et al., 2009). In contrast, using this technique on neonatal CA3-CA1l
synapses indicated a postsynaptic explanation for LTP expression in these synapses (Ward et

al., 2006).

As indicated above, since the late 1990s a large number of studies have suggested that LTP is
a postsynaptic enhancement of AMPA signaling, mediated by insertion of AMPARs into the
postsynaptic membrane (e.g. Shi et al., 1999; Hayashi et al., 2000; Heynen et al., 2000; Bagal
et al., 2005; reviewed by Kerchner and Nicoll, 2008). Thus, CaMKII and/or possibly PKC
phosphorylates GluA1 at ser-831 (Roche et al., 1996; Barria et al., 1997a; Lee et al., 2000)
resulting in a synaptic delivery of GluA1l and LTP (Hayashi et al., 2000; Lee et al., 2003). In
addition, PKC phosphorylation of GluA1 at ser-818 also seems required for synaptic delivery
and LTP (Boehm et al., 2006). Studies using electrophysiological recordings combined with
cellular imaging reported that GluA1A2 heteromers are inserted in an activity dependent
manner (Shi et al., 1999; Shi et al., 2001). More recently it was reported that the AMPARs
inserted upon LTP induction are Ca®’-permeable GluA2-lacking GluA1 homomers (Plant et
al., 2006), and that the Ca*" influx through these receptor channels should be important for
later stabilization of LTP. However, this specific result has not been replicated by others
(Adesnik and Nicoll, 2007; Gray et al., 2007). Although the AMPAR delivery to the synapses
upon LTP induction has been reported to be GluA1-dependent (Shi et al., 2001), LTP can also
be observed in GluA1l knock-out mice, even in adults (Romberg et al., 2009). The GluAl
independent LTP however requires a strong induction protocol and the initial rapidly

decaying part of the LTP is impaired (Jensen et al., 2003; Romberg et al., 2009).
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LTP maintenance

During LTP induction there is not only an activation of CaMKII but also a recruitment of this
enzyme to the PSD (Otmakhov et al., 2004). Following its activation CaMKII can undergo
autophosphorylation (at the thr-286 site) and thereby remain active even when the Ca®’
concentration has returned to baseline levels (Miller and Kennedy, 1986). Importantly, when
recruited to the PSD, CaMKII cannot any longer be dephosphorylated at this site by protein
phosphatase 1 (PP1) or 2A (PP2A) (Strack et al., 1997; Mullasseril et al., 2007). Inhibition of
this autophosphorylation also greatly attenuates LTP (Barria et al., 1997b; Giese et al., 1998).
Taken together, these CaMKII properties could therefore make this enzyme a key player in
LTP maintenance and, consistent with this notion, when CaMKII is inhibited after the LTP
induction this accordingly reverses the LTP (Sanhueza et al., 2007). The maintenance of LTP
is also thought to depend on de novo protein synthesis (Stanton and Sarvey, 1984; Frey et al.,
1988; Huang and Kandel, 1994) providing for new proteins to stabilize the potentiation both
functionally and morphologically. For example, protein kinase M{, a constitutively active
kinase, is synthesized upon LTP induction and by enhancing NSF/GluA2 dependent insertion
of AMPARs to the postsynaptic membrane contributes to maintain LTP (Osten et al., 1996;
Ling et al., 2002; Kelly et al., 2007; Yao et al., 2008). LTP induction also results in de novo
synthesis of Arc/Arg3.1 which by inducing local actin polymerization also helps to stabilize
LTP (Guzowski et al., 2000; Plath et al., 2006; Messaoudi et al., 2007). This is because such
local actin polymerization is crucial for the LTP-associated enlargement of dendritic spines
(Matsuzaki et al., 2004; Okamoto et al., 2004; Otmakhov et al., 2004) driven by CaMKII
mediated phosphorylation (Steiner et al., 2008; Yamagata et al., 2009) and GluAl insertion
into the synapse (Kopec et al., 2007). Surprisingly, however, if not only protein synthesis is
blocked but also protein degradation, LTP can persist (Fonseca et al., 2006). Moreover, in a
very recent study (Abbas et al., 2009) LTP was found to persist for many hours despite a
protein synthesis blockade. The importance of de novo protein synthesis for LTP maintenance

is thus open to question.

LTP in neonatal rats

In contrast to LTP in older rats, LTP in neonatal rats (P7-8) is not blocked by CaMKII
inhibition but by PKA inhibition (Yasuda et al). For the neonatal rat there is also good
evidence that LTP is expressed by the unsilencing of AMPA silent synapses (Isaac et al.,
1995; Liao et al., 1995; Durand et al., 1996). However, since these AMPA silent synapses are
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created by preceding test pulse stimulation (Xiao et al., 2004) LTP in the neonatal animals
may rather be seen as a de-depression than as a potentiation of synaptic transmission
(Abrahamsson et al., 2008). Nonetheless, the NMDAR mediated Ca’" influx can, via
activation of calcium/calmodulin sensitive adenylyl cyclase (Chetkovich and Sweatt, 1993;
Roberson and Sweatt, 1996) activate PKA and result in PKA mediated phosphorylation of
GluA4 at ser-842 and/or GluA2y,,, at ser-841. This phosphorylation can subsequently result in
synaptic delivery of AMPARs containing such subunits (Esteban et al., 2003; Qin et al.,
2005). In addition to AMPA unsilencing, there is in the 1% postnatal week a presynaptic LTP,
expressed as a relief of KAR induced inhibition of vesicle release as well as a postsynaptic
LTP expressed as an increased strength of the synapse (Palmer et al., 2004; Lauri et al.,

2006).

Long-term depression

While LTP was discovered in the early 1970s, it took an additional twenty years before the
first experimental demonstration of a predicted complementary activity dependent long-term
decrease in synaptic efficacy, a long-term depression (LTD), in the hippocampus (Dudek and
Bear, 1992). LTD was induced using prolonged (15 min) low frequency (1 Hz) stimulation of
the CA3-CAl synapses, and similar to LTP its induction was blocked by NMDAR
antagonists. Later studies have revealed that in addition to NMDAR-LTD there are forms of
LTD that are induced by either mGluR activation (mGIluR-LTD) or endocannabinoids
(Bolshakov and Siegelbaum, 1994; Gerdeman et al., 2002; Chevaleyre and Castillo, 2003).
These various forms of LTD can be differentially expressed in different brain regions but can
also be found in the same region and even within the same synapse population dependent on
the stimulus protocol, specific experimental conditions and developmental stage (Oliet et al.,
1997; Kemp et al., 2000; Malenka and Bear, 2004; Pavlov et al., 2004; Nosyreva and Huber,
2005). For the CA3-CAl synapse NMDAR-LTD and mGIuR-LTD are the two forms best

characterized.

NMDAR-LTD

LTD at the CA3-CA1 synapse can be induced by prolonged low frequency stimulation (LFS)
(1-5 Hz) that activates postsynaptic NMDARs (Dudek and Bear, 1992; Mulkey and Malenka,
1992) and results in a subsequent influx of Ca*" (Mulkey and Malenka, 1992; Cummings et
al., 1996). An LTD that is occluded by, and that occludes LFS-LTD, can also be induced by
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brief application of NMDA (Lee et al., 1998; Kamal et al., 1999). It was reported that
NMDARSs containing GluN2B were specifically involved in LTD induction (Liu et al., 2004;
Massey et al., 2004). However, recent studies from a number of other laboratories have failed
to confirm this finding but have instead demonstrated both that specific blockade of GluN2B-
containing NMDARSs does not alter LTD (Bartlett et al., 2007; Li et al., 2007; Morishita et al.,
2007) and that LTD is blocked by a specific blockade of GIluN2A-containing NMDARs
(Bartlett et al., 2007; Li et al., 2007). This discrepancy might be explained by the fact that
these studies were performed on rats of different ages. Similar to the induction of LTP, the
GluN2A/GIuN2B ratio also plays a role for the induction of LTD, a low GIuN2A/GluN2B
ratio raising the induction threshold for LTD and vice versa (Xu et al., 2009b). LTD also
alters this ratio, the induction of LTD lowering the ratio and thereby raising the induction
threshold for additional LTD and subsequently lowering the induction threshold for LTP (Xu
et al., 2009b).

While the exact sequence of events between the NMDAR mediated Ca®" influx and the
decrease in synaptic strength is still not clarified, experimental data points to an initial
involvement of Ca’'-activated phosphatases ultimately resulting in AMPAR removal by
endocytosis. Early studies on LTD using enzyme inhibitors indicated a sequence of events in
which Ca®" activation of calcineurin (PP2B) results in dephosphorylation and inactivation of
inhibitor-1 which in its turn results in activation of PP1 (Mulkey et al., 1993; Mulkey et al.,
1994; Li et al., 2002). The activation of PP1 will thereafter lead to dephosphorylation of ser-
845 (a PKA phosphorylation site) of the GluA1 subunit of the AMPAR (Lee et al., 1998; Lee
et al., 2000; Lee et al., 2003) and to an AMPAR endocytosis (Carroll et al., 1999; Beattic et
al., 2000; Ehlers, 2000; Heynen et al., 2000; Man et al., 2000). However, the endocytosis also
requires interaction between the GluA2 subunit of the AMPAR and AP2, a clathrin adaptor
protein linking the cytoplasmic domain of the AMPAR to clathrin (Lee et al., 2002).
Hippocalcin, a high-affinity Ca®" binding protein, acts here as the Ca®" sensor and binds
directly to the AP2 complex to regulate the endocytosis (Palmer et al., 2005). Furthermore,
the binding of the PKA and PP2B binding protein AKAPI50 to PSD-95 seems to be
important for the endocytosis, possibly by positioning PP2B to the appropriate location for its
action (Bhattacharyya et al., 2009). The decrease in AMPAR surface expression also seems to
depend on the disruption of PKA’s interaction with AKAPI150 (Snyder et al., 2005) (see
section on The postsynaptic density). However, dephosphorylation of PKA substrates other
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than the GIuAl subunit has also been implicated in LTD (Kameyama et al., 1998). In
addition, the ser/thr kinase GSK3[, which is inactivated by PKA mediated phosphorylation, is
activated by PP1-, or PP2A-, mediated dephosphorylation and is involved in LTD induction
(Fang et al., 2000; Peineau et al., 2007).

PKC activation, via phosphorylation of the ser-880 site of the GIuA2 subunit, can also result
in LTD (Kim et al., 2001). This phosphorylation disrupts the GluA2-ABP-GRIP1 interaction
and promotes a GluA2-PICKI1 interaction resulting in AMPAR internalization (Kim et al.,
2001; Perez et al., 2001; Seidenman et al., 2003; Jin et al., 2006). However, as described
above (see section on Glutamate receptor trafficking), other studies suggest that these
interactions rather play a role in preventing synaptic delivery of AMPARs previously
internalized upon LTD induction (Daw et al., 2000; Lin and Huganir, 2007). The interaction
between GluA2 and NSF has also been suggested to play a role in LTD (Liithi et al., 1999),
but may instead be needed to maintain the supply of synaptic AMPARSs and not be required
for LTD (Lee et al., 2002). The p38 mitogen-activated protein kinase (p38 MAPK) has also
been suggested to induce AMPAR internalization, where p38 MAPK is activated by NMDAR
mediated Ca®" influx via the activation of the small GTPase Rap (Zhu et al., 2002).
Additionally it seems that the endocytosis of AMPARs is partly dependent on ubiquitin
regulated degradation of PSD-95 (Colledge et al., 2003).

With respect to the maintenance of NMDAR-LTD, it was observed that while the activation
of PPI1 is transient the activation of PP2A is more persistent (Thiels et al., 1998). This is
probably because PP2A can undergo autodephosphorylation allowing PP2A to remain active
for a longer time (Chen et al., 1992) and thus be involved in sustaining the LTD (Pi and
Lisman, 2008). NMDAR-LTD has been shown to be associated with a shrinkage of dendritic
spines (Zhou et al., 2004), and spine retraction (Négerl et al., 2004), these effects possibly
being mediated by a shift in the F-actin/G-actin equilibrium toward depolymerization
(Okamoto et al., 2004). However, a later report showed that there was no causal connection

between spine shrinkage and LTD (Wang et al., 2007).

mGIluR-LTD
At the CA3-CAL synapse the induction of mGluR-LTD often requires prolonged paired pulse

stimulation (PP-LFS) rather than single pulse stimulation at low frequency (Kemp and Bashir,
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1997; Huber et al., 2000). However, in the neonatal rat prolonged single pulse stimulation at
1-5 Hz can also be used to induce mGIluR-LTD (Bolshakov and Siegelbaum, 1994; Oliet et
al., 1997; Li et al., 2002; Pavlov et al., 2004). Application of the mGIluR group I agonist
DHPG also induces LTD (Palmer et al., 1997) that occludes synaptically induced mGluR-
LTD (Huber et al., 2001), indicating a major involvement of group I mGluRs in mGluR-LTD.
In fact, DHPG-induced LTD is now the most common protocol used to study mGluR-LTD.

