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SUMMARY

(GGlutamale 1s the principal excitatory neurotransmitter throughout the CNS,
mcluding the spinal cord. It acts on ionotropic (iGluR) and melabotropic ghitamate
receptors, Three 1GIuR families have been identified by the development of more-or-less
selective agomnists: N-methyl-D-aspartatc (NMDA), alpha-amino-3-hydroxy-5-methyl-4-
Isoxazole propionic acid (AMPA) and kainate receptors. Both AMPA ((GluR1-4) and
NMDA. (NRI, NR2A-D) receptors have been detected in the spinal cord and these piay a
major role in physiological processes such as fast cxcitatory transmission, synaptic
plasticity and neuroval development. In addition, they have also been implicated in
pathological conditions including ncuropathic pain and neurodegenerative disorders.
However, very little is known about the synaptic distribution of these receptors in the
spinal gray matter. This is because conventional immuonocytochemical techniques,
generally used to investigate the location of proteins in the CNS, fail to detect these
subunits at synapses due to the presence of an claborate protcin meshwork associated with
he postsynaptic  membrane, which 'masks synaptic receptors. Postembedding
immunocytochemistry on freeze-substituted, Lowicryl-embedded material is a technique
which has been used cxclusively for the detection of synaptic AMPA and NMDA
receptors.  This project initially set out to use this method to exanune these receptors on
nenrons of the adult rat spinal cord, with emphasis on their involvement in the sensorv
processing of the dorsal horn.

Witlh antibodies against the GluR1, GluR2/3, NR1, NR2A and NR2B subunits,
heavy labelling was observed at many asymmeirical synapses and where the plane of
section was perpendicular to the cleft, most of the immunogold parlicles were associated
with the postsynaptic density. To examine the receptor expression pattem of selected cell
populations a new method was developed which involved the combination of
postembedding electron microscopy with immunofluorescence and confocal microscopy.
However, during the course of this study heavy ummunogold labelling of dense-cored
vesicles (devs) inside axonal boutons was obscerved with all NMDA antibodies. Several
studies have found 1GIuRs i primary afferent terminals in the spinal gray matter and these
arc thought to funclion as _presynap'ticl teceptor. In order to determine whether gold
particles found over devs corresponded to presynaptic receptors in transit, imnmnogold
reactions were carried out on transgenic mice which lacked the NR2A subunit.
Surprisingly, not only did the dev labelling remain in these knock-out animals, but there

was also a siguilicant synaplic labelling. This suggested that the postembedding




ummunogoeld labelling observed with the NR2A antibody was non-specific. Since the
labelling patterns were similar with other NMDA anlibodies this cast doubts on the validity
of the postembedding method for detecling NMDA receptors.

In a search for alternative techniqucs for the detection of synaptic receptors, an
antigen unmasking method, initially developed by Watanabe et al, (1998}, was adopted and
used to reveal hoth AMPA and NMDA receptors. This involved subjecting the spinal cord
sections 1o limited proteolytic digestion with pepsin. Following pepsin treatment punctate
immunostaining was observed with antibodies against various iGluRs.

Of the four AMPA subunils examined, GluR1l showed the most restricted
distribution, with immunoreactive puncta being very frequent in lamina I, and present at
lowear density in other dorsal horn laminae. In the ventral hormn puncta immunostained for
GluRI[ were rarely seen. A large number of GluR2-immunoereactive puncta were present
throughout the grey matter, with the strongest labelling in laminae 1 and II. The staining
pattcrn for GGIuR3 was similar 1o that for GluR4. Tn both cases immumoreactive puncta
were densely distributed throughout the ventral horn and the deeper regions of the dorsal
horn, with much weaker {abelling in laminae [ and TI. [t was confirmed that the puncta
scen aller anligen vnmasking corresponded to rcceptors at synapses, since a great majority
ol them were apposed to various tvpes of glutamatergic axon and with eleclron microscopy
on pepsin-treated sections the reaction product was associated with the postsynaptic aspect
of synapses. Colocalization studics showed thal GluR2 was present at virtually all AMPA-
containing synapses in all laminae examined. Another major finding was that GluR1 was
preferentially assoctated with pritary afferent terminals.

Functional studies were also carried out to determine whether morphologically
detectable changes involving synaptic AMPA receplors oceurred in respouse to peripheral
noxious stimulation. Following miradermal capsaicin lyjection a rapid phosphorylation of
synaptic GluR1 subumts at the Sex845 site was detected and this is apparently the fivst
mmunocylochemical demonstration of plastic changes st glulamatergic synapses in vive.

The disinbution of NMDA receplors on pepsin treated scctions was investigated
using antibodies against NR1, NR2A and NR2B subunits. NRI-immunoreactive puncta
were widespread in all laminac, while NR2A and NR2B showed a difterential distribution.
NRZA was cxpressed at highest levels in lamina [l and at much lower levels elsewhere,
with the inmunostaining being weakest in lamina 1llo. NR2B was present at high levels in
laminae I-11, and gradually decreased towards the ventral horn. ‘I'he synaptic expression of
all NMDA subnnits examined was weaker in the ventral horn than in the dorsal horn. A

majority of NMDA-immunoreactive puncta were also labelled for GluR2 suggesting that
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these represented receptors at glutamatergic synapscs.  In addition, the NR2A
immunostaining completely disappeared in the NR2A knock-out miice. n the dorsal horn
approximately half and one-third of GluR2-immunorcactive puncta were inununoreactive
for NR1 and NR2A or NR2B, respectively.  This indicates that NMDA receplors are
selectively expressed by a subset of neurons or selectively targeted to certain synapses.

In summary, the results of the present study indicate that antigen unmasking is
suitable for detecting svaaptic AMPA and NMDA receptors. The differential distribution
of certain IGluR subunits stress the nced for further studies to determine which subunits are
associated with particular neuronal poputations in the spinal cord. In addition, the finding
that phosphorylation of GluR1 subunits at glutamatergic synapses in vive can be revealed
by immunocylochemistry provides a novel approach for investigaling central sensitization

and other forms of synaptic plasticity in specific neuronal circuits throughout the CNS.

Es
-




ACKNOWLEDGEMENTS

I should like express my gratitude to my supervisor Prol. Andrew Todd for his
continuous support, help and encouragement during my studies.  His optimism,
enthusiasm, expericnce and positive personality created an inspiring atmospbere and
ensured that | greatly enjoyed doing research in his laboratory. In addition, his constructive
criticism and useful suggestions were invaluable during the writing up of my results. 1
could not have wished for a betfer supervisor. I also appreciate the help I have received
from my co-supervisor, Prof. David Maxwell. It was not only a pleasure, but also an
honour lo work 1 their group.

[ would like to thank particularly to Christine Watt and also to Robert Kern and
Margaret McGill for their execllent technical help and assistance. { am also grateful to Dr.
David Andrew for his help with the stafistics, to Dy, David Hughes and Dr. Robert Hartley
for their helpful advice regarding the preparation of the thesis and to Dr. Erika Polgar for
her support before and during my studies.

Prof. Masahiko Watanabe and Dr. Masahiro Fukaya from Hokkaido University,
Japan were very kind 1o give expert advise on antigen unmasking and generously provided
the NRZA knock-out animals and various 1GIluR antibodies, while Praf. Ole Petter Ottersen
[rom University of Oslo, Morway made it possible for me to visit his laboratory and lcarn
postembedding immunocytochemistry.

Last, but not least I would like to thank Lo my father and mother for backing my
decision to come to Glasgow and for providing moral support and encouragement

throughout my studies.

DECLARATION

[ declare that the work presented in this thesis 1s my own (except where otherwise

stated) und 1t has not been submitted previously for any higher degree.

v




ALS
AMPA
ATPA
BNPI
CCD
CGRDP
ChAT
CNS
CTb
Cy5
DRG
EM
ENK
EPSC
EPSP
ER
FITC
GABA
GKAP
GluR1-pS845
HSA
B4
1GluR
KA
1.TD
TP
mGuk
NeuN
NK1
NMDA
NOS
NPY

LIST OF ABBREVIATIONS

amyotrophic lateral sclerosis

a-amno-3-hydroxy-5-methyl-4-1soxazole propionic acid

(RS}-s-amino-3(3-hydroxy-5-tert-butylisoxazol-4yl)propanoic acid

Lrain specific sodium-dependent inorganic phosphate ransporter

charge coupled device

calcitonin gene-related peptide
choline acetyltransfcrase

central nervous system

cholera toxin B

cyanine 5-18

dorsal root ganglia

¢lectron microscope or electron microscopy
enkephalin

excitatory pesisynaptic current
excitatory posisynaptic potential
cndoplasmic reticulum

Muorescein isothioeyanale
y-aminobutyric acid

guanylate kinase-associated protein
GluR1 phosphorylated at the serine™® residue
human serum albumin

Bandeiraea simplicifolia isolectin B4
lonotropic glutamate recepior
kainate

long term depression

long term potentiation

metabolropic glutamate receptor
neuron-specific nuclear protein
neurokinin 1

N-methyl-D-aspartate

nitric oxide synthase

neuropeptide Y

vi




NT
PA
PAD
PB
PBS
PBST
PCR
Pl
PIKA
PKC
PLC
PSD
RR
RT-PCR
SNI
SOM
Sr
TBST
TSA
VGLUT
VIP

neurolensin

parvalbumin

primary afferent depolarization
phosphate-buffer

phosphate-buffered saline
phosphale-buffered saline with Triton
polyimerase chain rcaction

propidium iodide

protem kanase A

protein kinase C

phospholipasc C

postsynaptic density

Rhodamine Red-X

reverse transcriptase polymerase chain reacltion
spared nerve injury

somatostatin

substance P

Tris-huffered saline with Triton
tyramidc signal amplification
vesicular glutamate transporter

vasoactive intestinal polypeptide

vl




TABLE OF CONTENTS

Chapler 1 Geperal introduction and aims: glutamate and its receptors in the

[.1]

spinal cord with emphasis vn the dorsal horn

General introduction

1.1.1
1.1.2

1.1.3

Historical overview

Glutamate as & neurclransmiller

1.1.2.1 Synthesis, transport and release of ghitamate 1n the CNS

1.1.2.2 Uptake of rcleased glutamate from the extraceliular
space and its recycling
Glutamate receptors
1.1.3.1 Ionotropic glutamate receptors
1.1.3.1.1 AMPA receptors
1.1.3.1.2 Kainate receptors
1.1.3.1.3 NMDA receptors
1.1.3.2 Metabotropic glutamate receptors
The functional neuroanatomy of the spinal cord
1.1.4.1 Instrinsic neurcns and cyloarchitectural lamination
{.1.4.2 Primary afferents
1.1.4.3 Ascending projections from the spinal cord
1.1.4.4 Descending projections to the spinal cord
Glutamatergic systems in the spinal cord
1.1.5.1 Glutamate as a neurotransitter in the spinal cord
1.1.5.2 Ienolropic glutamate receptors in the spinal cord
1.1.5.2.1 AMPA rceeptors
1.1.5.2.2 Kainate receptors
1.1.5.2.3 NMDA receptors

Aims of the study

1.2.1
1.2.2
1.2.3
1.2.4

Investigation 1
Investigation 2
Investigation 3

Investigation 4

Chapter 2 Detection of synaptic receptors with the postembedding immunogold

method and optimization of the technique

Vil

W NN

(5]




2.1 ‘I'heoretical background
2.2 Optimization of the frecze-substitution protocol
2.3 Optimization of the postembedding protocol
Chapter 3 Evidence that somatostatin- and the majority of enkephalin-containing
neurons in dorsal horn of rat spinal cord are glutamatergic and form

synapses that contain AVIPA receptors

3.1 Introduction
3.2 Materials and miethods
3.2.1  Animals
3.2.2  Immunofluorescence staining for light microscopy
3.2.3  Postembedding immunocylochemisiry for electron microscopy
3.2.4  Anpalysis of imnmnofluorescence
3.2.5 Analysis of immunogold labelling
3.2.6 Antibodies
3.3 Results

331 Immunofiuorescence and confocal microscopy
3.3.2 Postembedding inununogold labelling and electron microscopy

34 Discussion

Chapter 4 Detection of NMDA receptors in Lhe rat spinal cord with posi(-
cmbedding immunocytochemistry and non-specific kabelling
with an antibody against the NR2A subunit
4.1 Introduction
42  Materials and methods
4.2.1  Animals for immunocytochemistry
4,22  Antibodies
4.2.3  TFreeze-substitution and postembedding immunocytochemistry
for electron microscopy
424  Immunocytochemistry for combined confocal and electron
MICroscopy
4.2.5 Immunofluorescence staining for light microscopy following
antigen unmasking
4.3 Reslts
4.3.1 Postembedding immunogold labelling for NMDA recepiors in

the spinal cord

34
36
38
40

41
43
43
43

44
45
46
47
47
47
56

60
01
01
61
62

64

66
06




4.4

Chapter 5

n
—

n
o

4.3.2 Combined confocal and electron microscopic analysis of NK1-

immunorcactive cclls

433 Immunofluorescence and immunogold study of NMDA NR2A
knock-out mice
Discussion

4.4.1  [nhanced immunogold Jubelling for NR1 [ollowing antigen
retrieval with heat

4.4.2  Apparent non-specific immunogold labelling with an NMDA
NR2A antibody

4.43 Combination of immunefluorescence and postembedding
nonunocylochemisiry

4.4.4 Antigen unmasking can serve as an alternative for detecting

synaptic receptors

Distribution of AMPA receptors at glutamatergic synapses in the rat
spinxl cord and phosphorylation of GluR1 in response e noxious
stimulation revealed with an antigen unmasking method

Introduction

Materials and methods

5.2.1  Antibody preparation

5.2.2  Animals for immunocytochemistry

5.23  Tnumumofluorescent detection of GluR1-4

5.2.4 Confocal microscopy and analysis of GluR1-4

5.2.5 Electron microscopy

5.2.6  Detection of phosphorylated GluR1 subunits

5.2.7 (haracteristics ol other antihodies

Results

n

3.1 GhR3 and GluR4 antibodies

5.3.2  General appearance of immunofluorescence with GluR1-4
antibodies following antigen unmasking

5.3.3  Taminar distribution of AMPA subunits

5.3.4 Colocalisation of AMPA subunits

$.3.5 Relationship of GluR1 and GluR2 to glutamatcrgic axons

5.3.6 Electron microscopy

5.3.7 Detection of GluR1-pS845 following iniraplantar capsaicin

72

79

90
20

96

98
98
99
99
101

104
105
106
106
106

106
107
117
127
128




mjection

5.4 Discussion 133
5.4.1 Technical considerations 133
5.4.2 Laminar distribution of AMPA subunits 134
543 Rclation to glutamatergic axons 136
5.4.4 Ca* -permcable AMPA receptors 138

5.4.5 Phosphorylation of GluR [ subunits following noxious stimulation 139

Chapter 6 Distribution of the NMDA receptor NRI1, NR2A and NR2B subunits 140
at glutamatergic synapses in the rat spinal cord revealed with an

antigen nmmasking method

0.1 Introduction 141
6.2 Malerials and melbods 141
G.2.1  Animals for immunocytochemistry 141
6.2.2 Antibodies (42
6.2.3  Immunofluorescent detection NMDA subunits 142
6.2.4 Analysis of immunofluorescence labelling 143
6.3 Resulls 144
6.2.1  General appearance of immunostaining and distribution of’ 144

synaptic NMDA subunits

6.3.2 Relationship of NR1, NR2A and NR2B subunits to GluR2 144

0.3.3 Colocalization between NR1 and NR2A or NR2B subunils 152

6.4 Discussion 152

G6.4.1  isiribution of NR1, NR2A and NR2B subunits 153

6.4.2  Colocalization of NR1, NR2A or NR2B with GluR2 154

6.4.3 Colocalization of NR2A and NR2B with NRR1 155

6.4.4 NMDA subunits tn the dorsal horn [56

6.4.5 NMDA subunits in the ventral horn 158

Chapter 7 Summation of the most important findings of the thesis 160
References 163
Appendix 199
Publications 201

X1




FIGURES AND TABLES

Chapter 1 General introduction: glutamate and its receptors in the spinal cord with

Fig.

&

Table 1.1

Table 1.2

Chapter 3

Chapter 4

Fig.

Fig,

L1

(3¢
R

g. 3.3

.34

ig. 3.0

4.1

4.2

.43

g, 4.4

2. 4.5

emphasis on the doxsal horn
Schematic drawing illustrating the tertiary structure of an iGIuR subunit 8
Terminclogy of various splice variants of the NR1 subunit 12

The most important AMPA and NMDA receptor agonists and antagonists 14

Fvidence that somatostaiin- and the majority of enkephalin-coniaining
neurons in dorsal horn of rat spinal cord are glutamatergic and form
synapses that contain AMPA receptors

The distribution of enkephalin, somatostatin and CGRI? in the dorsal horn 49
High magnification views of somatostatin- and CGRP-immunoreactivity 49
m the superficial dorsal hom

The distribution of VGLUTI1 and VGLUT2 in the spinal cord and their 51
rclationship to somatostatin and CGRP

The relationship between somatostatin, CGRP and VGLUTI or VGLUT2 53
in lamina IT of the gpinal cord

Postembedding immunogold labelling for newopeptides and AMPA 55
receplors on serlal seclions from lamina 11

Frequency histograms showing the numbers of gold particles at 55

GluR1/GluR2/3-imnnoreactive synapses

Detection of NVMDA receptors in the rat spinal cord with postembedding
immunocytochemistry and non-specific labelling with an antibody against the
NRZA subunit

Postembedding immunogold labelling for NR1, NR2A or NR2B subunits 69
at synapses in the spinal cord

Postembedding immunogold labelling for NR1, NR2A or NR2B subunits 71
at dense-cored vesicles in the spinal cord

Combined confocal and EM study [. Cell body and dendritic tree of a 74
lamina HI/1V NK] neuron with confocal microscopy

Combined confocal and EM study 1l. Postembedding imnunogold labelling 76
for neuropeptides and 1GIuRs on serial sections

Frequency histograms showing the numbers of gold particles at synapses 78

Xil

i
L
-|
N
-
-
L
I




lig.