In the neonatal rat (P3-11) mGluR-LTD depends on activation of postsynaptic mGlu5
receptors (Feinmark et al., 2003; Nosyreva and Huber, 2005) as well as a postsynaptic Ca*"
elevation mediated by VGCCs (Bolshakov and Siegelbaum, 1994). These actions results, via
the activation of the p38 MAPK pathway, in a postsynaptic production of the arachidonic acid
metabolite 12-(S)-HETE (Bolshakov et al., 2000; Feinmark et al., 2003) which is thereafter
released from the postsynaptic neurone (Feinmark et al., 2003) to act on the presynaptic
terminal, presumably by lowering P, (Bolshakov et al., 2000; Nosyreva and Huber, 2005). In
contrast, a more recent study in neonatal rats of DHPG-induced LTD found evidence for a
postsynaptic expression of this LTD, tentatively explained by lateral diffusion of AMPARSs
from the synaptic region (Moult et al., 2006). Moreover, yet another report has linked
neonatal mGIuR-LTD to activation of presumably presynaptic group II mGluRs, this
mechanism being down-regulated during development by an increased expression of PP2B
inhibiting this LTD presynaptically (Li et al., 2002). There is thus little agreement about the

nature of neonatal mGIluR-LTD.

In the older rats mGluR-LTD seems to be induced by a postsynaptic activation of mGlul and
mGlu5 receptors independently, both receptors by themselves being sufficient for the
induction (Volk et al., 2006). The mGIluR-LTD in these rats depends on postsynaptic Ca*"
elevations and results in the endocytosis of GluA1- and GluA2-containing AMPARs (Oliet et
al., 1997; Huber et al., 2000; Snyder et al., 2001). It also depends on rapid protein synthesis
such as increased translation of the tyrosine phosphatase STEP (striatal-enriched protein
tyrosine phosphatase) via PI3K-mTor and MEK-ERK signaling pathways (Gallagher et al.,
2004; Banko et al., 2006; Ronesi and Huber, 2008; Zhang et al., 2008) and of Arc/Arg3.1.
STEP mediates tyrosine dephosphorylation of GluA2, and Arc/Arg3.1 forms a complex with
endophilin 2/3 and dynamin, both these effects contributing to the AMPAR endocytosis
(Chowdhury et al., 2006; Huang and Hsu, 2006; Moult et al., 2006; Park et al., 2008; Zhang et

29



al., 2008). The latter effect is mediated partly via the inactivation of fragile X mental
retardation protein (FMRP) (Park et al., 2008; Waung et al., 2008), a repressor of translation
of Arc/Arg3.1 mRNAs at the synapse (Zalfa et al., 2003). Knock-out of the gene expressing
FMRP (Fmri-KO) also enhances mGluR-LTD (Huber et al., 2002). Surprisingly, DHPG
actually gives a transient upregulation of FMRP, the FMRP subsequently being rapidly
degraded by the ubiquitin-proteasome pathway, and blockade of this degradation abolishes
the mGluR-LTD (Hou et al., 2006).

As can be noted from the above, NMDAR-LTD and in older animals mGluR-LTD have been
linked to endocytosis of postsynaptic AMPARSs, and do not occlude each other (Oliet et al.,
1997). These findings could indicate that these forms of LTD are expressed in two
independent populations of synapses. In support of this, a recent study using two-photon
imaging and un-caging to study activation of individual synapses showed that mGluR-LTD is

restricted to large spine synapses containing parts of the ER (Holbro et al., 2009).

Building of a functional network

The building of a functional network is basically a process in which the neurones evolve from
a state of having few and weak connections with numerous other neurones to a state where
they instead have formed strong connections with a restricted number of other neurones (Hsia
et al., 1998). This process involves intense synaptogenesis and at the same time an
elimination/stabilization of synapses that shapes and prunes the network. The timing and
specificity of this pruning is crucial for the shaping of normal brain function; deficiencies in
this process may lead to diseases such as Autism spectrum disorders (including typical autism
and Aspergers syndrome) and different kinds of mental retardation, such as fragile X

syndrome and Rett Syndrome (Bourgeron, 2009; Yoshihara et al., 2009).

Synaptogenesis

In the rat hippocampus basically all synaptogenesis takes place during the first postnatal
month (Steward and Falk, 1991) and is thought to proceed in two principal steps. First, the
presynaptic axon and the postsynaptic dendrite will make physical contact, and provided they
express the complementary surface molecules they will attach. Second, the presence of
synchronous action potential firing, i.e. presynaptic firing coinciding with postsynaptic firing,

will result in synaptic stabilization. If the surface molecules are non-complementary there will
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be no synapse formation, and if there is no synchronous firing the synapse will disassemble

and become eliminated (Lu et al., 2009a).

The postsynaptic dendrite repeatedly makes contact with surrounding axons through small
highly motile protrusions, so called dendritic filopodia. Most of these contacts are very short
lived, and only very few of them develop into a more lasting connection (Yoshihara et al.,
2009). Several cell adhesion molecules such as cadherins, catenins, ephrins, neuroligins and
neurexins are important for the initial trans-synaptic interactions (Bourne and Harris, 2008;
Yoshihara et al., 2009). These molecules are also responsible for recruiting the pre- and
postsynaptic specializations such as scaffolding proteins, receptors and synaptic vesicle
proteins (for review see; Arikkath and Reichardt, 2008; Lai and Ip, 2009). Whether a contact
between filopodia and axons will become more lasting appears to depend not only on the
glutamatergic signaling but also on local Ca®" transients independent of such signaling
(Lohmann and Bonhoeffer, 2008). Synapse formation seems in addition to be modulated by
glial cells since cultured neurones form few synapses unless co-cultured with astrocytes
(Ullian et al., 2004). This glial nodulation of synapse formation seems to be mediated by
soluble signals secreted by the astrocytes (Ullian et al., 2004). The matrix protein
thrombospondin which is secreted from astrocytes promotes the formation of synapses by
binding to neuronal receptors such as gabapentin and neuroligins (Christopherson et al., 2005;
Eroglu et al., 2009; Xu et al., 2009a). Synapses formed in the presence of thrombospondin are
however postsynaptically silent (see section on AMPA silent synapse and AMPA silencing),
indicating that the recruitment of AMPARs to the synapse requires additional, as yet
unidentified components secreted by astrocytes (Christopherson et al., 2005). Following the
establishment of a more lasting connection the filopodia either remain but transform into
spine synapses or withdraws resulting in shaft synapses. These shaft synapses may either
protrude again at a later stage and result in spine synapses, or eventually become eliminated
(reviewed by Bourne and Harris, 2008). During the 2" postnatal week there is a shift in the
proportion of shaft vs spine synapses, with the proportion of shaft synapses decreasing from ~
50% to ~ 30% of the synapse population from P6 to P12 while the proportion of spine
synapses increases from ~ 15% to ~ 35% during the same time period (Fiala et al., 1998).
Thus, the synapses under study in the thesis (P8-P12) will consist of a varying mixture of
shaft and spine synapses. In addition, some synapses during this period are either on filopodia

or on so called stubby spines (Fiala et al., 1998).
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Synapse elimination

A synapse that fails to become part of a functional circuit, i.e. does not participate in
synchronous firing, is redundant and will suffer elimination. LTD induced either electrically
by low frequency stimulation or pharmacologically by NMDA or DHPG application can
result in the elimination of hippocampal synapses (Néagerl et al., 2004; Shinoda et al., 2005;
Kamikubo et al., 2006; Bastrikova et al., 2008; Becker et al., 2008). However, the
mechanisms behind the actual disassembly of hippocampal synapses are largely unknown,
especially as regards the presynaptic terminal. Semaphorins, involved in axon guidance and
cell migration, seem also to play a role in elimination of synapses. The semaphorin 3A/F is
required for pruning hippocampal axons and the semaphorin 5B promotes the elimination of
synaptic contacts in hippocampal neurone cultures (Bagri et al., 2003; O'Connor et al., 2009).
Communication between glial cells and neurones seems also to play a role in synapse
elimination (Murai et al.,, 2003). Thus, ephrins released from astrocytes activates Eph
receptors on the postsynaptic membrane, which results in the activation of RhoA (a small Rho
GTPase) and in subsequent re-organization of the actin cytoskeleton (Tada and Sheng, 2006;
Fu et al., 2007). Studies of synaptic refinement in the retino-geniculate system suggest that
the actual elimination/disassembly of synapses might also involve the major
histocompatibility complex class I molecules, the complement cascade proteins Cl1q and C3
and neuronal pentraxins (NPs) and microglial phagocytosis of the synapse (Huh et al., 2000;
Bjartmar et al., 2006; Stevens et al., 2007; Perry and O'Connor, 2008).

AMPA silent synapse and AMPA silencing

In the mid-90s it was described that many CA3-CAl synapses in the neonatal rat
hippocampus were functionally silent, i.e., activation at resting membrane potential levels did
not result in any postsynaptic response. However, activation at positive membrane potentials
resulted in an NMDAR mediated response indicating an intact presynaptic function (Isaac et
al., 1995; Liao et al., 1995; Durand et al., 1996). Later studies have shown that the presence of
silent synapses are not restricted to the hippocampus, but they seem to be found during
development in most brain regions (reviewed by Kerchner and Nicoll, 2008). While such
silence of AMPAR mediated transmission can be explained by glutamate spillover from
neighboring synapses or by a slow release of glutamate from the presynaptic terminal
(Kullmann et al., 1996; Choi et al., 2000; Gasparini et al., 2000; Renger et al., 2001), most
evidence favors an absence of postsynaptic AMPARs (Malinow and Malenka, 2002;
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Kerchner and Nicoll, 2008). In fact, a recent study using two-photon laser uncaging of
glutamate to directly activate postsynaptic receptors has demonstrated the existence of

postsynaptically silent synapses with functional presynaptic terminals (Busetto et al., 2008).

It is generally thought that the glutamate synapse is born without AMPARs, i.e., AMPA
silent, and that it acquires its AMPA signaling through NMDAR dependent LTP (reviewed by
Kerchner and Nicoll, 2008). While several histochemical studies support this idea (Gomperts
et al., 1998; Liao et al., 1999; Petralia et al., 1999; Pickard et al., 2000; Liao et al., 2001), a
number of contradictory histochemical studies indicate that the glutamate synapse acquires
its AMPARs as early as its NMDARs (Lissin et al., 1998; Rao et al., 1998; Hohnke et al.,
2000; Washbourne et al., 2002; Voigt et al., 2005). The electrophysiological finding that the
frequency of spontaneous AMPAR and NMDAR mediated EPSCs in the neonatal rat was
essentially equal also argues for an early acquirement of AMPARs (Groc et al., 2002).
Moreover, experiments in which the evoked synaptic response was followed from the very
first evoked stimulation (naive synaptic response) demonstrated that the AMPA signaling of
neonatal synapses is quite labile with the synapses easily losing their AMPAR mediated
response while retaining the NMDAR mediated response (Xiao et al., 2004). An
electrophysiological analysis demonstrated that this loss of AMPA signaling is explained by
AMPA silencing of a subpopulation of the activated synapses (Xiao et al., 2004).
Interestingly, this AMPA silencing was induced at stimulation frequencies normally used as
test frequencies (0.05-1 Hz), appeared independent of NMDAR and mGIluR activation and
was down-regulated with age (Xiao et al., 2004; Abrahamsson et al., 2007, 2008). When
stimulation was interrupted this silencing slowly reversed so that the initial synaptic
amplitude was recovered within 20 minutes (Abrahamsson et al., 2007). Considering the low
spontaneous synaptic activity in the slice preparation (~ 1 Hz for > 1000 synapses on a given
cell) a reversal implies that most synapses would be AMPA signaling in the absence of
evoked stimulation and therefore result in essentially equal frequency of spontaneous
AMPAR and NMDAR mediated EPSCs. The process of AMPA silencing is not confined to
the CA3-CA1 synapses but has now also been described in the developing perforant path-
granule cell synapse in the dentate gyrus as well as in glutamatergic inputs to interneurones in

the CA1 stratum radiatum (Abrahamsson et al., 2005; Riebe et al., 2009).
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Relationship between AMPA silencing and LTP/LTD

AMPA silent synapses are converted to AMPA signaling synapses by the induction of
NMDAR dependent LTP (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996). Similarly,
AMPA silenced synapses become unsilenced by LTP-inducing stimulation and seemingly
stabilized (Xiao et al., 2004; Abrahamsson et al., 2008). Thus, LTP in the neonatal brain
appears to turn an AMPA labile synapse into a mature AMPA stable synapse, thereby
establishing a synapse within a neural network. Since the induction of AMPA silencing does
not rely on NMDAR and mGluR activation its induction obviously differs from that of
NMDAR-LTD and mGluR-LTD. On the other hand, since LTD also may rely on AMPAR
removal, AMPA silencing and LTD should interact, a possibility that will be investigated in
this thesis.
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OBJECTIVE

The formation of a functional neuronal network in the developing brain is an intricate process
of balancing neuronal proliferation and cell death, migration, synaptogenesis and synaptic
elimination. At first, coarse patterns of synaptic connectivity are formed and thereafter refined
and remodeled by neuronal activity. It is commonly thought that synapses that are highly
active in a functional context are stabilized and strengthened while those that are not active in
this manner are weakened and subsequently removed. However, little is still known about the
synaptic plasticity specifically involved in neural network refinement. The objective of this
thesis is to describe the properties of a particular form of synaptic plasticity, specifically
present in developing synapses and to test current ideas of how this plasticity may participate

in events leading to synapse stabilization or elimination.