Figr,

lig.

Fig.

Fig, 4

Chapter 5

Fig.

Fig.

Fig.

Fig.

Fig.

11T

ot

Fig.

Fig, 5

lig.

4.6

4.8

4.9

5.1

ig. 5.3

i
(4]

“
foel

5.7

5.8

5.9

5.11

formed by nociceptive primary afferents on NK1-immunoreactive neurons
Postembedding immunogold labelling for NR2A subunits at synapses and 81
dense-cored vesicles in NR2A knock-out mice

[requency histograms showing the number of synaptic gold particles in 83
wild-type and NR2A knock-out mice I

Frequency histograms showing the number of synaptic gold particles in 85
wild-type and NR2A knock-out mice LI

Diagram comparing synaptic immunogold labelling for NR2A in wild-type 87
and NR2A knock-out mice using different NaCl concentrations

NRZA labelling in the cerebellum and spinal cord following proteolytic 89

digestion in the wild-type and NR2A knock-out mice

Distribution of AMPA reeceptors at glutamatergic synapses in the rat spinal
cord and phosphorylation of GlaR1 in response to noxious stimulation
revealed with an antigen unmasking method

Characterization of GluR3 and GluR4 antibodics 109
Distribution of GluR1- and GIuR2-immunoreactive puncla in the lumbar [11
spinal cord

Distribution of GluR3- and GluR4-immunoreactive puncta o the hunbar 113
spintal cord

Comparison of immunofluorescent labelling with GluR1-4 autibodies 115
on pepsin-freated and non-pepsin-trcated scctions

Colocalisation of various AMPA subunits 115
GluR1 and GluR2 puncta associaled wilth VGLUT1-immunoreactive 119
boutons i1 the spinal cord

GluR1 and GIuR2 puncta associated with VGLUT2-immunoreactive 121
houtons in the spinal cord

GluR1 and GluR2 puncta associated with CGRP- or [B4-immunoreactive 123
boutons 1n the spinal cord

Electron microscopic images of GluR1~ and GluR2-immunorcactive 123
synapses i the superficial laminae afier pepsin-treatiment

Distribution of GluR1-pS845-immunoreactive puncta in the lumbar spinal 130
cord of a rat following noxious stimulation

[Tigh magnification views of GIuR [-pS845 immunostaining and 132

pre-absorption controls

X3il




Table 5.1 Colocalization of GluR2, GIuR3 and GluR4 subunifs in various regions 116
of the spinal cord

Table 5.2 Association of GluR1- and GluR2-immunoreactive puncta with VGLU'L'- 124
containing boutons

Table 5.3 Association of GluR 1- and GluR2-immunoreactive puncta with 125
CGRP-immunoreactive and IR4-labelicd boutons

Table 5.4 pSer845 GluR1 immunoreactivity after capsaicin injection 125

Chapter 6 Distribution of the NMDA receptor NR1, NR2A and NR2B subunits at
glutamatergic synapses in the rat spinal cord revealed with an antigen
unmasking method

Fig. 6.1 Distribution of NR1-, NR2A and NR2B-immunoreactive puncta in the 146
fumbar spinal cord

Fig, 0.2 Cell body labelling with the NR2B antibody in the ventral homn following 148

pepsin-treatment

Flg. 6.3 Colocalization of NR1, NR2A or NR2B subunits with GluR2 150
Fiz. 6.4  (Colocalization of NR1 and NR2A and NRT and NR2B 150
Table 6.1  Colocalization of GluR2 with NR1, NR2A and NR2B in the spinal cord 151
Table 6.2 Colocalization of NR1 with NR2A and NR2B in the spinal cord 151

X1V




Chapter 1

General introduction and aims:
Glutamate and its receptors in the spinal cord with

emphasis on the dorsal horn




GENERAL INTRODUCTION

Glutamate is the main excitatory ncurotransmittcr throughout the central nervous
system (CNS). In the past fifty years, glutamatergic systems have been extensively
studied, but despite the huge amount of accumulated experimental data, we still know very
Iitle aboul the role of glutamate and glutamate receptors in the neuronal circuits of the
spinal cord. Spinal glutamatergic systems are tvolved in acute and chronic pain and
certain neurodegencrative disorders. Therefore knowledge of glutamatergic circuits not
only has theoretical significance, but is also of major interest for physicians, surgsons and
pharmmacologists.  In addition, information on these systems could have practical
implications lor patients suffering [rom any of these disorders.

This chapter deals with the characteristics of glutamatergic systems in the CNS,
with emphasis on the dorsal horn of the spinal cord. Information about synthcesis,
transporl, release and uptake of glutamate and the structure, function and distribufion of
glutamate receptors is crucial for understanding their role in sensory processing and
tocomotion. Therefore first some basic information about glutamate and it receptors 18
discussed and summarized, then a more detailed review is provided on glutamatergic

systems and glutamate receptors in the spinal cord.

HISTORICAL OVERVIEW

[n 1933, Dusscr de Barrenne developed a method of applying substances directly to
the brain or spinal cord of live animals with microclectrophorcsis.  His technique was
widely used in the 1950s to study the behavioural changes and electrical responses induced
by admiistration ol different compounds. A Targe number of substances, mainly 1solated
from brain, were tested and by the end of the decade 1t was well established that glutamate
had an excitatory effect (Curtis et al, 1959) on a wide range of nearons. Interestingly, due
to the ubiquitous nature of its effect (Curtis et al,, 1959, 1960), its high concentration m
brain extracts {Krebs et al, 1949), its general involvement in other metabolic pathways
(Krebs, 1935) and its excitotoxicity (Olney et al., 1970), it was not until the early 1970s
that glutamate was accepted as a neurotransmutter. This was facilitated by the discovery of
speeific agonists and antagonists, which led to the rcvision of the previously widely
accepted “non-specific action theory” of glutamate. Subscquent pharmacological studies
indicated that glutamate actually acts on more than one receptor. Meanwhile, these initial
studies have attracted more and more neurobiologists (o the area of excitalory amino acid

research, so it is not surprising that during the following 20 years a highly sophisticated

b

-y




systen1 was revealed. The cloning of various types of glutamate receptor in the early 1990s
led lo the production of subunit-specific antibodies and to the construction of
polynucleotides suitable for in situ hybridization and PCR, which further facilitated the
research into glutamatergic systems in the CNS. When functional glhutamate receptors
were found in extra-neuronal tissucs, the scope of research widened. Glutamate receptors
were detected in bone, keratinocyles, pancreas, megakaryocyles, lung, heart, liver, kidney,

stomach, tnlestine, thymus, taste buds and testis (Skerry and Genever, 2001).

GLUTAMATE AS A NEUROTRANSMITTER

Glutamate, as one of the 20 main aniino acids, is involved in protein synthesis,
detoxification, energy supply and metabolism in virtually every cell. At the same time it
has a Further key role in the CNS as the mwost important fast acting excitatory
neurotransmitter,  How can such an ubiquitous molecule be used for neuwrotransmission
withoutl the signal to noise ratio being degraded? Tts overall concentration in brain tissue is
[0 mM, with the vast majority being stored intraceliularly, mainly in glial cells and
glulamalergic lerminals (where its concentration can be up to 45 mM). The extracellular
glutamate concentration is very low (2-3 uM), and the several thousand-fold concentration
gradient across the plasma membrane assumes the existence ot an efticient uptake system
as well as a barrier that prevents glutamate entering the CNS from the blood vessels. The
relative impermeability of the blood-brain barrier to glutamate and the lack of net uptake

[rom the blood tndicates that glulamate must be produced in the brain (Hertz et al., 1999).

Synthesis, transport and release of glutamate in the CNS

Neurons and astrocytes are both involved in maintenance of the glutamate pool in
glutamatergic boutons and in the elimination of released transmitter (Hertz et al., 1999).
Both cell types are capable of glutamate production by either the hydrolysis (deamination)
of glutamine or the {ransamination of a-ketoglutarate (2-oxoghttarate). The vast majority
of w-ketoglularate derives from the degradation of glucose, the only nutrient in the
tricarboxylic acid cycle that is present in the systemic circulation in high concenirations
and can rcadily cross the blood-hraim barier. Via a-ketoglutarate, glutamate can also enter
the itermediary metabolism to produce encrgy.

Glutamate produced in the neuronal cell body is taken up into 35-50 nm small,
round vesicles (Iliakis, 1996) by a highly specific, M_g2+-clepeildellt active transport system.
The driving force is mainly the membrane potential component of an electrochemical

proton gradient generated by a Mg* -activated vacuolar ATPase (Ozkan and Ueda, 1998).
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Three vesicular glitamate transporters (VGLUTs) have recently heen identified and
cloned, and this has a major importance in neurobiology research as these can be used to
identify glutamatergic neurons in the CNS (Takamori et al., 2000; Fremeau et al., 2001;
Herzog et al., 2001; Varoqui et al., 2002; Tadd ct al,, 2003). A previously known, brain
specific sodium-dependent inorganic phosphate transporter (BNPT) has been found on
synaptic vesicle membrancs and was shown o be responsible for packing glutamate into
(hese vesicles by using the proton gradient generated by the vacuolar ATPase, thus BNPI
was named VGLUT! (Bellocchio et al, 1998, 2000). Tollowing neuronal activity
BNPEVGLUTE 1s also expressed m the plasma membrane of glulamalergic neurons
(Bellocehio et al., 1998), where il transports phosphate into the cytoplasim (Ni et al., 1994).
This phosphate can then activate the phosphate-activated glutaminase, an enzyme found in
glutamatergic ncurons that is responsible for deaminizing glutamine inie glutamate
(Nyleralim et al, 1990). Shortly after the identification of BNPI as VGLUTIL, a
differentiaton-associated sodium-dependent inorganic phosphate transporter (DNPI)
(Athara el al., 2000), was identified as VGLUT2 (Takamori ct al., 2001; Varoqui ct al.,
2002). Based on screening of cDNA hbraries, Takamort et al. (2002) described VGLUT3,
which sharcs sequence homology and functional relationship with the two other VGLUTs
(Gras et al., 2002). VGLUTs transport 500-5000 glutamate molecules into individual
vesicles reaching a glutamate concentration of 60-200 mM (Fonnum ct al., 1998).

Upon reaching the axon terminal, action potentials aclivate Ca®*~chamels on
plasma membranes of neurons, and the subsequent Ca* -entry is responsible for the action
potentiaj-exocytosis coupling (Turner, 199%).  Various presynaplic receptors acting
directly or indirectly, can either facilitate or inhibit glutamate release through three major
mechanisms: firstly influencing the kinetics of Na and K channels, secondly modifying
(he amount of Ca®' available in the terminal, and thirdly regulating the intracellular
cascade that leads to the exocytosis of vesicles (Nicholls, 1998). The release of the
contents of one single vesicle is enough 1o produce a 1 mM rise in the glutamate
concentration within the synaptic cleft which is sufficient to activate the lonotropic

receptors in the postsynaptic density {Clements ot al, 1992).

Uptake of released glutamate from the extracellular space and its recycling

To avoid the degradation of signal to noise ratio and to prevent the necrosis of
neurons caused by Whe excilotoxie effect of glutamalte, the released amino acid has o be
rapidly removed. Since no significant extracellular metabolism of glutamate occurs, this is

accomplished by (he lusl uptake of glutamalte into glhial cells and neurons (Balcar and




Tohnston, 1972). Two major groups of proteins {logether with some minor ones, for review
see Bonanno and Raiteri, 1994) act as glutamate ansporters on the plasma membranes
(Danbolt, 2001): the high affinity sodium and potassium coupled transporters or excitatory
amino acid transporters (EAA'Y 1-5) and the low affinity glutamate transporters.

Glutamate taken up by neurons can either be reused as a transmitter, or used in
general cetlular metabolism. Tlowever not all glutamate is taken up by neurons; in fact
ghal cells wre responsible for a major proportion of glutamate uptake. This glutamate is
converted 1o glulanune with the enzyme glutamine synthetase, found within the CNS only
m glial cells. Glutamine, unlike ghutamate, can readily cross the coll membrane and afler
leaving the astrocytes it is taken up by neurons, whete it is deaminated back to glutamate
by members of the glutaminase enzyme family. Thus glutamale 1s constantly released by
neurons, taken up by glial celis and retwrned Lo nowrons as glutamine, in a cycle, which is

called the glutamate-glutamine cycle (Kvamme, 1998).

GLUTAMATE RECEPTORS

A number of different glutamate receptors have been identified and cloned. These
arc not only responsible for fast transmission of propagating action potentials from one cell
o anotier, but they also play a role in more complex cellular mechanisms such as synaptic
plasticity and excitotoxicity. Thesc in turn arc involved in both physiological (lcarning,
memory) and pathological conditions (¢.2. neuropathic pain, epilepsy, amyotrophic lateral
sclerosis). Glutamate receptors can be divided into {wo major groups: (onotropic receptors
(1IGIuRs} which form fast acting, ligand-gated ion channels and G-protein coupled
mctabotropic receptors (mGIuRs) which have complex, long-lasting intracellular actions

through a varicty of signal transduction molecules and second messengers.

lonotropic glutamate receptors (iIGluRs)

Three tonotropic glutamate receptor families have heen identified by the
development of more-or-less selective agonists: N-methyl-D-aspartate (NMDA), alpha-
amino-3-hydroxy-5-methyl-4-isoxazolc propionic acid (AMPA) and kainate receptors
(KKA). All reeeptors form homo- or heteromers made up of one or more type of subumts.
[tis widely accepted that individual subunits will only assemble with other ones from their
own tamily, but in spite of the numerous pharmacological, molecular biological and
biophysical experiments the exact composition of native receptor complexes is ot
precisely known. Initially there were debates about whether the complexes are tetra- or

pentamers. but recently, [ollowing the purification of GluR2 subunits a tetrameric
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stoichiometry was suggested (Safferling et al., 2001). It is clear that the subunit
composition of a single receptor-complex determines its electrophysiological and
pharmacological properties. Six gene families (1 for AMPA, 2 for KA and 3 for NMDA
receptors), with sequence homology within each family, encode the different type of
iGluRs. Each gene (allogether al least 16 genes) is responsible for the synthesis of a single
subunit, but post-transcriptional (altermative splicing, RNA editing) and post-translational
{glycasylation, phosphorylation, palmitoylation) wodifications [urther increase the number
ol structural varlants. Ionotropic glutamate receptor subumts have a generally similar
tertiary structure: 900-1400 amino acids form a 95-163 kDa macromolecule, with three
fransmembrane domains (M|, Ms, My), an extracellular N- and an intraceilular C-terminal
(Fig. 1.1). A cyloplasm-facing re-entrant membrane loop (M)) between M| and M forms
the inner pore of the cation channel, while the ligand-binding domain is a clam-sheli-like
pocket formed partly by the extracellular N-terminal domain (S¢) and partly by the Ms-My-
loop (S1). The N-lerminal region also contains biding sites for allosteric modulators (Zn™",
H", polyamines) and glycosvlation sites, while the extracellular loop between My and M,
contains an RNA splice variant which has a role in receptor desensitization. The
cytoplasmic C-terminal incorporates important phosphorylation sites and biding sites for
anchoring protcins (PDZ domains). For reviews on the structure and function of iGluRs
see Ozawa et al. (1998), Bigge (1999), Dingledine ¢t al (1999), Burnashcv and Rozov
(2000), Cull-Candy et al. (2001). Franciost (2001), and Lerma ct al. (2001).

AMPA-receptors

Currently four AMPA receptor subunits are known (GluR1-4) and these can form
homo- or heteromers. Bach subunit has at least 2 splice variants (flip or flop), based on the
presence or absence of a 38 amino acid segment within the Ms-Mas-loop. In addition,
GluR?2 and GluR4 subunits have other, long (GIuR2L, GluR4) or short (GluR2S, GluR4c)
splice variants wn the C-terminal region. In the case of GluR2-4, structural variants alsc
arise from mRNA editing, so altogether 30 AMPA subunii variants exist with different
primary structures (Burnashev and Rozov, 2000). Theoretically, more than 100,000
different AMPA complexes can be assembled {rom these different subunits/variants, It
remains a question whether different subunits can freely form complexes or not. Wenthold
et al. (1996} used nmmunoprecipitation studies to show that hippocampal CAl and CA2
pyramidal neurons mainly contain heteromeric GluR2/GluR1 or GIuR2/GIUR3 compiexes,
but GluR1/GluR3 and homomeric GluR 1 complexes were also found in small amounts. It

Is now also clear that multiple AMPA receptor subiypes can coexist in the same neuron
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{Washburn et al., 1997} und the subunit composition may influence subcellular membrane
largeting within the same cell (Rubio and Wenthold, 1997). Howcver, not all ncurons
express all four AMPA subunits. In mammalian CNS GluR1-3 subunits arc widcly
expressed, bul GluR4 1s mainly restricted to cerebral cortex, hippocampus, dentate gyrus,
olfactory bulb and spinal cord (Petralia and Wenthold, 1992). Although most studies have
focused on neuronal expression, there is also convincing evidence that astrocytes and
oligodendrocytes have funchional AMPA receplors which are activated by the synaptically
released transmitter.  Astrocytes and oligodendrocytes mainly contain GuR1/GluR4 and
GhuR 1/GIuR3 subuniis respectively (Verkhratsky and Steinhauser, 2000).