Specific aims
1) To clarify the extent of lability of AMPA signaling at developing CA3-CAl
synapses when exposed to continuous sparse synaptic activation, and the long-

term effects of this activation.

i1) To understand the relationship between the lability of AMPA signaling to sparse

synaptic activation and the low frequency induced LTD.

iii) To elucidate the role of NMDARs and mGluRs in the lability of AMPA signaling.

1v) To clarify the extent of stabilization of AMPA signaling that can be imparted to

synapses participating in Hebbian activity.
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METHODOLOGICAL CONSIDERATIONS

Brief outline of hippocampal anatomy

As noted in the INTRODUCTION, the thesis work was performed using the rat hippocampus
and specifically the glutamatergic monosynaptic connection between CA3 and CAl
pyramidal cells (the CA3-CA1 synapse). The popularity of the hippocampus in the study of
brain physiology, apart from it being a structure of great importance for learning and memory
(Scoville and Milner, 1957; Stepien and Sierpinski, 1964; Morris et al., 1982), is due to its
well-defined structure that is easily dissected from the brain, and its relatively simple intrinsic
circuitry. The hippocampal formation consists of four regions; the dentate gyrus, the
hippocampus proper (or the cornu ammonis, which consists of the subfields, CA3, CA2 and
CA1), the subicular complex and the entorhinal cortex (Fig. /4). The main intrinsic circuit of
the hippocampal formation consists of unidirectional excitatory projections starting with
neurones in the entorhinal cortex that via the perforant path project to the granule cells of the
dentate gyrus. The granule cells in their turn project via the mossy fibers to CA3 pyramidal
cells whose axons, the so called Schaffer collaterals, make contact with CA1 pyramidal cells.
The CA1 pyramidal cells project to neurones of the subicular complex that finally project
back to neurones in the entorhinal cortex. The circuitry is however somewhat more complex
than just described in that there are projections also within the CA3 region and dentate gyrus
(associational projections), as well as a direct projection from the entorhinal cortex to the
CAIl region, the entorhinal cells making contact with the distal dendrites of the CAl
pyramidal cells. It should also be noted that the CAl pyramidal cells, in contrast to
neocortical pyramidal cells, are constrained to a single cell layer with basal dendrites
extending into the stratum oriens and apical dendrites extending into the stratum radiatum and
stratum lacunosum-moleculare (Fig. /B). Their axons pass through the stratum oriens and

form a superficial layer (alveus) that projects to the subiculum.

In addition to the pyramidal cells, the hippocampal circuitry contains a diverse collection of
GABAergic interneurones located in the pyramidal cell layer as well as in the dendritic layer.
These interneurones mediate feed-forward as well as feedback inhibition to the pyramidal
cells and are of great importance for temporally and spatially shaping the action potential

output from the hippocampus. There are also within the hippocampus axons from other parts
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Figure 1. The hippocampal slice. A, a schematic drawing of the hippocampal slice. The major

regions and projections of the hippocampal formation are indicated. Abbreviations: CA — cornu
ammonis, DG — dentate gyrus, Ent ctx — entorhinal cortex, MF — mossy fibers, PP — perforant
path, Sch — Schaffer collaterals, Sub — subiculum. B, a microscopic picture of the CAl with the
different layers indicated. Note that this picture is rotated approximately 180° compared to the
schematic drawing. Abbreviations: A — alveus, SLM — stratum lacunosum moleculare, SO —

stratum oriens, SP — stratum pyramidale, SR — stratum radiatum.

of the brain modulating hippocampal activity through the release of transmitters such as

acetylcholine, noradrenaline, and serotonin.

The hippocampal slice preparation

For this thesis I have used the in vitro hippocampal transverse slice preparation taken from
postnatal day 8-12 (P8-12) rats. Electrophysiological studies on slices from the hippocampus
were pioneered by Skrede and Westgaard (1971) and have thus now been performed for
almost 40 years. Early electrophysiological studies suggested that the circuitry of the
hippocampus described above is organized in a transverse lamellar fashion (Anderson et al.,
1971) but this only seems to hold true for the mossy fibers (Amaral and Witter, 1989).
Nonetheless, the Schaffer collateral projections from CA3 to CAl pyramidal cells are
lamellar enough to allow, within a slice preparation, for strong synaptic activation of CA1
pyramidal cells by stimulation of these collaterals in the CA1 stratum radiatum. However,
these projections are also non-lamellar enough and/or sufficiently non-parallel to the cell body

layer to allow for the stimulation of two completely separate populations of synapses to the
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same CAl pyramidal cells by placing two stimulating electrodes in the stratum radiatum on

either side of the recording electrode (Wigstrom and Gustafsson, 1985).

I limited my study of the CA3-CA1 synapse in the developing hippocampus to P8-12 rats. As
outlined in the INTRODUCTION, there are at the end of the 2™ postnatal week changes in
e.g. the PSD composition, the enzymatic machinery involved in LTP, and in the LTP itself
that indicates a transition to a more adult pattern. Mostly for practical purposes I also
excluded rats < P8 because of the greater difficulty to obtain field EPSPs in slices from rats
that young. This is not to say that the synapses do not change during the 1* and 2™ postnatal
weeks. The paired-pulse ratio, an indicator of release probability, changes from an average
value ~ 1 during most of the 1*' postnatal week to a value ~ 1.5 at the end of the 2™ postnatal
week (Wasling et al., 2004). Much of this switch occurs however just before P8 (Wasling et
al., 2004), indicating that the synapses from P8-12 rats should on the average be fairly
homogenous with respect to this parameter. There are nevertheless several changes occurring
during the P8-12 time period. As noted in the INTRODUCTION, the relative fraction of shaft
synapses decreases from P6 to P12 while that of spine synapses increases. In addition, during
this time period there is a shift in GABA, receptor mediated transmission from depolarizing
to hyperpolarizing (Ben-Ari et al., 2007), a shift that seems gradual and with an exact timing
depending on the species and sex of the animal (Ben-Ari et al., 2007). Therefore, this latter
source of heterogeneity in the material was avoided by using picrotoxin in all experiments to

block the GABA-ergic transmission.

The in vitro slice, its preparation and storage

The technique to prepare slices of brain tissue was developed during the 1950’s (Li and Mc
[lwain, 1957), and it was later described that these slices could be used for electrophysiology
(Yamamoto and Mcllwain, 1966). The advantages of using the in vitro slice compared to in
vivo studies are that you can easily control the position of stimulating and recording
electrodes as well as the extracellular milieu (e.g. ion concentrations), and that drugs to
manipulate different receptors can be applied without having to deal with the blood-brain-
barrier. The disadvantages are that modulatory inputs from other brain regions are lost, and
that the slicing of the tissue may cause injury per se. The trauma elicited by the slicing seems
however less when using young than adult animals possibly because of the less extensive

dendritic trees of the young pyramidal cells.
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The experiments in this thesis were performed in accordance with the regulations of the
Swedish Animal Welfare law and approved by the local ethical committee for animal research
at the University of Gothenburg. In brief, prior to decapitation the rats were anaesthetized via
inhalation of isoflurane. After decapitation the brain was removed and put in an ice-cold (0-3°
C) solution containing (in mM): 140 cholineCl, 2.5 KCl, 0.5 CaCl,, 7 MgCl,, 25 NaHCOs,
1.25 NaH,POy4, 0.5 ascorbic acid and 7 D-glucose. This low temperature lowers tissue
metabolism and thereby promotes neuronal survival (Kataoka and Yanase, 1998). To avoid
neuronal activity during slicing Na® was substituted by the impermeant choline ion.
Transverse slices from the dorsal hippocampal (400 pm thick) were cut with a vibratome and
were subsequently stored in artificial cerebrospinal fluid (ACSF) containing (in mM): 124
NaCl, 3 KCI, 2 CaCl,, 4 MgCl,, 26 NaHCOs, 1.25 NaH,POy, 0.5 ascorbic acid, 3 myo—
inositol, 4 D,L-lactic acid, and 10 D—glucose. The antioxidants ascorbic acid, myo—inositol
and D,L—lactic acid were added to reduce oxidative cellular damage (Pellmar, 1995). After 1-8
hours of storage (typically 2-5 hours) at 25° C, a hippocampal slice was transferred to a
recording chamber. In the recording chamber the slice was kept submerged in a constant flow
(~2 ml/min) of ACSF at ~ 30° C. The ACSF used for perfusion contained (in mM): 124 NaCl,
3 KCl, 4 CaCl,, 4 MgCl,, 26 NaHCOs, 1.25 NaH,PO,, 10 D—glucose and 0.1 picrotoxin.

As noted above my experiments were performed in the presence of picrotoxin to block the
GABA -ergic transmission. When adding picrotoxin to adult slices 4 mM Ca*" and Mg*™ is
used in the perfusion fluid to lower the excitability of the neurones and thus prevent
spontaneous activity (Wigstrom and Gustafsson, 1983; Fink et al., 2007). While such a high
divalent ion concentrations may seem superfluous early in the 2™ postnatal week when the
GABA4 receptor mediated transmission is still depolarizing, it may well be required for the
slices from the P11-12 rats. As a precaution I therefore used 4 mM Ca®" and Mg®" for the
P11-12 slices, and thus by necessity also for the P8-10 slices. As argued by Oliet et al. (1997),
this Ca®"/Mg”" ratio may in fact be more physiological than the 2.5 mM/1.3 mM commonly
used. As a further precaution against spontaneous activity a surgical cut was made between
the CA3 and CAI regions. However, since most of the CA3 pyramidal cell axons innervating
the CA1 pyramidal cells will already have been cut during the slicing (Amaral and Witter,
1989), this procedure only means that all, rather than the vast majority, of the presynaptic

terminals activated in these slice experiments are disconnected from their cell body.
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It has been reported that certain forms of plasticity are very sensitive to the exact experimental
conditions. For example, to induce mGluR-LTD in P11-35 rats Ca®" and Mg”*" concentrations
have to be high (e.g. 4 mM) and GABA, receptors cannot be blocked (Oliet et al., 1997). In
contrast, Feinmark et al. (2003) had no trouble to induce mGIluR-LTD in slices from P4-10
mice during GABA4 receptor blockade. Nevertheless, I also examined whether the very low
frequency depression could be induced also at lower Ca®" and Mg”" concentrations and in the
absence of picrotoxin, showing that this kind of plasticity is also present under these
conditions (unpublished observations). With respect to temperature, in the literature slice
experiments can be found to be performed at any temperature between room temperature and
close to physiological temperature. In my experiments the temperature in the recording
chamber (~ 30° C) was somewhat lower than the physiological temperature of the brain of the
rat pup (estimated to be 35° C (Conradi et al., 1984)). This lower temperature was chosen
because the solubility of gases in solutions is higher at lower temperature, thereby ensuring a
high concentration of O, reaching the slice, and also served to slightly lower the metabolism
of the slice. During preparation as well as during recordings all solutions were continuously
bubbled with 95% O, and 5% CO, keeping the tissue oxygenated and buffered to a pH of ~
7.4. Teflon tubes were used between the container holding the ACSF (where it was bubbled)

and the recording chamber, in order to minimize O, diffusion through the tube walls.

Recording and analysis

In this study extracellular field recordings were used to measure evoked synaptic transmission
(Fig. 2). On the slice level this is a non-invasive method in that all the postsynaptic neurones
that generate the synaptic response are left intact. In simple terms, the field potential is the
extracellular component of a circuit produced by current that enters the neurones at the
dendritically located synaptic sites, flows intracellularly towards the soma where it exits and
returns via the extracellular space to the synaptic sites. Since the CA1 pyramidal cell somas
are positioned as a single layer with their apical dendrites projecting at a right angle from that
layer, all synaptic currents will flow in the same general direction and thereby summate to
generate the field potential. The field EPSP recorded in a hippocampal slice is generated from
the postsynaptic currents of hundreds of neurones, and thus the variability of the field EPSP is
quite small. In addition to the field EPSP, a presynaptic volley produced by the action
potentials of the electrically stimulated Schaffer collaterals will also be recorded (Fig. 2). The

size of this volley is proportional to the number of presynaptic axons activated, and thus
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serves as an internal control of the

Stimulation . . .

~— artefact actual presynaptic activity that is
evoked by each stimulus. In my

experiments the field recordings

fEPSP

were made in the stratum radiatum

of the CA1 subfield by means of a

glass micropipette (resistance: ~ 2

Volley MQ, filled with 1 M NaCl). The

stimulating electrodes (tungsten
Figure 2. Example of a field potential recording. electrodes insulated except at the
very tip, resistance: ~ 0.1 MQ) were placed in the stratum radiatum, on either side of the
recording electrode, to activate two separate sets of Schaffer collaterals (Fig. 3). The stimuli
consisted of biphasic constant current pulses (200 + 200 ps, 20-50 pA). Such stimulation
would normally set up synaptic activity in the CA1 pyramidal neurones consisting not only of
monosynaptic excitation but also of mono- and/or disynaptic inhibition mediated through
direct activation of GABAergic interneurone axons and/or synaptic activation of such
interneurones, respectively, resulting in a field potential of mixed excitation/inhibition.

However, since GABAergic transmission has been blocked in my experiments, the field

potential I observe consists solely of a field EPSP.