AMPA receptor channels are mainly responsible for rapid excilalory synaptic
(ransmission.  Therr characteristic featurc is the fast opening (1-4 ms) and closing (2-14
ms) kinetics upon application of agonists. Activation of flip variants with glutamate is 4-5
times more effective than that of Jop {Sommer et al., 1990), while flop variants have a 2-4
fald faster and more complete desensitization kinetics (Mosbacher et al., 1994). AMPA
receptors are principally permeable to K™ and Na” ions, but certain regions cxpress AMPA
receplors with substantial Ca**-conductance.  Homomeric GluR1, GluR3 or GluR4
complexes have Ca’ -permeability, bul homomeric GluR2 or heteromeric complexes of
GluR2 with any other subunit lack Ca**-conductunce. Based on these sleclrophysiological
findings, it is assumed that most AMPA receptor complexes within the CNS cortain the
GluR2 subumit,  [Further investigations led to the discovery that a single arginine (R)
residue [which replaces a glutamine (Q) as a result of mRNA editing (Q/R editing)] in the
Mz membrane re-entrant hairpin loop of the GluR2 subunit is responsible for the
prevention of Ca®' (and other divalent cation) permeation (Burnashev et al,, 1992). Q/R
editing also resulls in a decrease of single channel conductance, It has to be noted, that the
activation of Ca”"-inpermeable AMPA receptors may also lead to Ca**-infllux, via voltage-
dependent Ca”' channels. However, due to the different spatiotemporal distribution of the
subsequent Ca®'-currents, this may have different consequences from the activation of
ligand-gated Ca*" channels (NMDA receplors or Ca’ "-permeable AMPA receptors).

AMPA rcceptors are not static components of the postsynaptic density of
asymmetric synapses but have the potential to enter, leave and then possibly reenter the
synapse either jn a constitutive or inducible mauner. In the latter case, various events such
as NMDA receptor activation can lead 1o the internalization or membrane insertion of
AMPA receptors.  AMPA complexes that contain a subunit with a long C-terminal tail
(GluR1, GluR4, GluR2L} require activity for synaptic delivery, while receptors that

contain subunits with only short C-terminal tails (GluR2S, GluR3, GluR4c) constitutively
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cycle into and out of the synapsc. Fhe regulated distribution and redistribution of AMPA
receplors are thought to play a major role in synaptic plasticity (Bredt and Nicoll, 2003),
although il 1s widely believed that these long-term changes in synaptic sirength are
mitiated by the activation of NMDA receptors (see helow). In the hippocampus and
cerebellum, long term depression (LTD) is correlated with AMPA internalization while
long term potentiation (L'L'P) is associated with the recruitment of AMPA receptors into
the synaptic membrane. Due to its possible involvement in synaptic plasticity, AMPA
receplor trafficking has been extensively studied. Stargazin, 2 membrane protein, hus been
[ound to play a crucial role in the surface expression of AMPA subunits. Other, mainly
PDZ scaffold proteins such as neuronal activity-regulated pentraxin (NAPR), synapsc
associated prolein 97 (SAP97), glutamate receptor interacting protein 1 (GRIP1),
GRIP2/ABP (AMPA-rceeptor binding protein) and protein that interacts with C kinase
(PICK.-1} stabilize the receptors in the synapse. 1t is likely that AMPA receptors enter the
postsynaplic densily following exocytosis to non-synaptic regions and (hey are
endocytosed after drifting laterally from the postsynaptic density (Passafaro et al., 2001).
'I'his could be related to the fact that AMPA receptors are fairly often seen at the lateral
edge of some (Kharazia et al., 1996, 1997; Rernard et al., 1997; Matsubara et al., 1996),
but not all synapses (Sassoe-Pogneilo and Ottersen, 2000). Tt is also interesting that in the
hippocampus (Takumi et al., 1999; Racea ct al., 2000) and cortex (Kharazia and Weinberg,
1999) there is a correlation between the length of the synapse and the level of AMPA
receptor expression. Synapses with smualler active zones fairly often lack AMPA receptors,
therefore they are thought to be functionally silent (Niisser et al., 1998; Racca et al., 2000).
The synaptic expansion of these silent synapses may lead to AMPA receptor recruilment
and this could play a role in the development ol long term potentiation (Kullmann, 1994;
Isaac et al., 1995; Liao et al., 1995). There are three fonus of AMPA receptor endocytosis:
a constitutive form, which is rapid and results in an apparent turnover of surface receptors,
a regulated form, which js dependent vn the rise in intracellular Ca™ as a signal and
tnvolves a great number of proteins (protcin kinase C, calcineurin, mmestin, AP2, clathrin

ete) and an activity independent form, which does not require Ca** (Carroll et al., 2001).

Kainate receptors

Kainate receptors in many ways resemblc AMPA receptors, thus it is not surprising
that these two fumilies are often described together as AMPA-KA receptors or non-NMDA
receptors.  Our knowledge on the function and distribution of kainate receptors is less

abundant than that of either AMPA or NMDA rceeptors. This is mainly duc to the lack of
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specific antibodies and the only recently solved difficulties in differentiating them from
GluR1-4 receptlors on the basis ol their pharmacology. Lven carly radioligand binding
studics distingwished low and high afllinity kamate binding sites, which later turned out to
represent the two subtypes of KA receptors, GluRS5-7 and KA1-2, respectively. GIluRG-7
have 2 splice variants, whereas GluRS5 has 4. For GluRS and GluR6 {he number of
different subunits is further increased by mRNA editing (one site for GIuRS, three for
GluRo). Ta date altogether 28 kainate receptor proteins are known with diflerent primary
structurc, GluRS-7 may form homemeric complexes, but they can also co-assemble with
KAT or KAZ2, which on the other hand cannol form functional receptors on their own,

Although in site hybridization and radioligand binding studies have demonstrated
that KA rceeptors are widcely expressed throughout the CNS, the expression patterns of the
various subunits arc heterogencous. The dorsal root ganglion (DRG) cells, the subiculum,
the septal nuclei, some cortical areas and the Purkinje cells of cerebellum contain large
quantities of GIuRS mRNA. GIluR6 is mainly expressed in the cerebellar granule cells, in
he CA3 region of the hippocampus, in the dentate gyrus and in the striatom, while GIuR7
MmRNA is [ound at highest levels in the cortex, in the striatum and in the inhibitory neurons
of the molccular layer of the cerebelium. "t'he cxpression of KA1 is mostly restricted to the
CA3 region of the hippocampus, however lower lovels can be found in other arcas, such as
dentate gyrus, amygdala and enforhinal cortex. KA2 is ubiquitous throughout the CNS.
Due to difficulties i producing selective antibodies, the available data on the
immunohistochemical localization of kainate receptors is limited. The investigations
which have been undertaken to date have shown KA receptor immunoreactivity both
presynaptically in axons and also in postsynaptic membranes (Petralia et al., 19944).

The electrophysiological properties of (A receptors depend greally on their subunit
composition. Most recordings have been periormed on heterologous expression systems,
so litile is known about the native receptors. ‘U'hey are principally permeable to K™ and Na™
ions, but cerain splice variants also display Ca’'- and CH-fluxes. Rapid desensitization

and slow recovery is one of the most characteristic features of KA receptors.

NMDA receptors

As 1n case of the other two 1GluRs, a number of different subunits have been
identified for NMDA. receptors. The most ubiquiiously expressed is NR1, which exists in
& different splice variants (Table 1.1} based on its three regions for alternative splicing:
amino terminal Nj-casselte, and carhoxy terminal Cy- and C;-cassettes (Zukin und Bennett,

1995). Splicing out the Cr-cassette, results in the loss of the first stop codon of the NR
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gene, and causes the expression of a distinet amino acid sequence, the C,'-cassette. Two
other gene families encode the four NR2 subunits (NRZA-D) and the two NR3 subunits
(NR3A-B). All of these apart from NR2A have splice variants. Although Moriyosi ct al.
{1991) mtially reported that NR1 subunits can assemble (o functional homo-oligomers,
nowadays it is widely accepted that unlike AMPA and KA receptors, NMDA subunits do
not formy homomeric complexes. NR1 subunils must be assembled with at least one NR2
to form functional receptors (Ishii et al, 1993}, while NR3 subunits probably have
regulatory functions within the complex (Ciabarra et al.,, 1995; Chatterton et al. 2002;
Matsuda et al., 2002). Immunoprecipitation studies of native receptors show that different
NRZ subunits and various isoforms of NR1 can coexist in one receptor assembly. Subunit
composition has an effect on the physiological, biochemical and pharmacological

properties of the receptor (see below).

Namie ol splice

N(-casseite

Ci-cassette

Csr-cassetie

variant {cxon 5) {exon 21} {exon 22)
NRI-laor NR1 1 - -+ 4
NR1-1b or NR1 2 t - -+
NR1-2a or NR1 3 - - +
NR[-2h or NR1 4 + o T
NRI-3aorNRI S + .

NR130 or NR1 G + R - o e
NRI1-4a or NRI1 7 - - -
NRI-4b or NRI1 8 + - ,

Table 1.1, Terminology of various splice variants of the NR 1 subunit

NMDA NRI is found throughout the CNS, with the highest concentrations in the
pyramidal cells of CA1-3 region of the hippocampus, the granule cells of the dentate gyrus,
the granule, Purkinje and Golgi cells of the cerebellum, layer 2,3,5 of the cerebral cortex,
sensory and motor newrons in the spinal cord and dorsal root ganglia (Brose et al., 1993,
Petralia et al., 1994h, 1994c). NMDA NR2 subunits are also abundantly found in the
maminalian brau. Each has a characteristic distribution, although they overlap with each
other, Northem blot and in situ hybridization studics revealed prominent NMDA NR2A
expression in the cerebral cortex, hippocampus, ollactory areas, thalamic nuclei, cerebellar
cortex and some brainstem regions. NMDA NR2B is widely expressed in telencephalic
and thalamic regions, NMDA NR2C is largely restricted to the gravular layer of the
cerebellum, while NMDA NR2D can be found mainly in diencephalic and lower brainstem
areas (Ishii et al., 1993). Immunocytochemical stadies using a polyclonal antibody

reacting with both NMDA NR2A and NR2B subunits found similar distribution of

12




immunoreactivity to that of NMDA NRI, bul cerebellar Purkinje cells showed a lcss
intense labelling (Petralia et al., 1994b). NR3A 13 mainly expressed during development
and its levels decrease sharply after the second postnatal week (Ciabarra et al., 1995; Wong
et al., 2002). NR3B is cxpressed highly in pons, midbrain, mcdulla, and the spinal cord,
but has low levels in the forebram and the cerebellum (Matsuda et al., 2002),

NMDA receptors are responsible for ihe slow component of the excitatory
postsynaptic potential (NMDA EPSP) recorded upon activation of the appropriate newrons.
With their “honlinear compufational” propertics they also play a major role in synaptic
plasticity.  They not only open more slowly Lhan AMPA or KA receptors, but also have
longer desensitization kinetics. The deactivation is fastest for NR1/NR2A complexes,
slower for NRI/NR2B or NRI/NR2C complexes and slowest for NR1/NR2D channels.
The ion channel formed by the NMDA receplor complex has a high conductance for Na™,
K' and Ca® ions (MacDermolt el al., 1980), although the presence of of NR3 in NMDA
receptors dramatically reduces the Ca®'-permeability of the complex (Perez-Otano ¢t al.,
2001; Matsuda et al,, 2002; 2003). Influx oI"Caz"', unlike that of Na” or K", not anly has an
effect on the membrane potential, but also acts as a second messenger and can trigger
intracellular biochemical cascades leading to changes in the synaptic strength.  Another
distinct feature of NMDA receptors, besides Ca™ -permeability, is the voltage dependent
blockage at resting membrane potential by physiological concentrations of extracellnlar
Mgz; ions (Mayer et al., 1984). A single asparagine residue in the M, domain of the
receplor proteun seems to be mainly, but not solely responsible for both of these properties.
Membrane dcpolarization decreases the effectiveness of the Mg*-block on channel
conductance, while hyperpolarisation increascs it. The Mg**-block on NMDA receptor
complexes formed by NRI/NR2A or NRI/NR2B subunits exhibils a stronger voltage
dependence than that on receptors composed of NRI/NR2C or NRI/NR2D subunits. A
third prominent characteristic of NMDA receptors 1s the obligatory need for glycine as a
co-agonist for channel opening (Larson et al., [988). Interestingly, when NR3A or NR3R
co-assembles with NR1, the receptor complex lorms excitaiory glycine receptors that are
unaffeeted by glutamate or NMDA (Chatlerton et al,, 2002). D-alanine and D-serine have
also been identified as co-agonists (Brugger ¢t al., 1990). Scveral pharmacological agents,
some ol which are used routinely in human pharmacotherapy, have been developed thal
alfect NMDA receptor function (Table [.2) by acting on one of four possible sites: the
ghutamate/NMDA recognition sile, the glycine binding site, the intra-ion-channel binding

site and an allosteric modulatory site (Sucher ct al., 1996).
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The distribution of NMDA receptors within glutamatergic synapses has been
extensively studied with (he postembedding immunogold mcthod. In the brain regions
examined, subunits were concentrated at the postsynaptic membrane of asymimetrical
synapscs (Bernard and Bolam, 1998; Valtschanoff et al., 1999, Racca ct al., 2000). The
gold particles representing NR1 subunits accumulated in the centre of the active zone
(Kharazia and Weinberg, 1997), while this was not the case for NR2 (Valtschanoff et al.,
1999). The density of labelling for NR1 was independent of synaptic size (Takumi ct al.,
1999 Kharazia and Weinberg, 1999), indicating that the number of NMDA receptors at a
glven synapse is proportional to the size of the postsynaptic density. NMDA and AMPA
receptors have been shown to colocalize in the same synapsc (Kharazia et al., 1996; He et
at., 1998; Racca et al,, 2000), although a number of synapses only contained functional
NMDA receplors. The latter are thought to correspond (o silent synapses (see above) as
for these glutamate release under normal circumstances does nol depolarize the
postsynaptic membrane, due to the Mg**-block of the NMDA receplors.

The anchoring of NMDA receptors to the PSD is the subject of extensive research.
It involves a large number of recently identificd membrane proteins including postsynaptic
density protein 95 (PSD935, also known as synapse associaled protein 90, SAP90), PSD93
{(also known as chapsynl[10), SAP102, guanylate kinase-associated prolcin (GIKAP),
dynein, Shank, neuronal nitric oxide synthasc (uNOS), o-actinin, tubulin, spectrin,
neuroligin, calmodulin, CaM kinasc TI. Many of these have enzymatic activity (e.g. PSD-
95 with guanylate kinasc activity), while others link the receplots to the cytoskeleton (c.g.
a-actinin). 1 is clear, that these proteing not only cluster the receptors to the postsynaptic
density, but also play a vole in their trafficking, function, regulation and in synaptic
plasticity (c.g. Kennedy, 1997). PSD-95 seenis o be the most important anchoring protein
in WMDA clustering, because it can {orm a bridge between the receptor subunils and other
membrane proteins. Electron microscopic immunocytochemical studies have shown that
PSD-95 has a similar cellular and subeellular localization to NMDA receptors
(Valtschanoff et al., 1999; Aokl et ul.,, 2001), but it has still not been proved that PSD-95 is

present at every NMDA receptor containing synapse.

Metabotropic glutamate receptors (mGluRs)

Although mGluRs were not investigated during the course of this study, a brief
overview is provided here. There are eight different subtypes of metabotropic glulamale
receptors (mGluR1-8), of which mGIluR1, mGluR4 and mGIuRS5 have additional splice

variants, These are G-protein coupled receptors (GPCRS) and do not form ion channels.
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They all belong to the seven transmembrane domain containing GPCR superfamily. They
contain 8§54-1179 amino acids, and share 40% sequence homology wilh euch other. Their
unusually large extracellular N-terminal domain contains the glutamate binding site, while
the intracellular C-terminal domain plays a rolc in anchoring and signal transduction. It
alsa contains phosphorylation sites for functional regulation. A mainly hydrophobic core
region of 250 amino acids contains the seven (ransmembrane domains (m1-7), which are
nlerconnected by extra- and intracettular loops. The frst (i1) and third (i3) intracellular
loops are highly conserved, suggesting they arc responsible for G-protein activation, while
in the case of mGluR1, i2 and 14 are responsible for phospholipase C (PL.C) coupling,

Based on their amino acid homology, pharmacology and second messenger system,
mGluRs arc classified into three subgroups (I-111). Group I mGluRs (mGIuR I/mGluR5)
are activated by quisqualate and use the PLC signaling pathway, mGIluR2 and mGIuR3,
which belong (o group 11, are activated by dicarboxycyclopropyl glycine (DCG-IV) and are
negatively coupled 1o the adenylate cyclase enzyme. Group [1I mGluRs, which consist of
mGiuR4, 6, 7, 8, and activated by L-2-amino-4-phospheonobutyrate (L-AP4), and like those
ol group II. are also ncgatively coupled to adenylate cyclase. Glulamale binding to group |
mGluRs leads to the activation of PLC, which catalyses the hydrolysis of phosphatidil-
tnositol-4,5-diphosphate to inositol-1,4,5-triphosphate (IP3) and diacyl-glycerol (DAG). IP;
apens Ca* -channcls on (he endoplasmatic reticulum, while DAG activates protein kinase
C (PKC). Activation of group II and 111 mGluRs leuds to the inhibition of protein kinasc A
(PKA) through decreased levels of cAMP,

Different groups of metabotropic glutamate receptors show a distinet subcellular
segregation. In general group T mGluRs are usually found at somatedendritic domains, at
the peripheral parts of postsynaptic densities (“perisynaptic location”) and they have
excitatory etfects on the neurons. They conuribute to the regulation of synaptic plasticity.
Group [l and LI mGluRs on the other hand, are mainly located presynaptically and they
have an inhibitory elfect on the presynaptic terminal, negatively regulating the rclcase of
glutamate or GABA. The [ollowing reviews discuss the characteristics of mGluRs in

detail: Ozawa ¢t al. (1997), Shigemoto and Mizuno, (2000), De Blasi et al. (2001).

THE FUNCTIONAL NEUROANATOMY OF THE SPINAL CORD

The spinal cord is evolutionary the most ancicnt part of the CNS, and is of
fundamental importance in receiving and processing sensory information and relaying it
towards higher CNS regions. It plays a vital role in integrating basic motor funclions,

executing voluntary movemerits orchestrated by the brain and in regulaling autonomic
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body functions. Tn anatomical terms the spinal cord is a very complex neuronal network of
intrasegmental and intersegmental propriospinal neurons and projection cells, which
communicate with the periphery of the body through afferent and efferent connections and
with higher brain regions through ascending and descending projections. Lhe
morpholagical, neurochemical and functional complexily of these neuronal circuits in the
spinal cord are often undercstimated, even by neurobiologists dealing with higher CNS

regions. For detailed description on spinal cord anatomy see Willis and Coggeshall (1991).

Instrinsic neurons and cytoarchitectural lamination

Cell bodies located in the gray matier of the spinal cord belong to local
interneurons, projections cells, motoneurons or cfferent autonomic preganglionic neurons.
Several anatomical terms exist to describe the exact location of these nuclear groups, but
the most satisfactory and widely accepted terminology is based upon the cytoarchitectural
lamination of the spinal cord initially described in cat by Rexed (1952, 1954, 1964), and
subsequently adopled for other species (c.g. Molander et al., 1984, 1989). The spinal gray
matter is divided into ten layers: laminae I-V1 and VITI-IX correspond to the dorsal and
ventral horns respectively, while the intcrmediate gray matter is lamina V1T and the area
around the central canal (central gray matter) is lamina X, The great majority (>95%) of

spinal cord neurons arc interneurons and functionally these can be inhibitory or excitatory.

Primary atferents

Electrical responscs cvoked by external and internal mechanical, chemical and
thermal stimuli are conveyed (o the dorsal horn by primary afferent fibres. Ceil bodies of
these primary sensory neurons are located in the DRG and give rise to axons which
bifurcate into a peripheral and a central branch. The former innervate somatic (skin,
muscles, joints) and visceral (blood vessels, hearf, lungs etc.) organs, while the latter
terminate in the spinal cord (or brainstem) and form synapses with second-order intrinsic
neurons or motoneurons, Peripheral nerve fibres show distinet functional, morphological
and electrophysiological properties; therefore they can be classified in several ways. ‘I'he
most widely used classification, based on conduction velocity, fibre diameter and certain
electrical properlies, distinguishes A- (Ao, AR, AB, Ay), B-, and C-fibres. Primary
allerents can belong to the Ao, AB, AS and C groups (e.g. Lynn and Carpenter, 1982).
Ac/AB-atlerents are large, myelinated fibres (4-12 pm) with high conduction velocity,
They mainly belong to cuaneous low threshold mechanoreceptors which arborize in a
band extending from the inner part of lamina I (I1i) to lamina IV or to proprioceptive
muscle spindle and Golgi tendon organ afferents which terminate in laminae IV-VII and
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the ventral horn. Ad-afferents are thinly myelinated, smaller calibre fibres (1-4 pm)
conducting with an intermediate velocity, Low-threshold mechanoreceptive Ad-fibres
innervate hair follicles and terminate m lamiva i, while those responding to high intensity
noxious stimulation form synapses mainly in lamina [, although a minority penetrate
deeper into the dorsal horn and end in lamina V. Visceral afferents are usually very thinly
myelinated, slowly conducting fine fibres and these terminate throughout the dorsal horn.
C-lthres are very thin (<1 nm), unmyelinated fibres with very low conduction velocity.
These belong to somatic and visceral nociceptors, thermoreceplors, low threshold
mechanoreceptors and together with the Ad-fibres mainly terminate in laminae I-IL
However scattered C-fibre terminals can be found deeper 1 the dorsal horn, Unmyelinated
cutaneouns afferents can be divided into two major groups based on their neurochemical
charactenistics and their sensitivity for different neurotrophins. Peptidergic C-fibres
usually contain CGRP together with various cther ncuropeptides, they arc sensitive (o
nerve growth factor (NGIF) and express the high-affinity neurotrophin receptor, trtkA. Non-
peptidergic C-fibres, lack neurapeptides, they are sensitive to glial ccll line-derived
neurotrophic lactor (GDNF), express the receptor tyrosine kinase enzyme (RET), have
fluoride-resistant acid phosphatase (FRAP) activity and strongly bind a lectin (TB4),
derived from a plant, Bandeiraea simplicifolia. Peptidergic C-fibres mainly terminate in
lamina | and the outer part of lamina T (Tlo), while non-peptidergic ones arborize in the
central part of lamina 1. The postsynaplic targets of peptidergic C-fibres include
projection neurons in lamina I, as well as a population of projections cells in lamiae III
and IV with dendriles that pass dorsally to the superficial laminae.

Irimary atferent terminals in the dorsal horn generally have simple synaptic
arrangements, although some form complex structures known as glomeruli. A synaplic
glomerulus consists of a central terminal formed by the primary afferent, and this is
surrounded by scveral profiles. The peripheral profiles can either be axons forming axo-
axonic synapses with the primary afferent or they can be dendrites, which are postsynaptic
to the central terminal. Some of the dendrites belong to GABAergic neurons (Todd, 1996)
and form reciprocal axo-dendritic/dendro-axonic synapses with the primary afferent.
Ribeiro-da-Silva and Coimbra (1982) described two types of synaptic glomerulus in the rat
dorsal horn. Type I glomerali belong to non-peptidergic C-fibres and are mainly present in
the middle part of lamina [U (Ribeiro-da-Silva, 1994). These have scalloped terminals,
densely packed clear vesicles of variable size, dark axoplasm and few mitochondria. The
central bouton typically receives a single axo-axonic synapse from a peripheral axom

(Ribeiro-da-Silva, 2003). Central terminals ol type 1T glomeruli belong to A& I»-hair
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afferents (Réthelyi et al., 1982) and are located slightly more ventrally, in lamina ITi and
the outer portion of lamina III (Bernardi et al. 1995). These have loosely packed clear
vesicles ol uniform size, light axoplasm and many mitochondria. The central terminal

aften receives large numbers of axo-axonic synapses.

Ascending projections from the spinal cord

Action potentials arriving via primary affcrent fibres are usually received by spinal
inlerneuronal systems which relay the information towards supraspinally projecling
newrons afler a complex processing, although direct monosynaptic connections to
projection cells also exist. Cell bodies of projection neurons are mainly located in lamina I
and laminae [II-VI. The axons belonging to many of these projection cells cross the
midiine, travel in the venlral or lateral funiculi of the whitc matter (anterolateral system)
and cary mechanoreceptive, nociceptive and thermal sensory information to various areas
of the brainstem and diencephalon. This is subsequently transmitted to the telencephalon
where, as a result of still poorly understood integrative neuronal activity, pain, touch-
pressure, and heat sensation is generated from the sensory information, In humans the
main termination of the anterolateral system is the thalamus, while in rats only a small
proportion of the fibres that originate from laminae I, 1II and 1V arborize in this region;
instead they mainly project to the periaqueductal gray matter, the lateral parabrachial area,
the medullary reticular formation and the nucleus of the solitary tract. The cercbellum is
involved in receiving spinal ascending fibres (spinocerebellar tracts) related to
proprioceptive input, but this information is not consciously perceived, instead it is
concerned with the coordination of somatic motoy activity, equilibrium and the regulation
of muscle tone. Other ascending tracts from the rat dorsal horn include the post-synaptic
dorsal column (PSDC) pathway and the spinocervical tract. It should be noted that the
majorily of primary afferents responsible for vibration and kinacsthetic sense, two-point
discrimination and (actile localization have asecnding branches that travel in the posterior

white columns and terminate in the gracile or cuneate nuclei.

Descending projections to the spinal cord

Several brain regions send descending pathways to the spinal cord, and these
influence the activity of neurons or primmary afferents in a neurochemically complex way.
Descending systems are involved in motor function, in modulating sensory processing
particularly in antinociception, and in autonomic regulation. They mainly originate in the
telencephalon and brainstem, although neurons located in the diencephalon and cerebellum

also send fibres to the spinal cord. An important projection to the spinal cord is the
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corticospinal tract, which transmits information responsible for voluntary movements. It
terminates mainly in laminae III-VII, with scattered terminals in the superficial laminae
and ventral horn. Several descending pathways (lectospinal, rubrospinal, vestibulospinal,
reliculospinal, interstitiospinal, fastigiospinal), responsible for the regulation of muscle
tone, righting and posture reflexes, originate in the brainstem or cerebellum and tceminate
in laminae V-TX. Some of these form direct synaptic contacls with «- or y-motoneurons,
while others activate local interneurons, There arc substanlial monoaminergic projections
[fom various bhrainstem nuclei to the spinal cord. These fibres can also contain various
ncaropeptides and are very important in antinociception, but also play a vole in locomotion
and autonomic regulation. Serotonin-containing fibres originate from several groups of
neurons in the brainstem (B1-3, BS, B7 and B9} and terminate in all spinal laminae, hut
mainly in laminac I-1Jo and the ventral horn. Similarly cell bodies of noradrenergic axons
that project {o the spinal cord are located in cell groups of the medulla or pons (Al-2, AS-

7) and inncrvate neurons thronghout the dorsal and ventral horus.

This complex ncuronal system uses a great variety of neurotransmitters and
neuromodulators to achieve its role in regulating body functions aud serving as a central
processing unil between the periphery and the brain,  Although the most important and
wide-spread excitatory trausmitter is glulamate, up until very recently it was not known
cxactly what proportion and types of spinal newrons were glutamatergic. Even less was
known about the cxact cellular, subcellular, synaptic and subsynaptic localization of the
glutamate receptors, although their presence and role in physiological and pathological

conditions has been demonstrated by several studics (Fundytus, 2001).

GLUTAMATERGIC SYSTEMS IN THE SPINAL CORD
Glutamate as a neurotransmitter in the spinal cord

Curtis and Walkins (1960) were the [irst to describe the excitatory effect of
glutamate on spinal cord neurous, and following biochemical, pharmaceological,
clectrophysiological and immunocytochemical studies (e.g. Biscoe et al., 1976; Jessell el
al. 1986; Wanaka ct al., 1987; De Biasi and Rustioni, 1988) it is now widely accepted that
glutamate is the major cxcilalory (ransmitter in the spinal cord. Earlier studies
mvestigating excitatory amino acid transmitters in the CNS used autoradiography to detect
the uptake and axonal transport of radicactive D-aspartalc in  neurons or
immunocytochemistry to reveal accumulation of glutamate in axon terminals (transmitter

pool). These studies established that glutamate is the main transmitter in all (or virtually
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ally primary afferent ferminals (De Biasi and Rustioni, 1988; Rustioni and Wcibcerg, 1989;
Broman, 1993, 1994b; Todd and Spike, 1993). Glutamate is also used by most ascending
(Broman, 1994a) and some descending projections. Gilutamatergic ascending systems
include the spmothalamic (Ericson et al., 1995), spinccervical (Kechagias and Broman,
[995) and spinocerchellar tracts (fi et al., 1991}, The corticospinal (Rustioni et al., 1982;
Giuffrida and Rustioni, 1989) and rubrospinal tracts (Beitz and Ecklund, 1988), and at least
some ol the tectospinal (Moony et al,, 1990), reticulospinal (Brodin et al., 1994) and
monoaminergic descending projections {Sorkin et al, 1993; Tung ct al., 19944 1994b;
Hokfelt et al., 2000a) are aiso glutamatergic.

It has been shown that a majority ol spinal cord mterneurons do not conlain GABA,
arc not enriched with glycine, and are thus unlikely to be inhibitory interneurons (Todd et
al.. 1990, 1991, 1993). However, it has been difficult to prove that these cells were
glutamatergic.  Autoradiography is not optimal for colocalization studies, while glutamate
antibodies are nol suitable for detecting ccll bodies of glutamatergic ncurons (Oftersen and
Storm-Mathisen 1984; Yingcharoen et al., 1989, Walberg et al., 1990) since the metabolic
pool of glutamate in cell bodies of non-glutamatcrgic neurons is sutliciently large 1o give a
significant level of immunostaining. This makes it impossible {o distinguish between
glutamatergic and non-glutamatergic cell bodies using antibodies against glutamate. With
the postembedding immunogold method, glhitamate antisera can be uscd to detect the
accumulated glutamaie in excitatory terminals (De Biasi and Rustioni, 1988; Maxwell el
al., 1990a, 1990b; Todd et al.,, 1993, 1994), howecver it is difficnlt to 1dentify these boutons
as belonging to axons of focal interncurons. Previous studies had demounstrated that some
intrinsic ncurons use glutamate as a neurotransmitter (e.g. Rustioni and Cuenod, 1982;
Antal et al,, 1991). However, until the recent discovery of VGLUTs (scc above) as
suitable immunocytochemical markers for glutamatergic axons, the difficulties in
identifying glhutamatergic spinal interneurons had hampered our understanding of the
neuronal civeuitry in the spinal cord.

Todd et al. (2003) were the first to carry out a detailed survey of VGLUT! and
VGLUTZ2 in the spinal cord. They fownd that terminals of local interneurons expressing
markers which are usualty not found in GABA- or glycine-immunorcactive cclls contained
VGLUT2, and were thus likely to be glutamalergic. Their study also showed that
myelinated primary afferents contained VGLUTI, but not VGLUT2, and that inhibitory
mterneurons lacked both VGLUTs. Surprisingly, although unmyelinated C-fibres are also

glutamatergic (Broman et al.,, 1993}, they lacked VGLUTI and were either unstained or
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very weakly stained with a VGLUT2 antibody. Landry ct al. (2003) showed that C-fibres
also did not contain VGLUT3, suggesting that these fibres use a different VGLUT.

lonotropic glutamate receptors in the spinal cord
AMPA receptors

mRNAs for all four subumts of the AMPA receptor have been identified in the
spinal cord with in sifu hybridization, but the level of expression for each subunit varied
between laminae and there arc some discrepancies between the results of different studies
(Furuyama et al., 1993; Henley ¢t al., 1993; Télle et al,, 1993, 1995b; Jakowec et al.,
1995b; Slubata et al., 1999). The expression of GluR2 is strongest in the superficial
laminac of the dorsal horn. Furuyama et al. (1993) found that strongly labelled cells
lormed a dense plexus in lamina I and the outer part of lamina III, while T6lle et al.
(1993) reported that GluR2 mRNA was evenly expressed throughout laminae [-I[I. GluR2
cxpression was moderate in the deeper laminae of the dorsal horn and in the ventral horn
(Furuyama ct al., 1993)., GluR1 mRNA levels were highest In laminae I and [To (T61le et
al., 1993), moderate in kuninae Il and {1 and low in the ventral horn (Furuyama et al.
1993). In contrast, the cxpression of GIuR3 and GluR4 was high in the ventral horn, while
in the dorsal horn only occasional cells contained moderate levels of GluR3 mRNA and the
expression of GluR4 was found to be extremely low (Furuyama ct al., 1993). Télle et al.
(1995h) investigated the distribution of “Flip” and “Flop” splice variants in the rat lumbar
spinal cord and found that in the dorsal horn the predominant mRNAs were GluR1 and
GluR2 “Flip” while in the ventral horn the most abundant forms were GluR2 “Flip”,
GIuR3 “Flip” and “¥lop” and GluR4 “Flop™.

Immunocytochemical studies at light and electron microscopic levels have also
been carried out with antibodies against AMPA subunits (Tachibana et al., 1994; Takowec
el al., 19954; Popratiloff et al., 1996, 1998a; Morrison et al., 1998, Spike et al,, 1998) and
(he results of thesc swudies were broadly similar to those obtained with in situ
bybridization. MHowever there is some controversy regarding the pattern of GluR! and
GluR2 expression by moloneurons (see below). Light microscopic inmunocylochemistry
with the various antibodics showed labelling of cell bodies and proximal dendrites, which
15 likely to represent subunits in transit. AMPA subunits located at asymmetrical synapscs
could not be revealed generally, as these sitcs appear (o become inaccessible to antibodics
during chemical fixation (see below). Another problem with these studies was that due to
the lack ol specific antibodies, the GluR2 and GluR3 subunits could not always he

distinguished. This is becausc most antibodics directedd against GluR2 cross-react with
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GluR3 due to (he considerable sequence homology between the C-terminals of these two
subunits. Using antibodies against GluR1 and GIluR2/3, Popratiloff et al. (1996) showed
that GluR2/3 staining was substantial in the superficial dorsal horn, being strongest in
lamina 1, while GluR1 was concentrated in laminae I and Ilo. GIluR2 or GluR2/3
immunostaining has been found in neurons in other parts of the gray matter including
lamina LX, while there is general agreement that adult motouneurons do not express GluR1
(Jakowce ot al,, 1995a; Popratloff et al., 1996; Morrison ct al., 1998; Engelman et al.,
1999). However there have also been reports that motonewrons have Glulk1 {Pellegrini-
Glampietro et al., 1994; Virgo et al., 1996; Temkin et al., 1997; Williams et al., 1997; Bar-
Peled et al., 1999; Shibata et al., 1999) or lack GluR2 subunits (Williams et al., 1997; Bar-
Peled et al,1999; Del Cano et al., 1999; Shaw ct al,, 1999). GluR4-immunoreactive cells
were present in all laminae except 11

Although synaplic 1GluRs are masked f(ollowing fixation, using postembedding
immunocytochemistry Popratifoff et al. (1996, 1998a) showed clustering of gold particles,
representing GluR1 and GIuR2/3 subunits, over the postsynaptic density, postsynaptic
membrane and cleft of certain asymmetrical synapses in the dorsal horn. Presynaptic
proftles could be identified as being of both primary afferent and interncuronal origin.
Synapses formed by both types of synaptic glomeruli were labelled, but to a different
extent. Synapses formed by type [ glomeruli were predominantly GluR1-positive, while
those formed by type II glomeruli were more often GluR2/3-immunoreactive.  As
expected, lubelling was not observed over symmetrical synapses, which are likely to have
been predominantly tnhibitory. Morcison ¢t al. (1998) and Ragnarson ct al. (2003) used
lhe postembedding method to examine AMPA receptors 10 the ventral horn.  Maorrison ct
al. found that the percentage of GluR2-labelled synapses and the number of gold paiticles
al individual synapses did not differ between dorsal and ventral horn. Ragnarson et al.
provided evidence that synapscs on motoneurons possessed GluR2/3 and GluR4 subunits,
but not GluR 1, suggesting that chemical transmission at Ia synapses is mediated through
(1luR2/3 and GluR4 receplors.