A very special feature of my experiments was that contrary to common practice I did not wait
for a “stable baseline” before applying the experimental stimulation protocol whose effect
was to be studied. Instead, “baseline” stimulation per se constituted the experimental
stimulation pattern, and the very first field EPSP to be evoked (the naive level) was also the
first synaptic response to be included in the analysis. Before evoking this response I therefore
used a specified procedure in all the experiments in that following the placement of the slice
in the recording chamber I waited 10 minutes before placing the stimulating and recording
electrodes at their respective sites and thereafter an additional 10 minutes before I commenced
the stimulation protocol. This procedure was made in order to ensure that the slices as well as
the electrodes had equilibrated to their new surroundings in an equal manner among the
experiments. That this procedure does indeed result in stable conditions when stimulation was

applied was demonstrated by the fact that in control experiments the field EPSP remained
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Rec

Figure 3. A schematic drawing of the
positioning of the recording electrode
and stimulation electrodes in the

stratum radiatum of the CA1 subfield.

unaltered after 2 hours of stimulus interruption following a few initial stimuli to establish the

naive level (Paper I, Fig. 1B).

Since the low frequency stimulation used in these experiments (0.05-1 Hz) was aimed to
functionally simulate sparse synaptic activity not resulting in network activity, the stimulation
was pre-set at a strength that, based on my experience, should produce synaptic activity not
resulting in CA1 pyramidal cell action potential activity. Therefore, whenever the pre-set
stimulation strength resulted in a field EPSP showing clear signs of population spike activity

the experiment was discontinued.

The tetanization protocol that I have used to induce LTP in Paper III consisted of three trains
of 20 impulses at 50 Hz. To optimize the depolarization of the postsynaptic cells during the
tetanization this protocol was applied simultaneously to both the stimulating electrodes on
either side of the recording electrode. Moreover, since after a single 20-impulse tetanus the
potentiation takes ~ 20 s to reach its peak (Gustafsson et al., 1989), these tetani were given 20
seconds apart. These tetanizations were repeated three times approximately 7.5 minutes apart,
because such spaced repeated stimulation has been shown to result in a more persistent
activation of enzymes involved in synaptic plasticity (Wu et al., 2001), and results in a more

stable LTP (Huang and Kandel, 1994).

Volley compensation
Since my aim with this thesis was to investigate synaptic plasticity it was imperative that the

number of axons, and thereby synapses, activated during a given experiment remained
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constant either with time per se or by the given stimulation. As indicated above, the size of
the presynaptic volley is a measure of the number of activated presynaptic axons, and thus
serves as an indicator of the stability of presynaptic activation. The size of the presynaptic
volley, measured as the slope of the initial positive-negative deflection by linear regression,
was thus measured in parallel with the field EPSP slope in each experiment. While in a
number of experiments the volley changed only marginally (< 5%) during the recording
period, in other experiments larger changes were observed. In order not to discard all these
latter experiments I made an arbitrary cut-off in which I accepted volley changes up to 20%
(Paper I-II), or for the more prolonged recordings in Paper III up to 30%. Since a 20-30%
change in size of the axonal volley, if representing a change in the number of activated
synapses, will significantly affect the amount of synaptic depression/potentiation observed, I
linearly adjusted field EPSP magnitude with the change in the size of the volley in each
experiment. To avoid introducing more noise to the field EPSP measurements the individual
volley data points were averaged, using a bin width of 20 volleys. Such a compensation
assumes a linear relationship between volley and field EPSP size, which has been
demonstrated previously (Wigstrom and Gustafsson, 1985) and which I also observed when
examined by lowering the stimulation strength (Paper I). Furthermore, for a set of
experimental data I also compared uncompensated and compensated field EPSP changes with
those observed in the experiments in which the volley was particularly stable (Paper I).
While a discrepancy between the average field EPSP changes was observed in the
uncompensated data compared to that in the “stable” experiments, this discrepancy was no

longer present using the compensated data.

An increase in volley size reflecting the ‘accidental’ recruitment of additional presynaptic
fibers however imposes a problem that would be particularly problematic for this
compensation for the evaluation of the amount of reversible and lasting depression following
stimulus interruption. As these synapses recruited during the stimulus interruption would be
previously non-stimulated they would thus add a disproportionate component to the synaptic
strength upon renewed stimulation. However, in most of the experiments the volley size was
found to decrease, not to increase. In the experiments with wash-out of D-AP5 in control
solution (Paper II, Fig. 4C), the maximum individual volley increase between the end of the
900 stimuli and the restart of stimulation after the interruption was only 6%, and experiments

in which a volley increase was found did not express a larger recovery than those with no
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increase or a decrease (after volley compensation). This same result was also observed in the
experiments in which D-AP5 was washed-out in the presence of LY 341495 (Paper 11, Fig.
30).
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SUMMARY OF RESULTS

How labile is the AMPA signaling in the neonatal rat?

A previous field recording study of CA3-CA1 synapses in the 2™ postnatal week rat indicated
that ~35% of the naive (previously non-stimulated) AMPAR mediated synaptic response was
readily lost upon sparse stimulation (~ 100 stimuli at 0.05-0.2 Hz) (Abrahamsson et al., 2007).
However, this study also indicated that the depression might not have been saturated with this
degree of stimulation. Indeed, as I show in Paper I (Fig. 1D), after further 0.05-0.2 Hz
stimulation (900 stimuli) ~ 60% of the naive synaptic response was lost, and yet the
depression was still not saturated (Paper I, Fig. 1B) (see also Fig, 4). In Paper III (Fig. 1C) I
used even more prolonged 0.2 Hz stimulation (2700 stimuli) resulting in a loss of ~ 80% of
the naive response. Thus, at most only a small fraction of the synaptic response seems stable
in the long run under circumstances of such very low frequency synaptic activation.
Assuming that all of the depression evoked in this way is explained by AMPA silencing (Xiao
et al., 2004), the present results thus demonstrate that although a clear gradient of lability does
exist among the synapses, the vast majority of them can indeed lose their AMPA signaling in
response to very low frequency stimulation. In my experiments the fields EPSPs were always
subthreshold for spike generation and in the experiments reported in Paper I (Fig. 2B) I
found no relation between the amount of depression and field EPSP magnitude over a 5-fold
range. Moreover, | observed no relation between the amount of depression and an initial
NMDAR dependent potentiation induced by this stimulation (Paper I, Fig. 2, C and D). The
synaptic lability in response to very low frequency activation is thus not critically dependent

on the amount of depolarization induced by the synaptic activation.

Next, I examined the depression of the naive AMPAR mediated response to the “classical"
LTD-inducing stimulation of 900 stimuli at 1 Hz. This procedure failed to produce a more
potent depression than the corresponding number of stimuli at 0.05-0.2 Hz (Paper I, Fig. 2A),
a result supporting previous observations in whole-cell recording using a briefer number (~
100) of stimuli (Xiao et al., 2004). When even more prolonged 1 Hz stimulation was used
(2700 stimuli) ~ 90% of the synaptic response was lost. Importantly, however, this amount
was not significantly larger than that obtained using the same amount of stimuli at 0.2 Hz

(Paper III, Fig. 1C and Fig. 3C). Thus, the 1 Hz stimulation is not more potent in inducing
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depression during on-going stimulation than stimulation within the test pulse frequency range

(0.2-0.05 Hz).

Lability during KAR blockade

KARs have been shown to induce a tonic depression of synaptic depression in the first
postnatal week in the rat (Lauri et al., 2006; Sallert et al., 2007). To examine whether KAR
activation could play a role in low frequency induced depression in the 2™ postnatal week, I
added the KAR antagonist UBP-302 after having established the naive level by a few 0.2 Hz
stimuli, and 20 min later applied 900 stimuli at 0.2 Hz. I did not find any effect on the naive
level or on the amount of induced depression (Paper III, Fig. 6). Thus, under my
experimental conditions there was neither any tonic KAR mediated depression nor any such

depression induced during the stimulation.

Lability during combined blockade of NMDARs and mGluRs

In previous reports using briefer stimulation the low frequency induced depression was found
to be unaffected by blockade of NMDARs and mGluRs (Xiao et al., 2004; Abrahamsson et
al., 2007). In contrast, I observed that 900 stimuli at 0.2-1 Hz in the combined presence of the
NMDAR antagonist D-APS (50 uM) and the broad spectrum mGluR antagonist LY 341495
(100 uM) resulted in a somewhat smaller loss of the synaptic response compared to in the
absence of these drugs, 45-50% (Paper I, Fig. 3B) vs ~ 60% (see above), this difference
being statistically significant. This discrepancy vis-a-vis previous reports might be explained
by a lingering effect of an initial NMDAR dependent potentiation that counteracts the
depression during the first 100 stimuli (Paper I, Fig. 2E). Thus, while the synaptic lability to
low frequency stimulation largely exists also in the absence of NMDAR and mGluR

activation, it is indeed significantly facilitated by such receptor activations.

Lability during NMDAR blockade

Next, I blocked NMDARs and mGluRs separately. Starting with NMDAR blockade, 900
stimuli at both 0.2 Hz and 1 Hz surprisingly resulted in a significantly smaller depression than
that observed during combined NMDAR/mGIuR blockade. This effect was more pronounced
at 0.2 Hz stimulation and resulted in a loss of only ~ 30% of the synaptic response (Paper I,
Fig. 5C) compared to the ~ 45% observed during a combined blockade, clearly suggesting
that mGluR activity results in a decreased lability of the AMPA signaling. To examine which
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subtype of mGluRs that mediates this effect, experiments were repeated in the presence of
more selective mGIluR antagonists. These experiments showed that 900 stimuli at 0.2 Hz
resulted in a loss of ~ 50 % and ~ 40% of the synaptic response when selective group I and
group II/IIT antagonists were added, respectively (Paper I, Fig. 6A). While these results rule
out group II/IIl mGluRs as mediators of this stabilizing action they do not clearly establish

group I mGluRs as sole mediators but rather indicate the contribution of several subtypes.

Lability during mGluR blockade

Application of 900 stimuli at 0.2 Hz and 1 Hz during mGluR blockade resulted in a loss of ~
60% and ~ 70 %, respectively, of the synaptic response (Paper I, Fig. 5, C and D). The
lability was thus at least as great as in control solution (the absence of the receptor
antagonists), showing that NMDARs alone account for the added lability compared to when
both NMDARs and mGluRs are blocked. In fact, 1 Hz stimulation resulted in an even
significantly larger depression during mGluR blockade than in control solution, indicating
that mGluRs actually oppose the 1 Hz induced depression under these latter conditions.
Experiments using selective mGIluR antagonists showed that this opposing action was largely

explained by group I mGIluR activation (Paper I, Fig. 6B).

To summarize, when exposed to prolonged low frequency stimulation the AMPA signaling
of neonatal CA3-CA1 synapses can in time become almost extinguished, this effect observed
to much the same extent at very low frequencies such as 0.05-0.2 Hz as at the conventional
LTD-inducing stimulation of 1 Hz. While the induction of this depression is largely NMDAR
and mGluR independent, it is, however, facilitated by NMDARs and impaired by mGluRs

Reversibility of the low frequency induced depression

When examined using whole-cell recording the depression induced by the low frequency
stimulation was found to remain unaltered when stimulation was resumed after an 8-20 min
stimulus interruption (Xiao et al., 2004; Abrahamsson et al., 2007). However, using field
recordings and perforated-patch recordings the depression was found to fully reverse with a
time constant of ~ 7 min when stimulation was interrupted after ~ 100 stimuli at 0.2 Hz
(Abrahamsson et al., 2007). Taken together, these results suggest that the lack of reversal
observed in the whole-cell experiments reflects a “wash-out” of cytoplasmic components

necessary for reversal. In my experiments, however, the depression induced by 900 stimuli
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Figure 4. Representation of the lasting depression (Last depr) and reversible depression (Rev depr).

only partially reversed by stimulus interruption and thus contains both reversible and more
lasting components (Paper II, Fig. 1A) (Fig. 4). I did not observe any reversal when the
stimulus interruption was very brief (1-2 min), and the reversal (of the reversible component)
developed slowly but was essentially complete after a 30 min stimulus interruption as no
further reversal was observed when a 60 min stimulus interruption was used (Paper I1, Fig.
1B). The time course of this reversal was thus roughly similar to that described previously
(Abrahamsson et al., 2007). Following 900 stimuli the reversible part of the depression was
small, representing around one-third of the total depression (Paper II, Fig. 1A). After 2700
stimuli at 0.2 Hz this proportion was reduced even further to only one-fifth of the total
depression (Paper III, Fig. 1C), indicating less and less reversibility of the depression the
longer the stimulation. However, surprisingly, this was not true with respect to the 1 Hz
stimulation in that almost half the depression induced by 2700 stimuli reversed by stimulus
interruption (Paper III, Fig. 3C). Thus, the reduction in reversibility with increased number

of stimuli cannot be explained by the number of stimuli per se.