The high level of GluR2 expression in the dorsal horn suggests that many of the
AMPA receptor complexes in this region are impermeable to Ca*". However, using Ca™'-
sensitive indicator dyes, Reichling and MacDermott (1993) demonstrated that a small
population ol neurons in laminae T and Ilo express significant levels of Ca®'-permeable
AMPA receptors. lon permeability studics (Goldstein et al., 1993; Nagy ct al., 1994;
Engelman et al., 1997, 1999) and pharmacology (Gu et al., 1990) were also used to

demonstrate the presence of these receptors in the dorsal horn. Many dorsal horn neurons
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co-express Ca’'-permeable and impermeable AMPA receptors (Goldstein et al., 1995, Gu
et al, 1996, Vandenberghe et al,, 2001).  GluR1- and GluR2-expressing dorsal horn
neurons were neurochemically characterized by Spike et al. (1998). Using preembedding
and  postembedding loununocytochemistry  they showed that 352% of GluRl1-
immunorcactive neurons were GABA-immunoreactive, 26% were GABA- and glycine-
immunoreactive and 22% did not contain cither of these inhibitory {ransmitters. On Lhe
other hand 96% of the neurons immunostained for GIuR2/3 were not GABA- or glycine-
unmunoreaclive.  Five markers were used to characterize the GluR1- and GluR2-
immunoreactive neurons finther. Neurotensin (NT) and somatostatin (SOM) are mainly
associated with excitatory interneurens, while parvalbumin (PA), uilric oxide synthase
{NOS) and choline acetyliransferase (ChAT) are generally found in inhibitory neurons.
Double-immuneflucrescence and confocal microscopy showed that virtually all NT- and
SOM-tnimunoreactive ¢ells were GluR2/3-immunoreactive, but were not stained for
GJuR1, whereas parvalbumin was always colocalized with GluR1 but usually not with
GluR2/3.  Approxnmately half of the NOS-cxpressing cells were labelled with either Lhe
GluR1 or the GIluR2/3 antibody, and all of the ChAT-immunoreactive cells tested were
ummunereactive for GIuRt and GluR2/3. Based on these results the authors concluded that
GluR ] subunits are mainly associated with inhibitory neurons and GIuR2 with excitatory
ones. The presence of GIluR1, but not GluR2 in cell bodies of parvalbumin-
immunoreactive neurons makes it Hikely that at least some of these inhibitory neurons
express Cu®'-permeable AMPA receptors. This is consistent with the results from cortical
structures, where Ca**-permeable AMPA receplors were restricted to subpopulations of
GABAergic interneurans (Kharazia et al., 1996; Racca et al., 1996). In addition, Stanfa et
al. (2000), reported facilitation of C-fibre evoked responscs in dorsal horn neurons, by Joro
spider toxin, a selective antagonist of Ca*"-permeable AMPA receptors. They concluded
that functional Ca**-permeable AMPA receptors within the spinal cord were present
predominanily within inhibitory pathways. Kainate-induced cabalt Joading studies on
cultured spinal peurons showed that 59% of GABAergic inhibitory neurones expressed
Ca’*-permeable AMPA receptors (Albuquerque et al., 1999}, These awthors also found
these receptors on 77% of NK1-receptor-immunoreactive (presumably excitatory) neurons.
Engelman et al. (1999) also reported that a proportion of lamina I NK1-receptor expressing
cells possess AMPA complexes with Ca™ -permeability. The role of Ca**-permeable
AMPA receptors in the dorsal horn is peorly understood. These receptors have also been
identitied on motoneurons in the ventral horn (Carrcido ¢t al. 1996, 2000; Vandenberghe et

al., 2000a, 2000b, 2001; van Damme ct al., 2002; Kawahara et al., 2003), where they have
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heen implicated in excitotoxicity and neurodegeneration in amyotrophic lateral sclerosis
(for review see Strong and Rosenfeldt, 2003).

Although most AMPA receptors are likely to be located at glutamatergic synapses,
there is evidence thal they are also expressed by primary afferents. Both mRNA for
AMPA receptors and the proteins themselves were deteeted in dorsal root ganglion
neurons (Hueltner, 1990; Partin et al.,, 1993, Sulo et al,, 1993; Tachibana ct al., 1994;
Chambille and Rampin, 2002; Lu ct al., 2002). Using immunocylochemistry at the light
and electron nicrascopic level, Lu et al. (2002) fonnd AMPA receptors in central terminals
of primary afferents in the dorsal horn following weal fixation., These are though to
represent presynapiic receptors. With immunofluorescence, axonal labelling corresponding
to GluR4 or GiluR2/4 was mainly found in laminae I and II and was colocalised with IB4-
binding (representing non-peptidergic C-fibres). Axonal labelling for GluR2/3 subunits
was mainly present in laminae III and 1V and appeared to he present in myelinated fbres,
which were labelled by transganglionically transported cholera toxin b subunit (C'1'b).
GIuR2/3 was also present in terminals of inhibitory interneurons. lmmunostaining for
GluR1 or GluR2 was very rarely detected jin axon (erminals or in DRG neurons, suggesling
that the GluR2/3 and GluR2/4 antibody labelled presynaplic GluR3 and GluR4 subunits.
Lee et al. (2002} demonstrated that activation of presynaptic AMIPA receptors caused
mhibition of glutamate release from the primary afferent terminals, possibly via primary
afferent depolarizaiion (PAD). These findings challenge the traditional view that GABA
acting on CABA, receptors exclusively mediates PAD.

Functionally, AMPA receptors in the dorsal horn have mainly been implicated in
acute pain (Nishiyama et al., 1998; Kontinen 2002; Voitenko et al., 2004), although it has
also been suggested, thal they play a role in central sensitization (Sang et al., 1998; Stanfa
and Dickenson, 1999) and in chronic pain of both neuropathic and inflanimatory origin
(Chaplan et al., 1997; Garry et al., 2003). For a more detailed discussion on the role of

AMPA recceptors in central sensitization see Chapter S.

Kainate receptors

Our knowledge about kainate receptors in the spinal cord s very limited, mainly
due to the lack of reliable, subunit-specilic antibodies. However, it is generally accepted
that kainate receptor subunits are not abundant in the cord. {n situ hybridization studies
detected a relatively high level of KA2 subunit and moderate levels of GluRS (mainly in
lamina [) and of GluR7 (in laminac [-10), while GIuR6 subunits were not detected (Tolle et

al., 1993). Dai ct al. (2002) used single cell RT-PCR on cultured rat spinal cord ncurons
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and found high levels of GIuR7 and KA2, moderate levels of GluRS and low levels of
GluRG and KATL. Adult motoneurens in the ventral horn are thought not to express kainate
receptors (Stegenga and Kalb, 2001).

There is evidenee to suggest that kainate receptors in the spinal cord are mostly
found presynaptically on primary afferent terminals. Agrawal and Evans (1980} veported
that katnate depolarized those dorsal root ganglion cells which gave rise to C-fibres, and
this was confirmed by Heuttner (1990). Using immunocytochemistry, Petralia et al.
{1994a) detected GluR0/7 and KAZ2 in dorsal root ganglion cells, while other studies have
found GluRS mRNA and protecin in primary afferent terminals or DRG eclls (Partin et al.,
1993, Sato et al., 1993; Woolf and Costigan, 1999). Hwang ct al. (2001) carried out a
detailed survey of GluR5/6/7 receptors in the superficial laminae of the dorsal horn and
found that following weak fixation approximately two-thirds of GIuR5/6/7 puncta were in
axon termimnals. They also reported that 20% and 40% of these puncta colocalised with
IB4-lnnding or with transganglionically transported CTb, respectively. ‘This suggests that
despile the evidence (rom physiological studies {Agrawal and Evans, 1986; Heuttner et al.,
1990} presynaptic kainate receptors arc not limited to one functional class of primary
afferent. A study which combined electrophvsiology and pharmacelogy provided strong
evidence that presynaptic kainate receptors can reduce glutamate release from the
terminals of fine diameter primary afferevts, and thus modulate one of the mwost important
steps of nociceptive information processing (Kerchner et al., 2001b). Lee et al. (2002)
concluded that this inhibition is probably also caused by PAD. Behavioural studies are
consistent with these findings, showing that a GluRS agonist (ATPA) has antinociceptive
effects in acute pain and hyperalgestc states (Procter et al., 1998; Mascias et al., 2002).

Some of the kainale receplors expressed in the spinal cord are thought to be
present on axon lerminals of inhibitory interncurons where they are activated by the
spillover of glutamate from primary afferenl terminals and facilitate GABA or glycine
release [rom these inhibitory terminals (Kerchner et al, 2001a). Presynaptic kainate
receptors on inhibitory terminals can be either sensitive or insensitive to ATPA, suggesting
that some contain GluR3S subunits, while other lack them.

[t is also clear that KA receptors are not restricted fo presynaptic sites, Li ct al.
(1999h) showed that high-intensity stimulation ol primary afferent fibers evokes fast, KA
receplor-medialed BPSPs in the superficial dorsal. Activation of posisynaptic kainate
receplors could enhance the transmiission of nociceptive signals, and in addition could play
a role in synaptic plasticity (Ruscheweyh and Sandkihler, 2002). These postsynaptic KA

receptors are ATPA-insensitive, (hus not likely to contain significant levels of GIuRS.

26




Despite these findings, our knowledge about the role of KA receptors in spinal
sensory iransmission cannot be complete without the development of selective and

sensibive antithodies and subsequent immunohistochemical examination.

NMDA receptors

NMDA NR1, NR2 and NR3 subunits have all been detected in the spinal cord. As
in the case of the other two iGluRs, thesc show a differential expression paticrn throughout
the gray matter, which is further complicated by the presence of different splice variants.
Very few studies have used immunocytochemistry to investigate the distribution of NMDA
receptors in the spinal cord (and even these have mainly focused on the NR1 subunit) and
therefore most of our knowledge comes form in sifu hybridization experiments.

Moderate (o high levels of NR1 subunit mRNAs have been found throughout the
spinal cord gray malter with in situ hybridization (Furuyama et al., 1993; ‘I'6lle et al.,
1993; Luque et al., 1994; Shibata et al., 1999). Furuyama ¢t al. (1993} and Kus et al.
{1995) reported that the expression of NR1 was much higher in the ventral horn than in the
dorsal horn. Talle et al. (1995a) examined the distribution of different NMDA NR1 splice
variant mRNAs in the rat fumbar spinal cord. NMDA NR1-a, NR1-1, NR1-2 and NR1-4
MRNAs were evenly distributed throughout all laminae of the dorsal horn. NMDA NR1-b
MRNA was preferentially detected in laminac IIi and lamina IIT. NMDA NR1-3 was only
found at very low levels and was restricted {o laminae 1 and IL. Sevial sections of single
neurons were also examined, and it was reported that one neuron could express multiple
splice variants of NRI. Luque et al. (1994) concluded that most ncurons in the dorsal horn
expressed the NR1-3b isoform. Prybylowski et al. (2001) used cassette-specific antibodies
on Western blots to examine the spinal expression ol these splice variants and found that
25-35% of the NR1I subunits contained the Ny-casctte, 5% the Cy-, <20% the Ci-, and
=80% the Cy'-cassette (Table 1.1). They therefore conchided that the dominant form of the
NRIL subunit in adult rat spinal cord were NR1-4a and NR1-4b. Using a polyclonal
affinity-purtfied rabbit antibody directed against the C;-casscite of NR1 {specific for NRI-
I and NR1-2 splice variants), Popratiloff et at. {1998a) found NR1 fabelling in laminae I-
IIf of the dorsal horn. Neuropil staining was the densest in laminac I and Ho and got
progressively weaker through lumina Ili and lamina [11. The prominent staining in lamina
Il was probably duc to the high deusity of newrons in this lamina. Al the clectron
microscopic level with postewbedding immunocytochemistry, gold particles were
associated with asymmetrical synapses and they were centered on the PSDs. Profiles

assoclated with primary afferents and with neurons of unknown origin were labelled.
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Primary affceent terminals in both types of synaptic glomeruli and fibres with dome-shaped
fcrminals (imany of which are of primary afferent origin) all made synapses with NMDA
NRT receptor expressing spinal neurons. [n an electron microscopic investigation using
preembedding immunocytochemistry, Aicher ¢t al, (1997) reported that NR1 subunils werc
postsynaptic to SP-containing axon terminals in the superficial dorsal hom.

There were controversial reports about which NR2 subunits arc cxpressed i the
gray matter. Télle et al. (1993) originally only described NR2D mRNA in the lumbar
spinal cord, but eventually all NR2 splice variant mRNAs were detected (Luque et al.,
1994, Walanabe et al., 1994a; Boyce ct al., 1999; Shibala et al., 1999). NRZA mRNA was
found i all laminae except lamina T, while NR2B was more or less restricled to the
famina [[. Motoneurons are thought to express mRNA for NR2A and NR2D, aithough
contradicting with this, Shibata et al. {1999) found NR2B mRNA in somatomotor neurons.
NR2C is expressed in very low levels in small cells, presumably glial cells, scattered
around the gray and white matter (Watanabe ct al., 1994b; Shibata et al., 1999},

NR3A mRNA is present throughout the dorsal hom, bui higher levels were found
in Jaminae [I-I11 than in lamina 1 (Ciabama et al., 1995; Wong et al., 2002). Motoneurons
in neonatal rats also express NR3A (Abdrachmanova et al., 2000). In contrast, NR3B
shows a restricted distribution in the spinat cord. It is present at high levels in somatic
motoneurons, much lower levels in visceromotor neurons and appears to be absent from
the dorsal horn (Nishi et al., 2001; Chatterton et al., 2002; Matsuda et al., 2002).

As with AMPA and kainate receptors, il has been suggested that NMDA subunits
play a role in the regulation of presynaptic transmitter release in the dorsal horn of spinal
cord. Shigemoto et al. (1992) and Watanabe et al. (1994b) werc the firgt to describe
NMDA NWR1T mRNA in rat dorsal root ganglia. Shortly after this Liu ot al. (1994) used an
alfinity purtfied antibody against a C-terminal peptide of NR1 to detect the protein itself in
DRG and primary afferent terminals with Western blot and immunocytochemistry,
respectively. JU was also reported that the activation of presynaptic NDMA receptors on
nociceptive primary affcrents facilitated and prolonged glutamate and SP release {rom
these fibres {(Liu and Basbaum, 1997; Malcangio et al., 1998). However, this view has
recently heen challenged by Bardoni ct al, (2004), who proposed that presynaptic NMIDA
receptors actually play a role in the inhibition of glutamate reiease from terminals.

Several pharmacological, electrophysiological and behavioural studies suggest that
NMDA receptors play a major role in acute pain (Raigorodsky et al., 1990; Sakurada et al.,
1998).  As can b expecled from their physiological propettics NMDA receplors arc not

only involved in the “simple” transduction of nociceplive information, but are also
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responsible for long term changes in the excitability of spinal cord neurons that are thouglt
lo underlie chronic pain states (Dubner and Ruda, 1992; King ¢t al., 1993; Kolhekar et al.,
1993; Neugebauer et al., 1994; Raranauskas and Nistri, 1998). Following stimulation of
C-fibres, many dorsal lorn ueurons become increasingly sensitive to various forms of
stimulation, a phenomenon termed ceniral sensitisation (Woolf, 1996; Li et al., 1999;
Willis, 2002; Ji et al.,, 2003). The magnitude of this hyperexcitability is related to the
activily ol C-fibres.  Following extensive and prolonged noxious stimulus such as
petipheral inflammation, nerve injury, capsaicin or formalin injection, ceniral sensitisation
is very prominent and may result in an allered form of sensation, referred Lo as
hyperalgesia or allodynia.  Allodynia is defined as pain resulting from normally innocuous
stimuli (e.g. louching an inflamed skin region or movement of the arthritic joint), while
yperalgesia is the incrcascd scnsation of pain following a noxious stimulus (“pain of
being slapped on a sunbumt back”)., NMDA receptor antagonists reduce acute pain
(Meller et al., 1992), but they also effectively inhibit the central sensitisation, LTP or e-fos
expression of dorsal horn neurons following nerve-injury, electric stimulation or
chemically induced inflammation {Ren et al., 1992a; Mao et al., 1992; Chapmamn et al.,
1992a; Neugebauer et al., 1993; Ma and Woolf, 1995; Liu and Sandkuhler, 1995; Huang et
al, 19994, 1999h).  In addition NMDA receptor antagonists reduce hyperalgesia and
allodynia in experimental animals (Ren et al., 1992a, 1992b, 1993; Yamamoto and Yaksh,
19924, 1992b; Lisenberg et al.,, 1995; Spraggins et al., 2001) and also provide means of
conlralling neuropathic pain in humans (Eide et al., 1994; Eiscnberg ef al.. 1994; Bennett,
2000; McCartney et al.,, 2004). Knock down of spinal NMDA NRI1 receptors with anti-
sense oligonucleotides or with the mjection of adeno-associated virus expressing Cre
recombinase info floxed NRI mice, also reduces NMDA- and formalin-cvoked behaviours
and prevents the development of central sensitization in dorsal horn nevrons (Garry et al.,
2000, Yukhapanov ct al., 2002; South et al,, 2003). Taniguchi et al. (1997) found that
selective NR2B receptor antagonists have a marked analgesic effect in carrageenan-
induced hyperalgesia, without the bebavioral side-effects of other, non-selective NMDA
receptor antagonists, These results are consistent with the fact that NR2B subunits are
preferentially expressed in lamina I, an area of the dorsal homn where C-fibres terminate
(Boyce et al, 1999). These findings were later confirmed by other studies, further
cmphasizing the importance of NR2B subunits in pain (Chazot ct al,, 2004; Kovécs et al.,
2004; MeCauley ct al., 2004). The generation of central sensitisation not only depends on
NMDA receptors, but mGluR, AMPA, GABA, NK-1 receptors, ncuropeptides and a

number of second messengers have also been implicated (Dougherty et al., 1991a, 1991b;
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Willis, 2002). It 15 generally accepted that central sensitisalion involves either the
phosphorylation of NMDA rcceptor proteins by PKC and PKA or the long term
depolarization of the cell membrane (e.g. by NK1 receptor activation) leading to reduction
of the Mg""-blockade on the NMDA receptor, which then remains increasingly sensitive to
slutamate (1992; Baranauskas and Nistri 1997, Bennett 2000; Herrero et al., 2000; Zou et
al., 2000, 2002; Begon et al., 2001; Yahspal et al., 2001; Willis, 2002).