Depression reversing by spontaneous NMDAR activity

I found that 900 stimuli at 0.2 Hz and 1 Hz resulted in only a partial reversal also during
combined NMDAR/mGIuR blockade, indicating that the depression also under these
circumstances contains both reversible and lasting components (Paper II, Fig. 2). However,
in experiments in which I washed-out the NMDAR antagonist as soon as the stimulation was
over, stimulus interruption resulted in a complete reversal (Paper II, Fig. 3A). This result
shows that stimulation in the absence of NMDAR/mGIuR activity results in a depression

component that reverses as a consequence of spontancous NMDAR activity during the
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stimulus interruption. In fact, this component constituted the major part of both the 0.2 Hz-
and 1 Hz-induced depression during combined NMDAR/mGIuR blockade (Fig. 5). I next
examined to which extent stimulation in the control solution results in such a depression
component by washing-in an NMDAR antagonist after stimulation was over. While a small
such component was still observed after 0.2 Hz stimulation, none was observed after 1 Hz
stimulation (Fig. 54). This depression component induced by stimulation in the absence of
NMDAR/mGIuR activity thus appears to be an unstable version of the lasting depression
induced in control solution. Experiments performed when NMDARs or mGluRs were
separately blocked suggested that this reversible depression was impaired by mGIluR activity

(Paper 11, Fig. 8) (Fig. 54).

Depression reversing in an NMDAR independent manner

My finding that the depression partly reverses also when NMDARs were blocked during the
stimulus interruption means that there must be a second form of reversible depression. As
noted above, this depression will constitute the major part of the reversible depression
obtained when stimulation is given in the control solution and thus be ~ one-third of the total
depression induced under these conditions (Paper II, Fig. 1) (Fig. 5). If expressed relative to
the naive level, this component was similar (15-20% of the naive level) irrespective of
whether it was induced by 0.2 Hz or 1 Hz stimulation, or whether induced in the presence or
absence of a combined NMDAR/mGIuR blockade (Paper I, Fig. 8) (Fig. 5). Assuming that
the reversal after 2700 stimuli at 0.2 Hz (Paper III, Fig. 1C) also mainly reflects this
depression, its magnitude relative to the naive level stays much the same also after this very

prolonged stimulation.

Lability of the reversed depression

Following the stimulus interruption I applied 180 stimuli at 0.2 Hz to examine the lability of
the reversed AMPA signaling (Paper II and III) (Fig. 4). These 180 stimuli were sufficient
to depress the synaptic response back to the level of depression induced by the preceding 900
stimuli whether given at 0.2 Hz or 1 Hz. This result suggests that the reversed transmission

represents a more labile fraction of the AMPA signaling than the naive AMPA signaling.
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Figure 5. Summary bar histograms of the two forms of reversible depressions, during the different

pharmacological conditions and stimulation frequencies.

To summarize, when the depression is induced in the absence of NMDAR and mGIluR
activation it reverses slowly within 30 min when stimulation is interrupted, but via two
separate paths. Thus, while ~ one-third of the depression reverses also when NMDARs are
blocked during the stimulus interruption the remaining depression requires NMDAR activity
during the interruption to reverse. Interestingly, this latter path for reversal is essentially

absent when depression was induced in the control solution.

Low frequency induced long-lasting depression

In control solution 900 stimuli at 0.2 Hz and 1 Hz resulted also in a depression that lasted
longer than 60 min. By blocking NMDARs and mGluRs separately I found that while
stimulation during NMDAR blockade failed to result in long-lasting depression, stimulation
during mGluR blockade resulted in long-lasting depression of similar magnitude as in the
control solution (Paper II, Figs. 4 and 5) (Fig. 6). Thus, NMDAR activation during the
stimulation seems both necessary and sufficient for the induction of a long-lasting component
of the depression. Following 900 stimuli this long-lasting component constituted ~ two-thirds
of the total depression and did not differ significantly between 0.2 Hz and 1 Hz stimulation.
Surprisingly, this was not the case when 2700 stimuli were given in that 0.2 Hz stimulation
was more efficient than 1 Hz stimulation (Paper I1I). Thus, while 0.2 Hz stimulation resulted
in long-lasting depression that constituted four-fifths of the total depression and two-thirds of
the naive synaptic response (Paper III, Fig. 1C), the long-lasting depression induced by 1 Hz
stimulation comprised only ~ one-half of both the total depression and of the naive synaptic

response (Paper 111, Fig. 3A). Nonetheless, these results show that in the 2" postnatal week a
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stimulation that is not expected to induce any lasting depression, like 0.2 Hz stimulation, in

the long run can result in a stable loss of most of the naive synaptic response.

I next examined whether this loss was permanent by applying high frequency tetanization to
depressed synapses. These experiments showed that after when low frequency stimulation had
resulted in a long-lasting depression to ~ 30% of the naive synaptic response, three bouts of
high frequency tetanization re-established the synaptic response to its naive level (Paper III,
Fig. 5). Hence the long-lasting depression evoked by low frequency stimulation is reversible

but a reversal requires Hebbian activity.

In contrast to my results described above showing that NMDARs but not mGluRs are critical
for long-lasting depression, it has earlier been found that LTD induced in the 2 postnatal
week relies to a higher degree on mGluRs than on NMDARs (Li et al., 2002; Feinmark et al.,
2003). When making conventional LTD experiments, i.e., applying 900 stimuli at 1 Hz after
having established a stable baseline by applying a 0.1 Hz test pulse stimulation, I also found
the resulting LTD to rely more on mGluRs than on NMDARs (Paper I, Fig. 5, A and B).
These results indicate that the discrepancy between the long-lasting depression of previously
naive synapse and LTD is likely explained by the difference in stimulation protocols rather

than in experimental conditions.

To summarize, low frequency induced NMDAR activity is both necessary and sufficient for
this stimulation to result in a long-lasting depression, and is induced at least as efficiently at
0.2 Hz as at 1 Hz stimulation. Surprisingly, low frequency induced mGIuR activity, while

being important for LTD induction, does not result in any long-lasting depression (Fig. 6).
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Does Hebbian activity reduce lability of AMPA signaling?

A previous key observation was that Hebbian activity, either evoked by pairing low frequency
activity with postsynaptic membrane depolarization (Xiao et al., 2004) or evoked by high
frequency tetanization (Abrahamsson et al., 2008), appeared to stabilize the synaptic response
at its naive level. This observation led to the hypothesis that the main impact of Hebbian
plasticity in the neonatal brain is not to potentiate but instead to stabilize AMPA signaling
(Groc et al., 2006a). In my experiments I applied repeated strong high frequency tetanization
to a naive synaptic response and thereafter examined the lability/stability of AMPA signaling
by prolonged 0.2 Hz stimulation (~ 4 hours). These experiments showed that after the
Hebbian activity had been elicited the 0.2 Hz stimulation resulted in a continuous decline of
the synaptic response with a reduction to 37% of its naive magnitude after 4 hours, i.e., to a
depression of 63% from the naive level (Paper III, Fig. 1B). Contrary to what was previously
put forward (Groc et al., 2006a; Abrahamsson et al., 2008) Hebbian activity is in fact unable
to stabilize AMPA signaling at the naive level vis-a-vis test pulse stimulation such as that at
0.2 Hz. Nonetheless, since as described above, the synaptic response of naive synapses
declined to ~ 20% of the naive level following 4 hours of 0.2 Hz stimulation, Hebbian activity
seems to result in some stabilization of the AMPA signaling, the depression being reduced
from ~ 80% to ~ 60 % from the naive level, i.e. to ~ three quarters of the depression of naive

synapses.

A comparison between the low frequency induced depression of the AMPA signaling of naive
and tetanized synapses is, however, not straightforward. Abrahamsson et al. (2008) described
that tetanization resulted in an initial transient potentiation above the naive level that declined
within 5-15 min after tetanization in a stimulation dependent manner. In fact, I observed that
not even when stimulation was interrupted for two hours following the tetanization was the
potentiation found to have declined when stimulation was resumed (Paper III). Therefore,
the time course of the test pulse induced depression of tetanized synapses will not only
depend upon the effect of Hebbian activity on the lability of the pre-existing naive AMPA
signaling but also of the lability of the potentiated AMPA signaling above the naive level. The
increased stability following Hebbian activity indicated by the results described above rests
therefore upon the assumption that the potentiated AMPA signaling, in contrast the pre-
existing AMPA signaling, is fully declined at 4 hours after the tetanization. A scenario that

would avoid to result in a possibly exaggerated view of the stabilizing action of Hebbian
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activity is that following tetanization the potentiated and the previously naive AMPA
signaling are labile to the same degree with respect to the 0.2 Hz stimulation. In order to
compare the lability of AMPA signaling before and after tetanization the depression of
tetanized synapses was thus normalized by setting the peak level of the initial potentiation to
100%, as a post-tetanus naive level. This procedure has also the advantage that it compares

the overall lability of AMPA signaling before and after tetanization.

Adopting this procedure for comparison I found that tetanized synapses in the long run (i.e.,
after 4 hours of stimulation) were not more stable than the naive synapses were. However,
when examined at earlier time points, e.g., within the 1% hour after tetanization, the
depression was substantially less for the tetanized synapses indicating a temporary but not
permanent partial stabilization of AMPA signaling (Paper III, Fig, 2B). Using the same
protocol I also applied 1 Hz stimulation and found a similar result (Paper III, Fig. 3C). In
order to examine whether the temporary stabilization indicated by the above comparison is a
function of time after tetanization, 900 stimuli at 1 Hz were applied after tetanization after
either 15 min or 2 hours of stimulus interruption. This experiment showed that the depression
induced by this stimulation was independent of its timing relative to the tetanization. I also
found that the depression induced by this stimulation was less at tetanized than at naive
synapses, particularly with respect to the long-lasting depression. My results thus show that
Hebbian activity results in at least a partial stabilization of AMPA signaling, most evident as a
reduced ability to induce a long-lasting depression. Moreover, importantly, this partially

stabilizing effect is not linked to time after tetanization but to the amount of stimuli given.

To summarize, high-frequency tetanization of naive synaptic responses results in a
potentiated post-tetanus naive level that will remain unaltered, at least for two hours, unless
the synapses are exposed to low frequency stimulation. The AMPA signaling of tetanized
synapses normalized to this post-tetanus naive level is in the long run (4 hours) no more stable
than the AMPA signaling of naive synapses. However, within the first hour of low frequency
stimulation irrespective of whether this stimulation is applied 15 min or 2 hours following
tetanization the induction of low frequency induced depression, in particular long-lasting

depression, is impaired.
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GENERAL DISCUSSION

My thesis supports and extends previous observations (Xiao et al., 2004; Abrahamsson et al.,
2007) that AMPA signaling at developing CA3-CAl synapses becomes depressed, i.e., is
labile, in the face of very low frequency activation (< 0.2 Hz). In fact, while previous work
using field recordings suggested that the major fraction of the AMPA signaling by the 2™
postnatal week was stable (Abrahamsson et al., 2007), my present work using a longer
duration stimulation protocol suggests that nearly all AMPA signaling in the 2" postnatal
week is labile. In keeping with this result I also found that Hebbian activity in the long run
failed to alter this lability. Thus while my study, in agreement with previous observations
(Abrahamsson et al., 2008), suggests that Hebbian activity may exert a stabilizing action on
the AMPA signaling, this effect is in fact only partial and possibly also only temporary. My
thesis does therefore not support the scenario in which synapses that participate in functional
network activity, i.e., together with a sufficient number of other synapses, become stabilized
(Groc et al., 2006a; Abrahamsson et al., 2008). Instead, my results suggest a scenario in
which participation in Hebbian activity is the means for a synapse to temporarily keep, or
regain, its AMPA signaling. If so, synapses in the developing brain will maintain their AMPA
signaling only by more or less continuous participation in cooperative neuronal activity while
synaptic activity outside this context leads to loss of AMPA signaling and to possible

elimination.

My thesis also provides a more complex picture of the depression process underlying the
lability to very low frequency stimulation. Thus, previous work suggested that this very low
frequency induced loss of AMPA signaling is explained by a unique NMDAR and mGIluR
independent process resulting in AMPA silencing in a subpopulation of the activated
synapses. In contrast, my work shows that a large part of the depression in fact is most likely
equivalent to the NMDAR-LTD observed in conventional LTD experiments, implying that in
the 2™ postnatal week NMDAR-LTD can be induced at much lower frequencies of synaptic
activation than previously thought. NMDAR-LTD at these synapses will therefore be
substantially underestimated when evaluated in conventional LTD studies as it has already
been induced by the initial test pulse stimulation. Importantly, my work suggests that
NMDAR-LTD, or rather a mechanistic equivalent to NMDAR-LTD, can be induced in the
absence of NMDAR activation but in a labile form that reverses within 30 min when

stimulation is discontinued. In the 2™ postnatal week the major role for NMDARs may

54



therefore not be to induce depression but to stabilize it. Surprisingly, considering that
conventionally induced LTD in the first part of the 2™ postnatal week is found to rely more
on mGluRs than on NMDARs (Paper I) (Li et al., 2002; Feinmark et al., 2003), I did not find
any form of depression that relied on mGluRs, not even when 1 Hz stimulation was used.
Together with my other results mentioned above this lack of mGluR-related depression calls
into question the validity of conventional LTD experiments for analyzing depression at

developing synapses.

Finally, my thesis showed that the Hebbian induced transient potentiation above the naive
level did not decay for at least 2 hours after its induction unless the synapses were activated.
Thus, not only the naive AMPA signaling but also the Hebbian induced potentiation is labile

in the face of very low frequency stimulation.

In my thesis I have not directly addressed the mechanistic aspects of the observed changes in
AMPA signaling experimentally, e.g. by establishing which intracellular signaling systems
are involved and in what manner the synaptic function is altered. In the following I will
discuss this issue from the perspective of my own results. I will discuss to what extent the
presently described depression, de-depression (or reversal), and potentiation can be contained
within the single expression mechanism of AMPA silencing/unsilencing, and the possible

mechanistic aspects of this silencing/unsilencing.