Interestingly, there is emerging evidence, that NMDA receptors may also be
involved in the inhibition of nociceptive signals. noue et al. (2000} found that SP-induced
nociception was enhanced in NMDA NRZA knock-out mice, and suggested that this
subunit may play an inhibitory role in the “downstream mechanisms™ of SP-containing
nociceplive primary afferents, possibly through activation of unidentificd inhibitory
neurons. Zou et al. (2001) provided the f{irst evidence that inhibitory interneurons are
aclivated by NMDA rceeptors, by showing that in rats an NMDA receptor antagonist
atlenuated e-fos expression in GABAergic neurons in the dorsal horn f{ollowing
intradermal injection of capsaicin. Ahmadi et al, (2003) have recently shown that during
hugh levels of presynaptic aclivity, glveine released from inhibitory interncurons escapes
the synaptic cleft and reaches nearby NMDA receptors by spillover. As glycinc is required
for ful] activation of NMDA receptors, they suggested that this spillover may contribute to
the development of inflammatory hyperalgesia, and thus the excitation of inhibitory
neurons can paradoxically lead 1o enhanced nociception.

NMIDA. receptors also play a rofe in spinal cord development and ventral horn
physiology and pathology. Several authors have demonstrated a spatiotemporal change in
NMDA receptlor expression pattern in mousc and rat spinal cord during development (Hori
ct ai., 1994; Watanabe et al., 1994b; Dunah et al., 1996), while Kalb (1994) showed that
blocking NMDA receptors inhibilcd motoneuron cell body growth and dendritic
branching. NMDA binding sites and mRNA for the NR1 and NR2A subunits were
markedly decreased in human patients suffering [rom amyotrophic lateral sclerosis (Virgo
cl al., 1993; Samarasinghe et al, 1996). Nerve injuries, such as ventral root avulsion or
postnatally performed sciatic nerve scetion, which lead o motoneuron death had similar
clfects on NMDA subunits in rats (Piehl et al., 1995). Tt is not clear whether this reduction
plays a role in the pathogencsis of the cell death or it is due to the loss of motoneurons,
NMDA-medialed acute cxcitotoxicity has aiso been described in the spinal cord and
neuronal loss is thought to be initiated through mitochondrial Ca**-overload and the
generation of {ree oxygen radicals caused by the activation of NMDA receptors

(Urushitani ct al., 2001},
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AIMS OF THE STUDY

Despite extensive research, very little is known about the synaptic distribution of
iGluRs in the spinal cord and their involvement in particular neuronal circuits. The aim of
(he nvestigations prescated in this thesis was lo examine the expression of AMPA
(GluR1-4) and NMDA (NR1, NR2A, NR2B) rceeptor subunits at glutamatergic synapses
in the gray matter of rat lumbar spinal cord using immunocytochemistry at the light and

clectron microscopic level.

Investigation I
Alms: (1) 1o investigale whether somatostatin- and enkephalin-containing interneurons in
the dorsal horn are glutamalergic and (2) form synapses that contain AMPA
receptots.
Somatostatin and enkephalin are among the most important sensory neunropeptides in the
dorsal horn. ITowever, it is still not known whether intrinsic neurons, immunoreactive for
these peptides, also use a classical amino-acid transmitter. There is evidence Lo suggest
(hat that somatostatin-contaming intemeurons and the majority of enkephalin-containing
axon terminals are glutamatergic (Todd ct al. 2003). Two different approaches were used
to test these hypotheses: (1) triple-labelling immuno-fluorescence and confocal microscopy
was carried out to examine whether somatostatin-immunorcactive axon terminals
belonging  to internewrons  express VGLUTL or VGLUT2; (2) post-embedding
immunogold labelling was used on [rceze-substituted, Lowicryl-embedded material to
reveal GluR1 and GluR2/3 subunits of the AMPA reeeptors at synapses formed by

somatostatin- or enkephalin-immunoreactive axons,

Investigation 2

Aims: (1) to investigate the receptor expression pattern of synapses formed by SP- and
CGRP-containing nociceptive primary afferent ferminals on to large, NKI-
immunoreactive projection neurons and (2) to describe the synaptic distribution of
NMDA receptors in the dorsal horn.

NEKI-immunoreactive projection neurons in lamina I1/1V, with dendrites projecting

corsally to the superticial laminae, receive strong synaptic input from nociceplive primary

afferents. Thesc cells are very impottant in the processing of nociceptive mformalion

(Todd 2002). To atiow the identification and examination of these neurons, a novel

method was developed for combining post-embedding electron microscopy with
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immunofluorescence and confocal microscopy. Two representative NKI-immunoreactive
cells were selected with the confocal microscope and following [reeze-substitution serial
ultra-thin sections were cut through the dendritic tree of these neurons and rcacted with
antibodies against SP, CGRP and various iGluR subunits.  The postembedding
immunogold technique was also used to reveal NMDA receptors at synupses in the dorsal

hott.

lnvestigation 3
Adms: (1) 1o investigate the laminar distribution of GluRI1-4 subunits of the AMPA
receptor at glutamatergic synapses in the spinal cord, (2) to study the colocalization
of various AMPA subunits, (3} to examine the relationship of GluR! and GluR2 to
diffcrent types of glutamatergic axon, and (4) to delermine whether
morphalogically detectable changes involving synaptic AMPA receptors occur in
response to a peripheral noxious stimulus.
To reveal AMPA receptors at synapses the antigen unmasking technique involving limited
proteoiylic digestion with pepsin was used. To examine the colocalization of various
AMPA subunits and their relationship to different types of glutamatergic axon, triple-
fabelling immunofluorescence was carried oul. Boutons belonging to peptidergic and non-
peptidergic  C-fibres were  identified by CGRP-immunoreactivity and [B4-binding,
respectively, Myelinated primary afferents were revealed by VGLU'I'1, while VGLUT2
was used as a marker for terminals of excitatory interneurons. Electron microscopy was
used to confirm that the punctlate receptor labelling seen after antigen unmasking
represented synaptic recceptors,  To investigale functional changes involving synaptic
AMPA receptors, the phosphorylaton of GluR1 was examined [ollowing the noxious

chemical stimulation of the hindpaw with capsaiciu.

Investigation 4

Aims: (1) to investigate the laminar distribution of NR1, NR2A and NR2B subunits of the
NMDA receptor at glutamatergic synapses in the spinal cord, (2) to study the
colocalization ol NRI with NR2A or NR2B and (3} lo examine the relationship of
these subunils to GluR2.
Antigen unmasking with pepsin was used to reveal NMDA subunits at synaptic

sifes. To examine colocalization of NRI1, NR2A and NR2B with GluR2, or NR1 with

NR2A or NR213 dual-labelling immunofiuorescence was carried out.




Chapter 2

Detection of synaptic receptors with the postembedding immunogold

mcthod and optimization of the technique




A variety of morphological methods have been used during the course of this study.
These Include unmunofluorescence, signal amplification techniques, conventional
preembedding clectron pucroscopic immunocytochemistry, postembedding immunogold
labelling following freeze-substilution, antigen retricval, antigen unmasking techaniques,
combined confocal and electron micrascopy, scrial sectioning and 3D reconstruciion.
Some of these methods are widely used in neurobiology research, while others, such as
postembedding immunogold labelling are more specialised and used only i a Jimited
number of laboratorics.  This chapter focuses on the theoretical background and
optimization of this specialised method. The remaining techmques are described i the
appropriate chapters, while the composition of buflers and other solutions used during the

experiments is provided in the Appendix.

DETECTION OF SYNAPTIC GLUTAMATE RECEPTORS WITH
THE POSTEMBEDDING METHOD

The proper understunding of neuronal circuits can only be accomplished with the
use of accurale and sensitive morphelogical methods. Immunocytochemistry has been
used for a long time o study the localization of proteins in the CNS, including that of
iIGluRs. However, the detection of receplors at asymumetrical, glutamalergic synapses has
been hampered by the fact that antibodies cannot penetrate into the elaborate protein
meshworks of the synaptic cleft and post-synaplic density, especially when the proteins are
extensively cross-linked as a result of chemical fixation (e.g. Baude et al., 1995). The
main approach used 1o overcome this problem with antibody penctration is postembedding
immunocylochemistry. With this techrique antibodies only reacl with antigens protruding
(rom the cut surface of resin embedded ultrathin sections, therefore there is no need for
antibody peunelration. However, tissue prepared according to conventional M processing
methods s siill not suitable for the postembedding immunogold detection of synaptic
proteins. This is due to severe unwanted changes in the native state of the Hssue, caused

by chemicals used during conventional processing (Kellenberger et al., 1992).

Theoretical background

To examine biological material with transmission electron microscopy two main
goals have to be achleved: the first is to preserve the tissue in as near to its native state as
possible. This 1s generally accomplished by chemical fixation with cross-linking agents
such as formaldehyde (1-4%) and glutaraldehyde (0.05-4%) for the preservation of

proteins, and osmium tetroxide for the retention of Hpids. The second goal is to make the
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tissue hard enough to allow sections, approximately 60-70 mm thick, to be cut with a
diamond knife. This is achieved by embedding the tissue in artificial resins which are then
polymerised, most commonly by heating. For conventional embedding, generally epoxy-
resing are used. Since most EM-resins are hydrophabic, a dehydration step has to be
incorporated between fixation and embedding to remove water from the specimen. This
involves lreating the sections with graded concenlrations of ethanol or acctone.

Cross-linking during chemical fixation (especially with high concentration of
glutaraldehyde) not only reduces the penetration of antibodies, but also changes the
conformabion ol proteins, which can result in loss of anligenicily. Osmium also
dramatically reduces the antigenicity (Phend et al., 1995). Although decreasing the
concentration of these fixatives might have a benelicial effect on antigenicity, it is likely to
result in poor structural preservation. Dchydration with ethanol or acetone at room
temperature and polymerisation of the resin with heat also denature proteins (Twasa and
Kondo 1999). A characteristic [eature of epoxy-resins is that they react with the side
chains of tissue proteins, thus incorporating the specimen into the threc dimensional
structure of the plastic. As a result, this makes it more difficult for primary antibodies to
bind to the epifopces thcy were raised against.

These effcets result in a major loss of antigenicity and makc conventional
postembedding immunocytochemistry unsuitable for the detection of synaptic iGluRs.
Freeze substitution is a powecrful method, which results in excellent ultrastructural
preservation and maintains good antigenicily (Baude et al., 1995; Bernard et al, 1997,
Malsubara el al., 1996; 1997; Clarke and Bolam, 1998; Nagelhwus ot al,, 1998; Niisser et al.,
1998, Takumi et al., 1999; Racca et al., 2000; Sassoe-Pognetto and Ottersen, 2000).
freeze-substitution with low-temperature embedding has been developed gradually during
the past 50 years. The combination of these methods can overcome many of the problems
associated with conventional EM techniques (Shiurba, 2001).

Tissue processing for frecze-substitution resembles the conventional processing
described above, in that it also consists of fixation {cryoimmobilization), dehydration
(substitution, cryosubstitution) and embedding (Parthasarathy, 1995; Kellenberger, 1991,
Kiss and McDonald, 1993). Freezing is achieved by the ultra-rapid coaling (1()4°C/sec) of
cryoprotected tissue that has been fixed with 4% formaldehyde and a very low
concentration ol glutaraldehyde (0.1%), to a tcmperature below -80°C. Rapid cooling
immobilizes the cellular water in a noncrystalline (vitrified) state in milliseconds, As the
structure of vitrified water is analogous to that of liquid water, cellular components become

immobilized in a stale similar to their nalive form. Although several procedures have been
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developed (o achieve rapid cooling, the most straight-forward is immersion [reezing, This
imvolves plunging the specimen into a liquid cryogen at -180°C.

Cryatechniques are not only used for the freezing, but also during dehydralion and
embedding of the sections. The most effective method for low-temperature dehydration is
frecze-substitution, when ice 1s dissolved by an organic solvent at -90°C. At such low
lemperalures, organic solvents and lipids in the tissue behave differently than at room
lemperature,  Lnder these conditions, lipids are not extracted by the organic solvents and
therefore the use of osmium for preserving membranes can be avoided. In addition, far less
protein denaturation and precipitation occurs during freeze-substitution than during
conventional dehydration (Bohrmann and Kellenberger, 2001). Usually anhydrous acetone
or mcthanol is used with or without a mild secondary fixative such as uranyl acctate, tannic
acid or polassium permanganate. Thesce compounds are added {o (he substitution medium
(0 achieve a belter preservation of lipids. [For low-temperature embedding acrylate-, or
acrylate-methacrylate-resing (e.g. Lowicryl HM20, HM23) are used, as they do not react
with the stde-chams of tissue proteins and also they can be polymeriscd by UV light
instead of heat, al temperalures as low as ~45°C.

In summary, immersion freezing followed by freeze-substitution, low-temperature
resin-embedding and UV polymerisation result in excellent preservation of ultrastruciure
and antigenicity. Therefore, this technique has been used in previous studies to examine
the exact cellular, subcellular, synaptic and subsynaptic distribution of iGluRs (c.g.

Matsubara et al., 1996, 1999; Landsend et al., 1997, Sassoé-Pagnetto et al., 2000, 2003).

Optimization ol the {reeze-substitution protocol

All animal experiments carried out during the coursc of this project were approved
by the Ethical Review Process Applications Panel of the University of Glasgow, and were
performed in accordance with the UK Animals {Scientific Procedures) Act 198G, Every
measure was taken to minimize the distress, pain or suffering caused to the animals.

To obtain spinat cord tissue, gencrally adult male Wistar rats were used (200-350
g. Harlan, Loughborough, UK, excepiions are described in the appropriate chapters).
Animals were decply anaesthetized with an intruperitoneal injection of pentobarbitone
(1000 mgfkg) and the thoracic cavity was opeucd thyougl an anterior incision. A necdle
was inserted info the left ventricle, meanwhile a small incision was made in the right
atrium to allow the blood and excess fixative to leave the blood vessels. Animals were
(irst perfused for 5 seconds with mammalian Ringer’s solution containing 0.05% lidocaine

nydrochloride.  Chemical fixation was achicved by perfusing with one of Lhe tollowing
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fixatives: (1) 4% formaldchyde in 0.1 M phosphate buffer, pH 7.4, (2) 4% formaldehyde
and 0.1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4 or (3) 4% formaldehyde in 0.2
M acetate buffer, pIT 6.0, [ollowed by formaldehyde in 0.2 M sodium carbonate buffer, pH
10.5 (pH shift protocol). The pH shift protocol was tested as it was previously found to
enhance the sensitivity of immunogold labelling for aquaporin-4 water chaunels (Nagelhus
clal., 1998). There was no significant dilference in the quality ol iGIuR innnunolabelling
of tissue processed with the different fixation protocols. Therefore 4% formaldehyde /
0.1% glutaraldehyde was used [or the subsequent studies, as this provided the best
ultrastructural preservation.

After the transcardiac perfasion an incision was made on the back of the animals,
muscles sutrounding the dorsal sutfacc of the vertebral colwmn were removed and
faminectomy was carried out to expose the spinal cord. The dura mater was carelully
opencd. Based on the position of the dorsal roots in relation to the 13" rib and the lumbar
vertebrae 1.-Lg, lumbar spinal cord segments were identificd, cul into blocks and removed.

For freeze-substitution, tissue was postiixed for 4 h in the same fixative and cut
inte 300-500 pm transverse sections with a Vibratome.  Although there are reports that
satisfactory freezing is limited to a few micrometers from the surface (Bennett, 1997),
other studics have showed that thick sections can be successfully frozen throughout their
entire depth. These 300-500 um sections are relatively easy (o handle during processing
and arc much less fragile than thinner sections. The spinal cord slices were slored
overnight in 4% glucosc in phosphate bulfer (PB) and cryoprotected in increasing
concentrations of glycerol (10%, 20% and 30% in PB for at least 30 min each).
Cryoprotection is crucial (0 minimize crystalline ice formation, which would cause
disruption to the tissue and seriously compromise the ultrastructure.

Following cryoprotection sections were placed on the head of a metal specimen pin
(ciameter 3.5 mm) and the excess buffer was removed with a filter paper. The tissuc was
then rapidly immersed in liquid propane cooled by liquid nitrogen at ~196°C using a Leica
EM Cryopreparation Chamber (CPC). The temperature of the propane was kept below
- 170°C during freezing. Liquid propane was used as a cryogen as it has a higher heat
capacity than that of liquid nitrogen and therefore provides faster cooling, In addition,
because the boiling point of liquid nitrogen is much lower (—196°C) than that of liquid
propane (—42°C), it would vigorously start to boil when the tissue 1s inunersed and the
bubbles formed around the tissue would make the cooling less effective.

[Frozen secitons were removed from the pin and trapsfeired to a Leica BEM
Automalic Freeze Substitution (AES) apparatus. where freeze-substitution was carried out
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by a moditication of the method of van Lookeren Campagne et al. (1991). Sections were
tnmersed tn (.5-1.5% uranyl acelate in anhydrous methanol for 24 h at —90°C. Methanol
was chosen as substitution medium because il can substitute specimens in the presence of
substantial amounis ol waler and also the substitution time is much shorter than for
acetone, To avoid secondary ice crystal formation, the temperature was gradually (4°C/h)
raised to —45°C.  Sections were then rinsed three times with anhydrous methanol and
infiltrated with graded concentrations of Lowicryl HM20 (methanol:resin 1:3, 1:1, 3:1, for
I h each, followed by scveral rinses in pure vesin over a 24 h period). The [rcc radical
polymerization of Lowicryl is strongly inhibited by the presence ol oxygen (Acetarin et al.,
1986). To displace any dissolved oxygen, dry nitrogen gas was bubbled through the resin
on & fume bench. Lowicryl FIM20 1s a very volatile liquid, with irritant vapors. '['o
minimize chemical contact, the pre-mixed Monostep Lowicryl was used in some
experiments, rather than the Lowicryl kit, where the resin has to be made up from three
components. Following infiltration, sections were carefully transferred to moulds for flat
embedding. All items that were to be used 1 the embedding procedure were dried in an
oven at 60°C before being used. Although (lat cmbedding proved to be technically more
difficult than embedding in closed capsules, this approach was chosen as it allows the
transitllumination of the blocks and the subsequent identification of particular regions of
mlerest in seleeted spinal cord laminae. In inilial experiments a common problem was the
failure of the resin to polymerise after UV irradiation. This was probubly caused by
oxygen entering the AFS chamber and dissolving in the resin during manipulations. To
avoid this, the nitrogen cvaporator control was furned to its maximum and the flat
embedding moulds and the plastic caps covering them were filled with Jiquid nitrogen
belore being inserled inlo the chamber. Carc was taken during these manipulations to
avoul any sudden temperature change inside the chamber. Following flat-embedding,
mouids were covered with plastic caps and (he resin was cured with 360 nm ullraviolet
nradiation (48 h at —45°C, 9 h at —45-0°C and 24 h a1 0°C).

The 300-500 pum thick resin-embedded transverse spinal cord sections werc
trimmed and  ultrathin sections (generally in the sagittal plane) were cut with a diamond
knile. This approach resulted in a 300-500 um wide strip of tissue, which included all

dorsal horn taminae and the ventral horn.

Optimization of the postembedding protocol
During preliminary cxperiments several postembedding protocols were tested.

There were [our critical steps or couditions, which clearly increased the sensitivity of
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immunogold tabelling: (1) ctehing with a saturated solution of sodivm hydroxide in ethano!
to remove the resin from the section surface, (2) using a low concentration of NaCl (0.3%)

in the buffers, (3) prolonging incubation in primary antibody (12 hours) at room

temperature, and (4) the use of small (10 nm) gold particles coupled to the Fy,-fragments of

the sceomdary antibody (Matsubara et al., 1996).

Etching was carried out for 2-3 seconds prior to postembedding incubation and was
(ollowed by several rinses in ultra-pure water. Increasing the tume for ctching above 3
seconds significantly deteriorated the ultrastructural preservation of the tissue. Another
drawback of etching was that it caused “wrinkling™ of sections and the resulting folds
mude serjal reconstruction very difficult. This “wrinkling” could be reduced il sections
were not processed nmmediately after cutting, but were allowed to dry for several days.
Other methods wsted for removing the resin from the scetions, such as H,O;-treatment or
meubation i sodium imetaperiodate, did not prove to be as effective as etching with
sodium ethanolate.

Decreasing the NaCl concentration from 0.9% to 0.3% dramatically increased the
sensitivity  of the postembedding mecthod, although it also incrcased background
mmmunolabelling.  Using 0.9% NaCl, only occasional synapses were labelled and these
contained few gold particles.  With 0.3% NaCl both the number ol immunoresctive
synapses and the number of gold particles/synapsc increased. Immunoreactive synapses
contained up te 30 gold particles.

The Te-fragment of antibodies can bind non-specifically to tissue proteins (Al et
at., 1975; Cosla et al., 1984). The usc of sccondary antibodics consisting only of T7g-
lragments at least partly avoids this problem. Removing the Fe-portion aiso reduces the
size of the molecule and allows it ta gain better access to antigens {Hainfeld and Powell,
2000). Small gold particles have a similar advantage. In addition, small particles do not
obscure adjacent antigens and diffusc better to epitopes, thus providing a more sensitive
labelling.  Although antibodies conjugaied Lo very small gold particles (1-3 mm) are
available, these are difficull to visualize withont silver mlensification, and were therefore
not used in this study. Somc other aspects of post-embedding imnmumogold protocols are

[urther described in the appropriate chapters.
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Chapter 3

Evidence that somatostatin- and the majority of enkephalin-containing
neurans in dorsal horn of rat spinal cord are glutamatergic

and form synapses that contain AMPA recepiors




INTRODUCTION

A number of neuropeptides have been detected in the dorsal horn of spinal cord
(Todd and Spike, 1993) and these play a particularly important role in the spinal
processing of sensory information, The release of some lcad to the induction of pain,
while others have been implicated in the development of analgesia.  Somatostatin and
enkephalin belong to this latter group, and although several hypotheses cmorged, the exact
mechanism of thelr action remains unknown.

Somatostatin was among the [irst neuropeptides to be discovered in the
hypothalamus and it was later revealed that it has a widespread distribution in other brain
regions as well (Fitzpatrick-McElligott et al., 1988, Kiyama and Emson, 1990). In the rat
spinal cord it was first described by Hokfelt et al. (1975), and nowadays it is considered as
onc of the most 1mportant sensory neuropeptides. There is a line of cvidence suggesting its
rofc 1in nociception. The release of somatostatin hyperpolarizes the cell membrane, directly
inhibiting substantia gelatinosa ncurons in the adult rat (Murase et al., 1982; lang ct al,,
2003). Tntrathecal administration of somatostatin or its agonists increases pain threshold,
prevents c-fos expression (Ruan et al., 1997), mmhibits both the first and second phases of
the formalin response {Chapman and Dickenson, 1992b) and causes analgesia both in
patients (Pemn et al., 1992) and experimental animals (Mollenholt et al., 1988). Finally,
somatostatin and its receptors are found in spinal regions thought to be associated with
nociceptive processing (lTodd and Spike, 1993; Todd et al., 1998; Song et al., 2002).
Stmilarly, the role of enkephalin in analgesia is also well cstablished. Enkephalin, as a
member of the oploid peptide family, is an endogenous ligand of the “morphine receptor”
{(Hughes et al., 19754, 1975b) and it has been shown (o inhibit primary afferent terminals
(Pomeranz and Gurevich, 1979) and dorsal horn neurons by causing presynaptic
depolarization (Budaj et al,, 1998} or postsynaptic hyperpolarization {(Murase et al., 1982),
respectively. [n addition, systemic, intrathecal (Tung and Yaksh, 1982) or epidural (Marsh
et al, 1999a; 1999b) admimstration of enkephalin or other opioid agonisis or the
stimulation of periventricular brain areas {Akil, 1978), such as the periagueductal gray
matter and the nucleus raphe magnus, which give rise to descending projections that
activale enkephalbin containing spinal interneurons (Glazer and Basbaum, 1984; Miller and
Salvatierri, 1998] produce analgesia. Intravenous administration of opioids prevents c-fos
expression following noxious heat stimmlation (Abbadie et al., 1994), Finally, as in the
case of somaltostatin, enkephalin and its receplors are also found at areas involved in

nociceptive processing (Hokfelf et al., 1977; Arvidsson et al., 1995a; Zhang et al., 1998).
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Somatostatin is present mainly in axons which form a dense plexus in the
superficial laminae {1 and I} of the dorsal horn and it is virtually missing from fibres in the
deeper layers. Somatostalin-containing axons are thought to be derived from two sources:
primary aiferents and local intcrneurons. Axons belonging o cach of these populations can
be distinguished, as the primary afferenls also contain calcitonin gene-related peptide
(CGRP), whereas the axons belonglug to interncurons do not {Ju ct al., 1987, Ribciro-da-
Silva, 1995; Sakamoto et al,, 1999). Cells expressing mRNA for somatostatin were found
mn the dorsal hom with in site hybridization (Kiyama and HEmson, 1990), and with
immunocyltochemistry a number of somatostatin-immunoreactive cell bodies were detected
in faminac [ and {I. These nevrons are thought fo generaie local axonal arbors and give rise
lo the non-primary, somatostatin-containing axons in this region. The distribution of
enkephalin 1s similar to that of somatostatin (Todd and Spike, 1993). [ is also present in
axon terminals throughout laminae T and [, with much lower levels in the deeper layers.
These boutons are almost exclusively derived from local internewrons; however a few
clearly belong to primary afferents (Garry et al., 1989; Zhang et al., 1993) or descending
fibers (Hokfelt et al., 1979). With i sifu hybridization (Ruda, 1982; Harlan et al., 1987)
or sensitive immunohistochemical methods (Todd ot al., 1992a, 1992b) cnkephalin
immunoreactive ccll bodies are visible mainly in laminae I-IIL

Although it is widely accepted that all primary afferent terminals, including thesc
that contain somatostatin and enkephalin, use glutamate as their principal neurctransmitter
(Rustioni and Weinberg, 1989; Willis and Coggeshall, 1991; Tl'odd aud Spike, 1993;
Broman, 1993, 1994b), it is still controversial whether somatostatin- and enkephalin-
containing Intrinsic neurons also utilize a classical amino-acid transmitter besides the
neuropeptide, and il so, which one. Proudlock et al. (1993) found that somatostatin-
contairing cetls are not GABA-immunorecactive, while in a rceent study, Todd ct al. (2003)
showed that 85% of enkephalin-immunoreactive axon terminals expressed VGLUT2, a
marker for glutamatergic spinal intetneurons {see Chapter 1). These {indings raise the
possibility that somatoslutin-containing interneurons and the majority of enkephalin-
containing axon terminals arc glutamatergic. To test lhese hypotheses, two different
approaches were used: (1) triple-labelling immunofluorescence and confocal microscopy
was carried out with antibodies against somatosiatin, CGRP and the two VGLUTSs; (2)
postembedding immunogold labelling was used on freeze-substituted, Lowicryl-emibedded
maicrial 1o reveal GluR1 and GluR2/3 subuniis of the AMPA receplors at synapses formed

by somatosiatin- or enkephalin-immunoreactive axons.
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MATERIALS AND METHODS

Animals

Seven adult male Wistar rats (190-300 g; Harlan, Loughborough, 1JK) were deeply
anacsthetized with pentobarbitone (300 mg i.p.) and perfused through the left ventricle
with a [xative consisting of 4% freshly de-polymerized formaldehydc (4 rats, for confocal
microscopy) or 4% formaldehyde/0.1% glutaraldehyde (3 rats, for clectron microscopy).
Lumbar spinal cord segments were removed and stored in the same fixative for 4-24 hours,

before being processed for light or clectron microscopy.

Immuuoflnorescence staining for light microscopy

Ls-Ls segments were postfixed for 24 hours and cul info 60 um transverse scctions
with a Vibralomne. Prioy to immunocytochemisiry sections werc treated with 50% ethanal
in distilled water o enhance antibody penetration (Llewellyn-Smith and Minson, 1992).
Sections were incubated for three days in a mixture of rabbit anti-somatostatin (Peninsula
Laboratories, Belmont, CA, USA, 1:1000), sheep anti-CGRP (Affinity Rescarch Products
Lid., Exeter, LK, 1:5000) and gunmea pig anli-VGLUT1 (Chemicon International, FHarlow,
UK, 1:20000) or VGIL.UT2 (Chemicon, 1:5000) antibodies in phosphate-bulfercd saline
(PBS) with 0.3% Triton X-100 added as a detergent to increase penetration. To reveal the
distribution of enkephalin, sections were incubated in a rabbit anti-enkephalin {Peninsula,
1:1000) antibody for 24 hours. After thorough rinsing, scctions were incubated overnight
in a cocktail of species-specific secondary antibodics (Jackson Tmmunoresearch, all raised
in donkey, 1:100) conjugated to fluorescein isothiocyanate (for somatostatin), Rhodamine
Red-X (for VGLUTI, VGIUT?2 or enkephalin) or cyanine 5-18 (CyS; for CGRP) in PBST.
Sections were then rinsed in PBS, mountied in a glveerol-based antifade medium

(Vectashield, Vector Laboratories) and stored at -20°C prior to scanning and analysis.

Postembedding immunocytochemistry for electron microscopy

Mid-lumbar spinal cord segments from rats fixed with 4% (ormaledhyde/0.1%
glutaraldehyde were postlixed for 4 h in the same fixative and f{reeze-substituted as
deseribed in Chapter 2. From the blocks serial ultrathin scctions were cut with a diamond
lnife and collected on single-slot Formvar-coated nickel grids. The sections were reacted
using a postembedding immunogold method to reveal various neuropeptides or the GluR1
and GluR2/3 subunits of the AMPA receptor, These two GluR antibodies were chosen as
GlaR1 and GIluR2 are the principal AMPA subunits cxpressed by neurons in laminae 1 and

[l (sce Chapter 5). For somatostatin containing intermneuronal and primary afferent
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lerminals three serial sections from eacl animal were reacted as [ollows: the first grid was
meubated in sheep anubody against CGRP (AfTniti, 1:20,000), the second one in rabbit
antibody against somatostatin (Peninsula, 1:5,000) and the third in a cocktail of rabbit
antibodies against GIuR1 (Chemicon, 1:50) and GiuR2/3 (Chemicon, 1:80). Yor
enkephalin containing boutons two scrial scclions were incubated from cach animal: the
[irst one with an antibody against enkephalin (Peninsula, 1:10,000), the second one in the
cocklail of GluR1 and GluR2/3 antibodies (as described above).

Sections that were to be incubated in GluR1 and GluR2/3 antibodics were mitially
clched for approximately 3 s in a satwrated solution of sodium hydroxide in ethanol fo
remove the resin [rom the section surface, whiie those used to reveal neuropeptides were
not etched. Post-embedding mmmunogold labelling was carried out by incubating sections
in the folowing solutions at 20°C: (1} Tris-buffered saline (0.3% NaCl) containing 0.1%
Triton X-100 (TBST) with 50mM glycine (10 man); (2) TBST with 2% human serum
albumin (HSA) 10 min; (3) primary antibody diluted in TBST with 2% HSA (overnight),
(4) TBST (2x10 min); (5) TBST with 2% IISA (10 min); and (6), goat anti-rabbit Fy,-
fragment coupled to 10 nm gold particles {British BioCell International, Cardiff, UK)
diluted [:20 in TBST with 2% HSA. Grids were rinsed in ultra pure water and contrasted
with aqueous uranyl acetate (10 min) and lead acetare (2 min). Sections reacted with the
sheep CGRP antibody were incubated jn unlabelied rabbit anti-sheep 1gG (Vecior

L.aboratories, Peterborough, UK, 1:200) for 2 h before immunogeld labelling,

Analysis of immunofluorescence

To examine the colocalization of VGLUTI or VGLUT2 with somatostatin in
primary and non-primary axons (distinguished by the presence or absence of CGRP
labelling), two triple-labelled sceltions from each animal were scanned with a BioRad
conlocal laser scanning microscope (MRC1024) using a GOx oit immersion lens. Twelve
optical seclions were collected from an approximately 140 pm wide strip covering laminae

-1t ol the dorsal hormn with a z-separation of .5 um. T was found that peither

somatostalin, nor CGRP ever colocalized with VGLUT! and that the expression of

VGLUT2 in CGRP-containing fibres was so low, that it was very difficult to distinguish
immunoreactive and imununonegalive boutons {sec below). These were thercfore not
quantitatively analysed. The colocalization of VGLUT2 with somatostatin in CGRP-
lacking (interneuronal) axon terminals was quantiiatively analysed using Neurolueida for
Confocal image analysis software (MicroBrightField [nc., Colchester, VT, USA). From

cach animal 100 boutons (SO from each section scanned) that wers immunoreactive for
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somatostatin {green), but lacked CGRP (blue) were selected. 1'ollowing the selection of
the axon terminals, it was noted whether these contained VGLUT?2 (red). Boutons were

only ncluded in the study if they were fully contained within the 12 optical sections,

Analysis of immunogold labelling

Grids were viewed with a Philips CM 100 transmission electron microscope. On
grids reacted with each of the threc nenropeptide antibodics, bouions were only considered
as immunoreactive it they contuined cight or more gold particles and these were located
over dense-cored vesicles. The density of background labelling with the neuropeptide
aniibodies was delermined for each section anatysed by counting gold particles that were
not associated with dense-cored vesicles or located in immunolabelled axon terminals in 20
randomly selected fields each of | pm?. These background values were 0.52-0.71/um’ for
CGRP, 0.85-1 .23/;[1112 for somatostatin and {.13-2.41/um? for enkephalin. Because dense-
cored vesicles have a diameter of approximately 0.1 pm (cross-sectional area of 0.008
um?), the presence of a single gold particle over a dense-cored vesicle corresponds to a
density of approximately 130 particles/pum?, which is more than 50-times the highest
background value measured. Scctions reacted with somatostalin or enkephalin antibodies
were initially examined and immunoreactive axon terminals forming one or more synapses
were sclected. Each axon terminal selected for further analysis was given an individual
number, and high (13500x), medium (4200x) and low (750x) magnification digital images
were saved (o a computer using the CCD camera connected to the EM. The low power
image served as a map and the numbers martking the exact locations of dillerent boutons
were inserted using nnage editing software (CM-Prof 2.10.220, Soft-Imaging Software
GmhbH). With the aid of a relocation software (Remote XY Control, PW6472, Version 1.0;
Philips Analytical, Eleciron Optics) and the map, somatostatin-immunoreactive terminals
were relocated on the adjacent section reacted for CGRP, and the presence or absence of
CGRP immunoreactivity in the bouton was noted. Boutons were classified as CGRP-
negative if they had dense-cored vesicles in their axoplasm, but these contained no gold
particles representing CGRP. The somatostatin- or enkephalin-immunoreactive boutons
were then 1dentified on the serial section reacted with GIuR1 and GiuR2/3 antibodies, and
those at which a synapse waus still visible were included in the sample, Using this approach,
45 bhoutons that were somatostatin-immunoreactive but lacked CGRP (9-21 Rom zach
experiment), 27 axon terminals that were both somatostatin- and CGRP-immunoreactive
(between 7 and 10 from each experiment) and 57 that were enkephalin-immunoreactive

(17-22 from each experiment) were selected and analysed. It is possible that some of the
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somatostatin-immunoreactive boutons that were not CGRP-immunoreactive contained
CGRP that was not detected with the postembedding method. However, it is highly
unlilkely that this would have been a commion occurrence, as somatostatin-inumunoreactive
boutons in the superficial dorsal horn that Juck CGRIP greatly outnumber those which also
conlain CGRP (Sakamoio et al., 1999). In addition, the level of CGRP—immunogold
labelling was high (up to 50 gold particies per individual dense-cored vesicle} in boutons
that were identified as immunoreactive. Digital images of all ol the boutons analysed on
cach grid were captured, and in some cases ihese were also photographed. For each
synapse, with the aid of image analysis software (Zeiss KS400 Image Analysis System),
gold patticles representing GluR1 and GluR2/3 were counted within 50 mm of the
postsynaptic membrane, or within 50 mm of a line drawn along the centre ol the synapse if
this was sectioned obliquely. This distance was chosen as Nagelhs et al. (1998) found that
the density of gold particles labelling membrane proteins reached background levels SO nm
(rom the membrane. 'Lhis distance probably reflects the size of the immunoglobulin
molecules interposed between the antigen and (he gold particle (Matsubara et al., 1996),
together with the distance the receptors extend (rom the lipid bilayer into the postsynaptic
density. Synapses at which two or more gold particles were present were counted as

immunereactive, whereas those with a single parlicle were treated as equivocal.