Mechanistic aspects of the observed changes in AMPA signaling

Expression — postsynaptic

The starting point for any consideration of the expression mechanism(s) for the very low
frequency induced depression is the previous demonstration of AMPA silent synapses in the
neonatal CA1 region (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996), and the
finding that low frequency stimulation can create such AMPA silent synapses (Xiao et al.,
2004). Depression of AMPA signaling can in principle be the result of a number of different,
both pre- and postsynaptically located, modifications. Below I will argue that there is good
reason to exclude a presynaptic modification. Postsynaptically, the AMPARs may be
removed either completely or partially from the synapse, or changes in the AMPARSs
themselves may be induced that alter e.g. their conductance. If the AMPARs are totally

removed from a subpopulation of the synapses making them AMPA silent this will be seen
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electrophysiologically as an increased variance in the evoked synaptic response (or a
decreased 1/CV?), denoted as a decrease in quantal content. On the other hand, if the
AMPARs are only partially removed from the synapse, or if the AMPAR channel
conductance is decreased, leaving the synapses still AMPA signaling albeit at a reduced level,
this will be seen as a decrease in quantal amplitude, also denoted as a decreased potency. Xiao
et al. (2004) observed that the average change in synaptic magnitude was well matched with
the average decrease in quantal content (1/CV?) indicating that the depression was explained
by AMPA silencing. A silencing rather than a potency change is also supported by earlier
studies examining the quantal properties of neonatal CA3-CAl synapses (Hanse and
Gustafsson, 2001a; Groc et al., 2002). In these studies, in which evoked (Hanse and
Gustafsson, 2001a) and spontaneous (Groc et al., 2002) synaptic responses of single synapses
were examined, the quantal amplitudes of the evoked responses (see Fig. 3D, Hanse and
Gustafsson (2001a)) did not differ from those of the spontaneous responses (see Fig. 5A, Groc
et al. (2002)). That is, the quantal amplitude at synapses exposed to stimulation presumed to
result in synaptic depression was found to be the same as that of synapses not exposed to such
stimulation. This result cannot be reconciled with a depression explained by an overall
decrease in potency among the synapses, but can be expected from an all-or-none removal of

AMPA signaling in a subpopulation of the synapses.

In the whole-cell experiments by Xiao et al. (2004) NMDAR blockade did not significantly
affect the amount of depression observed, and hence most of this silencing must have been
induced in an NMDAR independent manner. This seems also reasonable considering that the
synaptic responses in the whole-cell experiments were “voltage-clamped” and therefore less
likely to result in NMDAR channel opening compared to experiments using field recordings.
These whole-cell data would therefore suggest that the NMDAR independent component of
the depression observed in my study is explained by AMPA silencing. It is worth noting that
in the whole-cell experiments the average depression (using 120 stimuli) was to ~ 60% from
the naive level, i.e., similar to the depression obtained by 900 stimuli using field recordings. It
would thus appear that a capacity for AMPA silencing exists in the o postnatal week that

includes the majority of the synapses.

I found the low frequency depression to be facilitated by NMDAR activity which, as noted in
the INTRODUCTION (section on NMDAR-LTD) can result in AMPAR removal. However,
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to what extent NMDAR-LTD is explained by a reduced quantal content and/or reduced
quantal amplitude (potency) is unclear. For example, Selig et al. (1995) using 2-6 week old
rats showed a decrease in 1/CV* almost matching that of the reduced amplitude, a result
compatible with AMPA silencing, whereas Oliet et al. (1996) using 2-4 week old rats found
changes in potency only. In the thalamocortical synapse, the NMDAR-LTD was found to be
associated with a potency change only (Feldman et al., 1998). The question is however, how
relevant these results obtained at CA3-CA1 synapses in older rats, or from other developing
synapses, are for the 2™ postnatal week CA3-CA1 synapses. For example, as was noted in the
INTRODUCTION (see sections on AMPARs, The postsynaptic density, and Synaptogenesis)
the CA3-CAl synapses change considerably during these first few weeks in morphology
(shaft vs spine), in AMPAR subunit composition and in the PSD composition. In fact, the
properties of NMDAR-LTP change considerable from P8 to P15 (see section on Long-term
potentiation in the INTRODUCTION). Thus data as the above regarding NMDAR-LTD may
not contribute to resolving whether NMDARs in the 2™ postnatal week facilitate AMPA
silencing rather than induce a decrease in potency. A more important study in this context
may instead be that of Adesnik et al. (2008) where NMDARSs in individual CA1 pyramidal
cells in the developing hippocampus were genetically deleteted. This study showed that CA1
cells devoid of NMDARs exhibited a greater number of AMPA signaling synapses than
control cells despite the same overall number of spines, i.e., of existing morphological
synapses, indicating that NMDAR activity in the developing hippocampus assists in

depressing synapses by maintaining an AMPA silent state.

Expression — presynaptic

The change in 1/CV? observed by Xiao et al. (2004) is also compatible with a presynaptic
modification. However, Xiao et al. (2004) did not find any depression of NMDAR mediated
transmission as would have been expected from a presynaptic modification in release
probability. Other presynaptic scenarios based on a reduced amount of transmitter released,
such as kiss and run exocytosis, was also excluded using a low affinity NMDAR antagonist
that would have detected a lowered amount of transmitter. Nevertheless, as 1 used more
prolonged stimulation in my experiments than that used by Xiao et al. (2004), a presynaptic
component could have been added. During prolonged low frequency stimulation the vesicle
release rate could eventually exceed the rate of mobilization of new vesicles resulting in

depletion of the number of synaptic vesicles available for release. Depression resulting from
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depletion is not necessarily associated with a change in paired-pulse ratio and may therefore
mistakenly be thought to be explained by a postsynaptic modification (Hanse and Gustafsson,
2001b). Stimulation of the perforant path-granule cell synapse in the dentate gyrus at 0.2 Hz,
but not 0.03 Hz, has in fact been found to result in such a depletion (Abrahamsson et al.,
2005). The resulting depression reverses, however, within < 1min after switching to 0.03 Hz,
as would also be expected from the kinetics of vesicle recruitment (Stevens and Wesseling,
1999). In contrast, in the present experiments I did not find any reversal from the depression
after 1-2 min of stimulus interruption, and no difference in the amount of depression produced
by 0.2 and by 0.05 Hz stimulation was observed. Another possible candidate mechanism is
the KAR mediated presynaptic depression which has been observed in the first, but not third,
postnatal week (Sallert et al., 2007). While this depression is thought to be tonic, and not
activity dependent, it is blocked by Hebbian activity resulting in a presynaptic LTP (Lauri et
al., 2006). Considering this effect of Hebbian activity it may be presumed that low frequency
stimulation might strengthen this depression resulting in LTD. However, using a KAR
antagonist, I neither found evidence for a tonic KAR depression nor for any appearance of it

during the low frequency stimulation (Paper III, Fig. 6).

Induction

My thesis work confirmed that low frequency stimulation depresses neonatal CA3-CAl
synapses without engaging NMDARs and mGluRs. In fact, during combined
NMDAR/mGIuR blockade almost half of the synaptic response was lost after 900 stimuli
(Paper 1, Fig. 3B), and more prolonged stimulation (2700 stimuli) resulted in a loss of as
much as ~ two-thirds of the field EPSP (unpublished observation). However, in contrast to the
previous studies (Xiao et al., 2004; Abrahamsson et al., 2007), I found that NMDAR and
mGluR activation did affect the amount of depression obtained. Thus, the amount of
depression increased when NMDARs were active and was reduced when mGluRs were
active, compared to when both receptors were blocked. These results raise the question of
how low frequency stimulation in the absence of NMDAR/mGIuR activation can result in
such a substantial depression of AMPA signaling. They further raise the question of whether
the actions of NMDARs and mGluRs represent a modulated induction of the
NMDAR/mGIuR independent depression, or whether they represent separate processes just

adding to or subtracting from the NMDAR/mGIuR independent depression.
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With respect to the first question it has previously been demonstrated that agonist-binding to
the AMPAR can by itself result in AMPAR removal and AMPA silencing. Thus, bath
application of AMPA itself has been found to result in AMPAR removal and AMPAR
internalization that at least partly is explained by the AMPA binding per se (Ehlers, 2000)
(see further below). Furthermore, when disrupting the NSF-GIluA2 interaction, low frequency
stimulation resulted in depression of the evoked synaptic potential (Liithi et al., 1999). This
depression was explained by a ligand-induced AMPAR internalization, ultimately resulting in
AMPA silencing which is normally compensated by a rapid AMPAR recycling (Duprat et al.,
2003). However, since the NSF-GIuA2 interaction may also regulate the lateral movement of
AMPARs from the extrasynaptic to the synaptic membrane (Gardner et al., 2005), this
depression can alternatively be explained by a ligand-induced AMPAR lateral diffusion into
the extrasynaptic membrane that is normally compensated by a rapid NSF dependent lateral
diffusion back (recycling) into the synaptic membrane. Nevertheless, the above results
suggest that a ligand-induced AMPAR removal from the synapse can explain an
NMDAR/mGIuR independent low frequency induced depression, assuming for the neonatal
CA3-CAl synapses a mismatch between such ligand-induced AMPAR removal and the
recycling capacity. Such a mismatch could exist either because of a facilitated AMPAR
removal or an impaired recycling, and could possibly be a direct consequence of the AMPAR
interaction with the PSD proteins existing in the neonatal period. However, Abrahamsson et
al. (2008) described that application of the PKA activator forskolin could reverse the very low
frequency induced depression and seemingly stabilize AMPA signaling at the naive level.
Moreover, the application of a phosphatase inhibitor considerably slowed the induction time
course of the depression (Xiao et al., 2004). These results would suggest that the depression
depends on the relative degree of phosphorylation/dephosphorylation of certain synaptic
proteins, possibly including the AMPAR itself, whereby a dephosphorylated state promotes
depression. Taken together with the data presented above, it thus seems possible that the
NMDAR/mGIuR independent depression 1is explained by glutamate binding to
dephosphorylated AMPARs resulting in excessive AMPAR removal and/or impaired

recycling.

A complicating factor vis-a-vis this interpretation is that the low frequency induced
depression seemingly depends on Ca®" for its induction since no depression was observed

when the Ca®" chelator BAPTA was present in the whole-cell pipette (Xiao et al., 2004). The
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depression could therefore arise as a consequence of a postsynaptic increase in Ca”" rather
than because of ligand-binding per se even in the absence of NMDAR and mGluR activation.
However, since voltage-gated Ca>" channels are unlikely to contribute (see Xiao et al.
(2004)), it is not obvious from where the Ca®" should come. A possible scenario would be that
the neonatal CA1 pyramidal cells express GluA2-lacking Ca* “permeable AMPAR channels.
However, the absence of GluA2-lacking AMPARSs in synapses onto CAl pyramidal cells
noted by Lu et al. (2009b) seems also to extend back into the 2" postnatal week. Thus, a
study using P8-17 rats, combining electrophysiological recordings with Ca**-imaging, showed
a very low Ca”" permeability of the activated AMPARSs (Garaschuk et al., 1996). Moreover,
an electrophysiological examination of AMPAR channel properties in P5-13 rats failed to find
evidence for GluA2-lacking AMPARs in CA1 pyramidal cells (Isa et al., 1996). In view of
these results the effect of BAPTA might not be related to the buffering of Ca*" influx but be
explained by a BAPTA mediated lowering of the basal cytoplasmic level of Ca®" below that
needed to maintain certain reactions. For example, a ligand-induced AMPAR removal may
require ubiquitin-proteasome activation which is Ca*“sensitive (Patrick et al., 2003). In
support of an effect of BAPTA that is more complex than that of direct buffering of Ca*"
influx the induction of the depression is not completely blocked unless the stimulation is
commenced later than 30 min after the whole-cell break-in (P. Wasling, personal

communication)

Accepting ligand-binding to dephosphorylated AMPARs to be the explanation for the
NMDAR/mGIuR independent depression, NMDAR activation is likely both to facilitate
depression during low frequency activation and to reverse it during Hebbian activity. Thus,
during low frequency stimulation NMDAR activation will result in additional
dephosphorylation of PKA sites (see section on NMDAR-LTD in the INTRODUCTION)
such as ser-841 and ser-842 on GluA2i.,, and GluA4 subunits, respectively, resulting in a
greater number of dephosphorylated AMPARs. If so, mGIuR activation should increase
phosphorylation at this PKA site, and, by decreasing the number of phosphorylated AMPAR:s,
impair the depression. However, the mGluR effect was mainly attributed to mGIluR group 1
activation which is not supposed to result in PKA activation. In what manner mGIuR activity
impairs the depression thus remains unclear. However, NMDAR activation might also
facilitate depression in a completely different manner to that described above, namely by

restricting AMPAR mRNA availability and translation, thus impairing surface membrane
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expression of AMPARs (Grooms et al., 2006). Interestingly, mGIluR activation also acts at
this level by facilitating dendritic transport of AMPAR mRNA and thus facilitating surface
membrane expression of AMPARs (Grooms et al., 2006). As suggested by these authors, by
acting in this manner mGluR activation may contribute to the stabilization of LTP induced by
a weak tetanization, an effect on LTP reminiscent of that on the low frequency induced
depression (Raymond et al., 2000). To what extent such an effect may participate in the
mGIuR induced impairment of depression is presently unclear. Nonetheless, NMDARs and
mGluRs can exercise a bidirectional control of AMPARs reminiscent of their bidirectional

control of the low frequency induced depression.

Reversal of depression

Above I have argued that the low frequency induced depression can be explained by a
basically NMDAR/mGIuR independent postsynaptic AMPA silencing that is facilitated and
impaired by NMDAR and mGIluR activation, respectively. Nevertheless, when examined after
a prolonged stimulus interruption (30-60 min) I found that the depression is dissociated into
three different forms, each with distinct minimal requirements for its reversal. Thus, while
part of the depression reversed by stimulus interruption alone, another part of the depression
was found to require spontaneous NMDAR activity and thus likely an associated AMPAR
phosphorylation (cf. Zhu et al. (2000) during the stimulus interruption to reverse. When
NMDAR activity was not blocked during the stimulation, a substantial part of the depression
failed completely to reverse by stimulus interruption but required Hebbian activity in order to
reverse. While these seemingly distinct forms of dissociation may point to the existence of
three separate depression processes, it should be noted that stimulus interruption did not result
in any reversal whatsoever using whole-cell recording unless perforated-patches were used
(Abrahamsson et al., 2007), This result indicates a common sensitivity to postsynaptic wash-
out for all these three tentatively separate forms of depression. Moreover, all three of these
depressions appear to be momentarily reversed by Hebbian activity (Paper III, Fig. 5)
(Abrahamsson et al., 2008). The question therefore arises what these three separate

requirements for reversal represent?

Reversal of the depression induced during combined NMDAR/mGIuR blockade
If the NMDAR/mGIuR independent depression is explained by a ligand-induced AMPAR

removal could such a depression reverse within the presently observed time span and in this

61



dual manner? The synaptic depression elicited during NSF-GluA2 blockade was fully
reversed within 30 min of stimulus interruption (Duprat et al., 2003). Thus, a ligand-induced
AMPAR removal from the synapse results in a reversal of the AMPA signaling even when
the rapid AMPAR recycling is impaired. Moreover, while no time course of this reversal was
presented, the reversal obviously took place within the same time frame as that presently
observed. However, since NMDARs were not blocked the conditions for the reversal
observed by Duprat et al. (2003) is not known, i.e., to what extent NMDAR activity was
required or not for the AMPAR synaptic reinsertion. Using AMPA application Ehlers (2000)
found that the resulting AMPAR internalization resulted in a very slow and incomplete
AMPAR surface reinsertion, AMPARSs rather becoming targeted for late endosomes and for
degradation than for reinsertion. In fact, based on his results Ehlers (2000) suggested that the
AMPA induced internalization could be seen as a route for elimination of AMPARs at
inappropriately activated synapses. In contrast, Lin et al. (2000) found that the internalized
AMPARs were targeted to recycling endosomes with a reinsertion time constant < 10 min.
Again, whether this reversal had NMDAR independent and/or dependent components was not
examined. Nonetheless, taken together these results suggest that a ligand-induced AMPAR
removal can take many different forms which may require different conditions for reversal. In
fact, the AMPAR surface reinsertion observed by Ehlers (2000) had its magnitude reduced by
~ half by PKA blockade, indicating a partial dependence on phosphorylation. Plausibly, the
intensity and duration of the ligand application can be a deciding factor, the low intensity
synaptic activation resulting in more reversible forms of depression than a prolonged AMPA
application. With respect to my studies I would therefore predict that during NMDAR/mGIuR
blockade brief (~ 100 stimuli) low frequency stimulation should result in a shift towards more
NMDAR independent and less NMDAR dependent reversal compared to the 900 stimuli
used. In fact, as observed in preliminary studies (A. Ermund and B. Gustafsson) the reversal
after such brief stimulation is essentially completely NMDAR independent. A plausible
explanation for my results is therefore that the low frequency stimulation during
NMDAR/mGIuR blockade initially results in a ligand-induced AMPAR removal by lateral
diffusion only and that these AMPARs are reinserted during stimulus interruption in an
NMDAR independent manner. With more prolonged stimulation the AMPARs may become
internalized and thus require spontaneous NMDAR activity for synaptic reinsertion. As

demonstrated previously (Zhu et al., 2000; Esteban et al., 2003; Kolleker et al., 2003; Qin et
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al., 2005), AMPARs containing GluA4 and GluA2,,,, subunits can be inserted synaptically
via PKA activity mediated by spontaneous NMDAR activity.

A caveat here is that AMPA application in addition to ligand-induced AMPAR removal also
can result in a Ca®"/calcineurin induced AMPAR internalization via depolarization and
subsequent VGCC activation (Beattie et al., 2000; Lin et al., 2000). Thus, it can not be
excluded that part of the AMPAR internalization described by Ehlers (2000) reflects such
Ca’'/calcineurin induced AMPAR removal, and not a ligand-induced AMPAR removal. If so,
it remains open to what extent ligand binding per se may cause all of the multiple states of

AMPAR removal described by Ehlers (2000).

Reversal of the depression induced in the presence of NMDAR activity

When the low frequency stimulation was evoked in the absence of NMDAR blockade the
depression now contained a component that was stable in the face of stimulus interruption. In
order to completely reverse the depression Hebbian activity was required (Paper III, Fig. 5).
Moreover, and interestingly, the depression requiring spontaneous NMDAR activity for its
reversal was much reduced (0.2 Hz stimulation) or absent (1 Hz stimulation). It would thus
appear that NMDAR activity during the low frequency stimulation has raised the threshold
for reversal of one and the same depression component from spontaneous NMDAR activity to
Hebbian induced NMDAR activity. A possible interpretation of this finding is that NMDAR
activity stabilizes an agonist-induced AMPAR removal by raising the threshold for AMPAR
reinsertion. As indicated in the INTRODUCTION, the signaling pathways underlying the
depression and the maintenance of this depression may not be the same. Thus, while
activation of PP2B (calcineurin) and PP1 may normally be involved in the events leading up
to AMPAR removal, the actual maintenance of this depression may be related to other events,
such as an autodephosphorylation of another phosphatase (PP2A) (Pi and Lisman, 2008). If,
as | have argued above, many AMPARs in the 2" postnatal week rats already are in a
dephosphorylated state, NMDAR activation resulting in PP2B/PP1 activation is therefore not
a requirement for this initial AMPAR removal. NMDAR activity during the stimulation will
however also result in PP2A activation and to its autodephosphorylation and thereby to a
stable depressed state requiring Hebbian activity to reverse this PP2A autodephosphorylation.
Spontaneous NMDAR activity will thereby be insufficient to produce such reversal, and this

form of depression will no longer be observed.
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Hebbian induced plasticity

Prior to P12 Hebbian activity in the form of high frequency tetanization seems merely to
result in de-depression of a preceding test pulse induced depression back to the naive level of
AMPA signaling (Abrahamsson et al., 2008). I found that Hebbian activity during this time
period resulted in two additional forms of long-lasting (> 2 hours) effects; a potentiation

above the naive level, and an increased threshold for low frequency induced depression.

Following the first description of AMPA silent synapses a number of studies subsequently
demonstrated that Hebbian activity resulted in the unsilencing of these synapses (Isaac et al.,
1995; Liao et al., 1995; Durand et al., 1996) (see also Ward et al. (2006)). The Hebbian
induced de-depression of test pulse induced depression was also found to be associated with
changes in 1/CV? consistent with unsilencing (Xiao et al., 2004). Furthermore, Abrahamsson
et al. (2008) showed that the naive level at which essentially all the CA3-CAl synapses
should be AMPA signaling acted as a ceiling for the lasting effect of tetanization. These
results led to the concept of a developmental LTP explained by AMPA unsilencing, i.e., of an
LTP that experimentally is nothing but a de-depression of a prior test pulse induced
depression (Abrahamsson et al., 2008). The developmental LTP was found to be the
predominant lasting effect of Hebbian activity up to P12 (Abrahamsson et al., 2008).

However, a developmental LTP explained solely by unsilencing contrasts with previous
experiments on P6 rats using whole-cell recording and weak stimulation activating only a few
synapses at most (Palmer et al., 2004). In these experiments two different forms of LTP were
found; a presynaptic LTP explained by an increase in release probability, and a postsynaptic
LTP explained by an increased potency. Later studies have identified the presynaptic LTP as
a blockade of tonic KAR mediated presynaptic inhibition (Lauri et al., 2006). As described by
these authors, this LTP is developmentally down-regulated, and is no longer present at P12. 1
too failed to find evidence for such KAR mediated inhibition in the P8-P12 rats (Paper III),
supporting the finding that this presynaptic LTP operates in the 1* postnatal week only. With
respect to the postsynaptic LTP described at P6, Abrahamsson et al. (2008) found that
Hebbian activity in addition to de-depression resulted in a transient (5-15 min) potentiation
above the naive level, i.e., to an increase in AMPA signaling that should not be explained by
AMPA unsilencing. This potentiation was also observed in my experiments, but with

somewhat longer duration (~ 30 min) possibly due to the more extensive tetanization
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employed compared to the experiments by Abrahamsson et al. (2008) Interestingly, the
postsynaptic LTP described by Palmer et al. (2004) (as illustrated in their Fig. 4e) was also
not particularly stable but had to a great extent decayed within 20 min. Moreover, in their
experiments only synaptic inputs that were stable when exposed to test pulse stimulation (200
baseline stimuli) were used. Taken at face value, this means that their experiments were in
fact equivalent to applying tetanization at the naive level of AMPA signaling, which explains
why an LTP explained by unsilencing was not observed. I therefore propose that the LTP
described by Palmer et al. (2004) reflects the transient potentiation above the naive level
described by Abrahamsson et al. (2008) and in my thesis (Paper III). The potency increase
observed by Palmer et al. (2004) was explained by the additional insertion of AMPARSs that
differed functionally from the pre-existing AMPARs. When examined in P14 rats the
transient potentiation, but not LTP, is abolished in GluA1-knock-outs (Jensen et al., 2003).
This result would suggest that the transient potentiation above the naive level as well as the
postsynaptic LTP described by Palmer et al. (2004) is explained by the insertion of GluAl-
containing AMPARs differing from the GluA4- and GluA2,ne-containing AMPARSs normally
present at this time period. The experiments by Palmer et al. (2004) further suggested that the
inserted AMPARs should have a lower conductance than the pre-existing AMPARs thereby
excluding GluA1 homomers. The exact subunit composition of the AMPARs underlying the

transient potentiation is thus uncertain.

Importantly, I found this transient potentiation not to be transient in itself but to decay as a
consequence of the test pulse stimulation. That Hebbian activity results in a potentiation that
lasts for hours unless test pulse stimulation is given is not a new finding. In fact, when
examined in the adult rat, Volianskis and Jensen (2003) reported that tetanization of CA3-
CAL synapses results in a potentiation that if test pulse stimulation is discontinued does not
decay even during a 6 hour stimulus interruption. When exposed to test pulse stimulation this
lasting potentiation in the adult rat could be subdivided into a sustained and a decaying
potentiation, respectively, the latter decaying within about an hour using a test stimulus
frequency of 1/15 s, and twice as fast using twice that rate. This labile potentiation component
could thus explain the initial transient potentiation, commonly referred to as short-term
potentiation (STP), which follows tetanization of these synapses (Hanse and Gustafsson,
1994). Volianskis and Jensen (2003) suggested a presynaptic expression for this adult

transient potentiation, based on associated changes in paired-pulse plasticity and on the fact

65



that the potentiation was transient even when test pulse stimulation was applied during a
postsynaptic receptor blockade. While paired-pulse plasticity may be an ambiguous tool for
differentiating between pre- and postsynaptic expression (Hanse and Gustafsson, 2001b;
Poncer and Malinow, 2001), a postsynaptic insertion of AMPARs is not expected to be
reversed by stimulation during a postsynaptic receptor blockade. However, a shift in
expression during development from a postsynaptic to a presynaptic location, or vice versa,
would not be exceptional, e.g. as proposed for mGluR-LTD (Nosyreva and Huber, 2005). In
fact, such a shift from postsynaptic unsilencing to a presynaptic modification has also, based
on two-photon imaging experiments, been suggested for LTP (Enoki et al., 2009). Based on
these developmental considerations, on the results obtained on GluA1-knock-outs, and on the
“postsynaptic LTP” described by Palmer et al. (2004), I propose that the presently observed
long-lasting potentiation above the naive level reflects the Hebbian induced addition of

AMPARs to AMPA signaling synapses.

Hebbian activity and lability/stability of AMPA signaling

One of the main objectives in my thesis work was to experimentally examine the hypothesis
that participation in Hebbian activity stabilizes AMPA signaling. This hypothesis was based
on the experimental observation that AMPA signaling appeared to stabilize around the naive
level at least for an hour post-tetanus (Abrahamsson et al., 2008). It was also based on the
consideration that if the very low frequency induced depression should reflect a specific
synaptic sensitivity in the developing hippocampus to become silenced and eventually
eliminated if only participating in sparse synaptic activity, then participation in functional
activity should make them resistant towards such depression. The 2™ postnatal week is also a
time period during which connectivity between CA3 and CA1 pyramidal cells consists of but
a single synapse to retain or to eliminate, and Hebbian activity should thus serve to determine
which CA3-CA1 connectivity to retain. The fact that the low frequency induced depression
appeared to saturate at a level at which less than half of the field synaptic response was lost
(Abrahamsson et al., 2007) suggests that a major part is already stable by the 2™ postnatal
week, possibly by Hebbian activity generated by endogenous neural network activity (Hanse

et al., 2009).

As noted in the INTRODUCTION, LTP itself should decrease the induction threshold for
subsequent LTD by increasing the GIuN2A/GIluN2B ratio. However, using recordings from
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CA3 pyramidal cell pairs in organotypic slice cultures Montgomery and Madison (2002)
described that recently unsilenced synapses had became refractory against LTD induction.
More recently, using acute slices from 3 week old rats, Peineau et al. (2007) described that
tetanization can result in a blockade of NMDAR-LTD through phosphorylation and thereby
inactivation of GSK-3f, an enzyme involved in LTD induction. While these effects were only
present during the first 30-60 min post-tetanus they nevertheless demonstrate that Hebbian
activity may have multiple effects including some form of temporary stabilization of AMPA
signaling. Mechanistically, with respect to the very low frequency induced depression, if
AMPARs are easily lost during low frequency activation due to deficient PKA
phosphorylation, a stable recruitment of PKA to the synapse by Hebbian-induced modulation
of PKA binding to AKAP may stabilize the synapses.

To evaluate the possible stabilizing effect of Hebbian activity my experiments were designed
so that tetanization was applied just after establishing the naive level by a few low frequency
stimuli. The tetanization was also repeated three times with 5-10 min intervals, which is the
optimal protocol to produce stable long-lasting LTP in the more mature rat (Huang and
Kandel, 1994). A direct comparison of the time courses of depression from the naive level of
non-tetanized and tetanized synapses, respectively, would reveal any stabilizing action of the
tetanization. It should however be noted that when using this procedure synapses are tetanized
in a state in which they are AMPA signaling and the only expected effect of Hebbian activity
is that of stabilization. This situation may contrast to that in which the synapses have been
previously silenced and in which the Hebbian activity should both unsilence and possibly
stabilize the AMPA signaling. However, when comparing the effect of tetanization given at
the naive level or given after depression induced by 120 stimuli, respectively, Abrahamsson et
al. (2008) did not find any difference in the outcome (see their Figs. 1 and 3, and unpublished
data of these authors). This result implies either that the outcome of the tetanization does not
depend on whether the tetanized synapses are AMPA signaling or AMPA silent, or that
tetanization at the naive level first depresses and thereafter de-depresses the synapses.
Regardless of which interpretation is correct, the actual result obtained by Abrahamsson et al.
(2008) suggests that the present results should also be relevant for tetanization of recently

unsilenced synapses.
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A major complication, however, for the interpretation of the results obtained was that the
tetanization also resulted in potentiation above the naive level. The lability of tetanized
synapses to the low frequency stimulation would thus consist of two processes, the lability of
the pre-existing, or recently unsilenced, AMPA signaling and the lability of the potentiation
above the naive level. This dual nature of the lability forced me to create two different
scenarios for the assessment of the possible stabilizing effect of Hebbian activity. One
scenario was based on the observation that even after my extensive tetanization protocol
AMPA signaling had practically returned to the naive level within 30 min post-tetanus,
indicating that the potentiation process had to a great extent disappeared at a time when the
pre-existing, or recently unsilenced, AMPA signaling has still not begun to depress
(Abrahamsson et al., 2008). The depression during the subsequent three hours should
therefore solely be due to the pre-existing, or recently unsilenced, AMPA signaling.
According to this scenario Hebbian activity resulted in a far from complete stabilization of the
pre-existing  AMPA signaling, but the depression evoked at tetanized synapses was
significantly less than that at non-tetanized synapses (to ~ 40% vs ~ 20% of the naive AMPA
signaling level, respectively after ~ four hours of stimulation) (Paper III, Fig. 2A). A similar
partial stabilizing action was also found with respect to the 1 Hz stimulation (Paper III, Fig.
3). Synapses participating in Hebbian activity may thus not become stabilized but may instead
become more resistant towards low frequency stimulation even after 4 hours of stimulation.
However, as indicated by the values for depression, the very low frequency induced
depression of the tetanized synapses is nonetheless as much as 75% of the depression of non-

tetanized synapses, i.e., only a very limited degree of stabilization.

Even so, there are reasons to believe that this scenario assuming a considerably greater
lability of the potentiated state than of the pre-existing, or recently unsilenced state results in
an exaggerated stabilizing effect of Hebbian activity. Thus, while the postsynaptic LTP
described by Palmer et al. (2004) was quite labile, it had still not completely decayed after ~
1000 stimuli (their Fig. 4e). To the extent that the presently observed potentiation is identical
to this postsynaptic LTP, as argued above, it may require several hours of very low frequency
stimulation to completely decay. Moreover, the reversal from depression after stimulus
interruption was in relative terms not greater at tetanized than at non-tetanized synapses
(Paper II1, Fig. 2B). Therefore a scenario in which no distinction is made between the pre-

existing, or recently unsilenced, AMPA signaling and the potentiated state above the naive
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level may be closer to the truth. The low frequency induced depressions of these two
processes which formally may represent silencing and depotentiation, respectively, as well as
their subsequent reversal, were thus assumed to be parallel, i.e., the lability of these two
processes would be the same. In this scenario there were thus two naive levels, the naive level
of non-stimulated synapses and the naive level of tetanized synapses, the latter referred to as
the post-tetanus-naive level. According to this scenario my experimental data suggested that
the stabilization was to a great extent only temporary and more evident with respect to 0.2 Hz
than 1 Hz stimulation (Paper III, Figs. 2B and 3C). However, while the amount of depression
produced during the 1 Hz stimulation was only marginally affected, the amount of lasting
depression produced by this stimulation was substantially impaired by prior tetanization. My
results thus suggest a possible gradient of tetanization-induced stabilization where the three
different components of depression discussed above are differentially affected. However,
further experiments using post-tetanus pharmacological blockade of NMDARs and mGluRs

will be required to substantiate this suggestion.

As noted earlier in the DISCUSSION the time-limited stabilizing effect observed by Peineau
et al. (2007) was explained by a tetanization-induced phosphorylation and subsequent
inactivation of GSK-3f, a kinase involved in LTD induction. The stabilizing effect presently
observed was not temporally linked to the tetanization as shown by the fact that the 1 Hz
induced depression was equally impaired when applied after two hours of post-tetanus
stimulus interruption as applied 15 min post-tetanus. Instead, whatever process that results in
a tetanization-induced potentiation of the AMPA signaling that lasts unaltered for hours
unless stimulation is given also results in a stabilization of the AMPA signaling with the same
property. Thus, if a tetanization-induced phosphorylation would explain this behaviour, the
phosphorylated state must remain remain unaltered for hours unless test pulse stimulation is

applied.

LTD and long-lasting depression are not the same

In their pioneering study of LTD Dudek and Bear (1992) established the induction protocol
that has thereafter with minor variation been used in the CA1 region to produce a long-lasting
decrease in synaptic transmission via synaptic activation. In this protocol synapses are
initially stimulated at very low frequency, often every 10-30 s, to establish a stable baseline of

synaptic transmission. When a stable baseline is established higher frequency stimulation,

69



usually 1 Hz, is given for 10-15 min in order to induce the long-lasting depression and
stimulation is thereafter returned to the initial low rate. The amount of long-lasting
depression, i.e., the amount of LTD obtained, is thereafter assessed by comparing the
magnitude of the synaptic response 30-60 min after the end of the higher frequency
stimulation to the magnitude of the baseline synaptic response. This protocol thus relies on
the assumption that long-lasting depression is specifically induced by the higher frequency
stimulation only, an assumption that did not appear to have been tested by Dudek and Bear
(1992). My thesis work shows that at least in the 2" postnatal week, stimulation every 10-20 s
induces as much depression as 1 Hz stimulation and that most of the depression evoked in this
manner is equivalent to NMDAR-LTD induced either in a lasting or a labile form. That is, it
is not possible to assess the ability of synaptic activation to induce long-lasting depression
using the conventional LTD-inducing protocol. In fact, since stimulation at 0.05-1 Hz results
in about the same amount of depression/stimuli and the x-axis is in units of time, the
introduction of a higher stimulus rate will in itself result in LTD (Paper I, Fig. 1C). This LTD
is however only apparent since it does not require that the depression remains after a
prolonged stimulus interruption. In my thesis work I thus used the alternative protocol in
which the amount of long-lasting depression induced by low frequency stimulation was
assessed as the depression still present after 30 min of stimulus interruption. Since I also
found that this depression did not significantly differ in magnitude using 30 or 60 min of
stimulus interruption it likely represents a fairly stable form of depression. In my thesis I have
not used the conventional term LTD for this long-lasting depression. This is because LTD has
been assessed in these neonatal CA3-CA1 synapses using the conventional LTD protocol, and
I did not want to use the same terminology for depressions evaluated in two such different

manners.

That my thesis revealed a very large difference in the amount of NMDAR-LTD and NMDAR
dependent long-lasting depression is not difficult to explain. Considering that 1 Hz
stimulation did not induce more depression than 0.05 Hz stimulation and since most of this
depression is one and the same depression process, most NMDAR dependent depression has
in fact already been induced prior to the 1 Hz stimulation. What is observed as an NMDAR-
LTD in a conventional LTD experiment in the 2" postnatal week may thus mostly be an
apparent LTD. However, since 0.2 Hz stimulation, in contrast to 1 Hz stimulation, also

resulted in a labile version of the long-lasting depression, the synaptic response after 1 Hz
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stimulation may contain more synapses that are depressed in a long-lasting manner. Thus, the
actual long-lasting depression induced by the 1 Hz stimulation in a conventional LTD

experiment will not actually be seen as an LTD.

On the other hand, the contrast between the dominating role of mGluRs in neonatal LTD (Li
et al., 2002; Feinmark et al., 2003) (Paper I) and the non-existing role of mGluRs in long-
lasting depression is more difficult to explain. In their original demonstration of mGluR-LTD
in the CA3-CA1 synapse Oliet et al. (1997) noted the more fickle induction requirements for
mGIuR-LTD compared to NMDAR-LTD in that mGIluR-LTD was only induced at certain
divalent ion concentrations and synaptic response magnitudes, and required the presence of
synaptic inhibition. However, in agreement with my own results (Paper I, Fig. 5B),
substantial mGluR-LTD is induced in the 2™ postnatal week also when synaptic inhibition is
blocked (Feinmark et al., 2003), and under the same experimental circumstances with respect
to divalent ions and synaptic magnitude as my present experiments on long-lasting
depression. Nonetheless, there are two possible explanations for the discrepancy noted above,
both of which however still lack experimental verification. As was noted in my thesis work,
the low frequency induced depression was significantly less when only NMDARs were
blocked compared to when a combined NMDAR/mGIuR blockade was used. Since this
mGluR induced impairment of the depression was more pronounced at 0.2 Hz than at 1 Hz
stimulation, the introduction of 1 Hz stimulation during a conventional LTD experiment
would be expected to result in a decreased impairment and thus a larger depression. To the
extent that this reduced impairment is lasting, i.e., continues even after return to test pulse
stimulation, an LTD will appear. A second possibility is that the maintenance of the mGluR-
LTD is stimulation dependent. As noted in the INTRODUCTION, mGIuR-LTD is often
induced pharmacologically by a transient application of the mGluR groupl agonist DHPG.
For reasons still unexplained, a transient application of an mGIluR group I antagonist during
the subsequent LTD phase (when DHPG has been washed out) results in a transient de-
depression (Palmer et al., 1997). While not explaining the non-existing role of mGIluRs in
long-lasting depression, the above result indicates that mGluR-LTD is not a lasting depression

in itself, as also indicated by my results, but relies on some on-going receptor activity.
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CONCLUDING REMARKS

As stated in the first paragraphs of the GENERAL DISCUSSION, my main experimental
findings were 1) that nearly all AMPAR signaling of neonatal (P8-P12) hippocampal CA3-
CA1 synapse are depressed, most likely silenced, by long duration very low frequency
stimulation, ii) that this depression completely reverses within 30 min unless NMDARSs are
active during the stimulation, iii) that NMDAR activation facilitates while mGluR activation
impairs the depression, and iv) that preceding Hebbian activity only results in a temporary
stabilization of the very low frequency induced depression. The implication of these results is
that the neonatal CA3-CA1 synapse has a specific vulnerability to sparse, non-functional,
synaptic activity that is only temporarily mitigated by participation in Hebbian activity. It is
proposed that this vulnerability is a means to allow only synapses more or less continuously
active in cooperation with other synapses during this time period to become part of a
functional synaptic network. In this process NMDARSs play a complex and dual role, on one
hand facilitating the induction of the AMPA silent state during very low frequency synaptic
activity and stabilizing it, whilst on the other hand participating in the unsilencing from this

silent state both in the absence of evoked synaptic activity and during Hebbian activity.

While not specifically examined in the thesis, comparison with data from the literature
suggests that this depression is explained by AMPA silencing due to glutamate binding to
dephosphorylated AMPARs, resulting in excessive AMPAR removal and/or impaired
recycling. NMDARs and mGluRs may modulate the depression by affecting the
phosphorylation state of the AMPARSs and/ or the availability of the AMPARsS.
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