Antibodies

The affinity purified antibodies against the GluRl and GluR2/3 subunits of the
AMUPA rceeptor were raised in rabbits against the corresponding C-terminal 13 amino-acid
segment of the rat GIuR1 and GIuR2 subunits. The GluR1 antibody was shown not to
cross-react with any of the other AMPA subunits, while duc to the significant sequence
homology between the C-terminus of GluR2 and GluR3, the GIluR2/3 antibody also
recagnize (GIuR3, but not GluR1 or GluR4 (manufacturer’s specifications). Both of these
antibodies have been successfully used previously with light and electron microscopic
immunocytochemistry, Including post-cmbedding immunogold on  frecze-substituted,
Lowicryl embedded material (e.g. Matsubara el al., 1996, 1999; Propratiloff et al., 1996,
1998; Bernard et al., 1997, 1998; Takumi et al., 1999; Ragnarson el al., 2003). The Met-
cnkephalin antibody shows 3% cross-reactivity with Leuw-enkephalin and none with
dynorphin (mauufacturer’s specification). CGRP and somatostatin antibodies were raised
against corresponding rat peptides and werc shown not to cross-react with other
neuropeptides such as Substance P, VIP, NPY etc. (manufacturers’ specification). The

guinea plg VGLUTI and VGLUT?2 antibodics werce raised against an unspecified 19 and
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I8 amino acid sequence of the corresponding rat proteins, respectively. These were shown
1o fabel the same axons as the well-characterized rabbit VGLUT1 and VGLUT?2 (Synaptic

Systems, Germany) antibodies, raised against known sequences {l'odd et al., 2003).

RESULTS
Iimmunofluorescence and confocal microscopy

The staining patterns for VGLUTs and the neuropeplides were identical to those
reported previously in other studies (e.g. Ju et al., 1987; Sakamoto et al., 1999; Varoqui et
al., 2002; Todd et al., 2003). CGRP labelling was very strong in lamina 1 and Ilo, with
scaltered boutons elsewhere in the dorsal horn (Fig. 3.1c). Somatostatin immunostaining
was similar, but immunoreactive boutons were also numerous in lamina ITi (Iig. 3.1b) and
besides the axon (erminals, cell bodies were also labelied, mainly in lamina I1i (Fig. 3.2a).
As expected, a number of lerminals contained both somatostatin and CGRP, while others
showed immunoreactivity for only onc of these neuropeptides (I'ig. 3.2b). Enkephalin-
immunoreaclivily was also strongest in the superficial laminae (Fig. 3.1a).

Both VGLUT antibodics labelled structures which resembled axonal varicosities.
VGLLUTI expression was very sparse in laminac 1 and o, but strong in all deeper laminae
(Fig. 3.3a), while VGLUT2 labelling was present throughout the gray matler, although it
was particularly strong m the superficial laminac (Fig. 3.3d).

When the colocalization between V(GLUTs and the neuropeptides was examined, it
was (ound that VGLUTI never colocalized with either CGRP ot somatostatin, suggesting
that somaltostatin-containing axon terminals of both primary afferent and interneuron origin
tacked this transporter (Figs 3.3a-¢c; 3.4a-c).  Varicosities which contained only
somatostalin were strongly labelled with the VGLUT2 antibody (Fig. 3.4d-I) and during
the quantitative analysis of one hundred CGRP-lacking, somatostatin-containing boutons
that were sampled in each of 3 rafs, between 97-98% of these (mean 97.7%) showed
immunostaining for VGLUT2., However, boutons that contained both somatostatin and
CGRP were consistently either unlabelled or very weakly labelled with the VGLUT2
antibody (Fig. 3.4d-f). The weak labelling in these terminals made it very difficult to
differentiate hetween positive and negative profiles, and therefore the extent of co-

localization was not analysed quantitatively.

Postembedding immunogeld labelling and electron microscopy

Following lteeze-substitution and l.owicryl embedding, the general ultrastructure
ol the tissue was excellent (Fig. 3.5g). After postembedding immunocytochemistry for
somatostatin, CGRP or enkephalin, tissue preservation was still good (Fig. 3.5a-b, d-e, h).
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Figure 3.1 Imagcs showing the distribution of methionine-cnkephalin (Met-Enk, red, a),
somaiostatin (Som, green, ) and calcitonin-gene-related peptide (CGRP, blue, ¢) in
transverse scclions of mid-lumbar rat spinal cord. Each peptide is present in the superficial
dorsal horn. but the distribution of enkephalin ind somatostatin is slightly different from
that of CCGRP. Enkephalin and somatostatin-containing axons are present throughout
laminae [ and 11, while those with CGRP are infrequent in the ventral part of lamina II.
Arrows indicate the approximate position of the lamina 1I/1ll border. Picture () comes

from a different section than pictures () and (¢). Scale bar, 200 um.

Figure 3.2 Higher magnification views of somatostatin (green) and CGRP (blue)
immuumoreactivity in the superficial dorsal hom. The image on the lefl () shows that
hesides being in axon terminals, somatostatin-immunostaining is also present in neuronal
cell bodies (¢irows). The right-hand image () is from a section double-labelled for both
peptides: axons of somatostatin-containing interneurons appear green {some are indicated
with arrows), while those of somatostatin primary afferents (which also contain CGRP) are

cyan (some shown with arrowheads). Scale bars, 50 pm (left), 10 pm (right).
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Figure 3.4 Confocal images showing the relationship between somatostatin (Som, green),
CGRP (hlue) and VGLUTI (red; b, ¢) or VGLUT2 (red; e, f) in single optical sections
from lamina Il of ral mid-lmmbar spinal cord. The pancls on the left show the
neuropeptides (a, d), the ones in the middle represent VGLUT1 or VGLUT2 (b, €), while
the right pictures show merged images (¢, f). Again somatostatin-containing boutons that
belong to interncurons lack CGRDP, so these appear green (@, «; some arc marked with
arrows), while those belonging to primary afferents alse express CGRP, so these are cyan
{a, d; some indicated with arrowfieads). VGLUTT is very sparse in the superficial laminac
() and never colocalizes with somatostatin-containing terminals (¢). TFor VGLUI2
somatostatin-immunorcactive primary afferents are either very weak (4, e, fr unlabelled
arrowhead) or negative (d, e, f; arrowhead with asterisks), while mterncurons generally
cxpress high levels of this Uansporter (4, e, f; arrows), so these appear vellow on the

merged image. Scale bar, 5 pum,
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Figure 1.5 Postembedding immunogold labelling on three sets of serial sections from
freeze-substituted, Lowicryl embedded rat spinal cord, showing the relationship between
neuropeplides and AMPA receptors in the superficial laminae. The axon terminal in the
upper row (a4, b, ¢) contains several dense-cored vesicles {(dev) and these are somatostatin-
immunoreactive (b), but lack CGRP {«), therefore it is presumably of interneuron origin.
Section (¢) has been reacted with a cocktail of antibodies against the GluR1 and GluR2/3
subunits and the perpendicularly cut asymmetrical synapse contains several gold particles
on its postsynaptic density corresponding o AMPA receptors (inset in ¢). The dev
containing profile in the middle vow (¢, ¢, f) is a primary afferent terminal as shown by its
immunoreactivity for both somatostatin (¢) and CGRP (d). [ forms two obligue, bul
clearly asymmetrical synapses. The sccond, smaller synapse disappcars on the section
reacted against the AMPA receptors {f), but the remaining one contains 21 gold parficles
(inset in f). The bottom row (g, h, i) shows a bouton, which forms a curved synapse on a
small profile. Scction {g) has not been postembedding reacted, this therefore demonstrates
the general ultrastructure of [reezc-substituted tissue after contrasting, In the subscquent
section devs are immunoreactive for enkephalin () and again the synapse formed by the

axon-terminal is immunolabelled for AMPA rcceptors (4, inset). Scale bar, 0.5 pm.

Fig 3.6 Frequency histograms showing the numbers of gold particles at GluR1/GIluR2/3-
inmunorcactive synapses. Resulls ffom boutons that were somalostatin-immunoreactive
but  lacked CGRP (Som+/CGRP-), that were both somatostatin- and CGRP-
immunoreaclive (Som+/CGRP+), and that were enkephalin-immunoreactive (M-Enk) are

shown on the left, middle and right, respectively.
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On sections mcubaled for the AMPA receptors, the eiching with sodium ethanolate slightly
compromised the structure, but nevertheless cell organelles and synapses were still ciearly
identifiable (Fig. 3.5¢, f, 1, msets). Immunogold particles representing the three
neuropeptides were mainly found over dense-cored vesicles in axon terminals (Fig. 3.5b, d,
c, h), and there was virlually no background labelling. Somatostatin-immunoreactive
boutons formed asymmecurical synapses with their postsynaptic targe(, while symnietrical
synapses swere pever observed. Enkephalin-containing terminals on the other hand, formed
both asymmuelrical and symmetrical synapses, afthough the former greatly outnumbered the
latter {only 2 symmetrical were found among 57 synapses examined). In sections reacted
with antibodies against the AMPA subunits, immunogold particles were found at many
asymmelrical synapses. Where the plane of section was perpendicular to the clefi, most of
the particles were associated with the pesisynaptic density (Kig. 3.5¢, f, 1, insels).
Immunoreactive synapscs contained up to 3! gold particles. Scattered immunogold
lubelling was visible over cell membranes, and occasionally over mitochondria and dense-
cored vesicles, The numbers of gold particles at immunolabelled synapses were similar for
each of the sections reacted with GluR antibodics, and the data from cach animal were
therclore pooled for the histograms in Fig. 3.0,

For the somatostatin-immunorcactive houtons that were not CGRP-labeliced, 39 of
45 synapses (87%) were classified as immunolabelied with the GluR antibodies (i.e. they
had 2 or more gold particles) (Figs 3.5a-c; 2.6). All 27 of the boutons immunoreactive for
both somatostatin and CGRP (Figs 3.5d-[; 3.0} and 44 of 57 (77%) of those formed by
boutons containing gold particles for enkephalin (Figs 3.5g-i; 3.6) were GluR-
immunoreactive. The two symmuetrical synapses formed by enkephalin-immuncreactive

houlons had no gold particles corresponding o AMPA receptors.

DISCUSSION

It is generally accepted that all primary affcrent ternmiinals, inchuding the
neuropeptide-contaming ones, are excitatory and use glutamate as a neurofransmitter. it is
also well established that certain neuropeptide-containing neurons in the CNS, including
some of those in the dorsal o of spinal cord, also use a classical amino-acid transmitter
(glutamate, GABA or glycine) at their axon terminals (Elokfelt et al.,, 2000b).
Somatostatin-immunoreactive interncurons in the superficial dorsal horn do not contain
cither GABA or glycine, therefore it was suggested that these cells are glutamatergic
{Proudlock et al., 1993). Conllicling evidence exists in the literature about the proportion

ol enkephalin containing neurons that are GABAergic. In an earlier study Todd et al.
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{1992Db) found that 69% of cnkephalin containing ccll bodies also contained GABA, which
Is at odds with their later findings (Todd et al., 2003) showing that 85% ol enkephalin-
immunoreactive axon terminals expressed VGLUT?2,

The results of this study show that virtually all somatostatin-containing intrinsic
neurons express VGLUT2 and their axon termimals form asymmetrical synapses, at which
AMPA receptors are generally present in the postsynaptic density. These two independent
observalions strongly suggest that most (if not all) somatostatin-immunoreactive neurans
in the dorsal horn of spinal cord are excitatory glutamatergic interneurons. The {inding
that all somatostatin-containing primary afferents express AMPA receptors at their
synapses supports all previous results that primary afferents are glutamatergic. However
the obscrvation thal these lack either VGLUT! or VGLUT2 and also fail 1o express
VGLUT3 (Landry ot al, 2004; Maxwell ct al,, unpublished observations) raises the
possgibility thal there is a novel, as yet undiscovered VGLUT expressed by these axons. In
support of this, Todd ct al. (2003} also found that substance P (SP)- and CGRP-containing
and non-peptidergic C-fibres lacked VGLUTL and were cither negative for, or containcd
very low levels of, VGLUT2.

[t was also found that approximately 77% of enkephalin-containing terminats are
apposed to AMPA receptor containing synapses, which confirms that the majority of these
are indeed glulamatergic as suggested by Todd et al. (2003) who [(ound that most
cnkephalin-immunoreactive boutons expressed VGLUT2, Asymmetrical synapses where
gold particles representing GluR1 and/or GluR2/3 subunits were absent {6 out of 57 for
enkephalin and 5 out of 72 for somatostatin) could still belong to glutamatergic terminals,
and these could have been false negative results or could correspond o silent synapses,
which lack AMPA ccceptors, but express NMDAs (Niisser et al., 1998). Only (wo
symmetrical synapses (3.5%) were found on the 57 cnkephalin-immunoreactive boutons
examined and these lacked AMPA reccptors, which suggests that these belonged to
mhibitory, presumahly GABAergic interneurons. 1t is likely that previously Todd et al.
(1992b) overestimated the proportion of enkephalin-containing neurons that also contain
GABA. Colchicine used in eatlier studics had revealed many more cnkephalin-
immunoreactive cells.  For cxample Todd et al. {1992h) found only 10-20 enkephalin-
immunoreactive neurons in a 70 pun scction, while after colchicine treatment Senba et al.
(1988) detected 60 m a 20 i thick section. In their study Todd et al. avoided the use of
colchicine, which 1s known to change the genc-expression pattern of various cells
including neurons (Réthelyi ot al, 1991; Koistingho et al., 1993), and this probably

resulted in a decreased detection of enkephalin-containing dorsal horn neurons.
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In the light of these findings, the function of somatostatin- and enkephalin-
containing intcrneurons should be re-evaluated. Both neuropeplides have a depressant
cffect on dorsal horm neurons, and when administered in vivo they produce analgesia.
Therefore it was suggested that the activation of these Interneurons inhibits other cclls or
axons (Murase el al., 1982; Miller and Salvatierra, 1998; Jiang et al., 2003; Terman ct al.,
2001). Surprisingly, the (indings presented here show that Lhis is not likely to be the only
way thal these ncurons [unction. The colocalization of enkephalin and somatostatin with
an excitatory transmitter, together with the fact that the majority of enkephalin- and
soinatostatin-centaining terminals form synapscs at which AMPA rcceptors are present,
suggests that these cells have an excitatory ellect on Lheir postsynaptic targets. There is
cvidence that neuropeptides act through volume transmission (Agnati et al.,, 1986, 1991,
19954, 1995b), such that the site of release and the site of action can be quile a distance
apart. Therefore, it is likely that the classical amino-acid transmitter and the neuropeptide
act on different populations of cells. It could be that glutamate is relcascd at the synapses
and exerts its excitatory effect on the postsynaptic neuron (possibly an inhibitory
interneuron), whereas enkephalin or somatostatin could be released al extrasynhaptic sites
and diffuse to various other cells which express the appropriate receptor, resulting in a
depressant elfect on these neurous (either depolarization on primary affcrents or
hyperpolarization on dorsal horn excitatory interneurons or projection cclls).  Another
possible functional implication of this coloculization is that glulamate acts as a fast
ransmitter, while the two neuropeptides arc slower with more long-lasting actions (I1adkfelt
el al.,, 20000). In this scenario, the activation of enkephalin- and somalostatin-containing
excitatory interncurons could not only have a distinet spatial, bul also a distinct temporal
clfect on dorsal hom interneurons, projections cells and primary afferent terminals. To
{urther complicate matters, glutamate and the ncuropeptides could be released following
different stimuli. There is evidence suggesting that neuropeptides are only rcleased afier
high frequency stimulation (Otsuka and Konishi, 1976; Shen et al., 1996; Afrah et al,
2002), while glutamatergic excitulory postsynaptic potentials can be recorded on the
postsynaptic cell following a single action potential (Verhage ¢t al., 1991; Nicholls, 1994).

Inn surnumary, it is likely that when they are activated, somatostatin- and enkephalin-
containing interneurons not only producc analgesia through the rclease of these
neuropeplides, but also play a more complex role in the processing of nociceptive
information i the dorsal horn. To understand their exact function, further investigations

are needed to identily and neurochemically characlerize their postsynaptic tavgels.
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Chapter 4

Detection of NMDA receptors in the rat spinal cord with postembedding
immunocytochemistry and non-specific Iabelling with

an antibody against the NR2A subunit




INTRODUCTION

Although it is well-established that NMDA receptors in the spinal dorsal horn arc
mvolved in chronic pain states (see Chapter 1), we know very little about their synaptic
distribution and involvement in nociceptive circuits. Even loss is know about the NMDA
(and AMPA) receptor expression patlern of selected cell populations, such as the
projection neurons in laminae 1L and IV that possess the neurokinin I (NK1) receptor (a
receplor for SP). These cells receive strong synaptic input (rom nociceptive primary
alferents that contain 8P and CGRP (Todd, 2002). The lack of knowledge about synaptic
NMDA receptors is mainly becausc conventional immunocytochemical methods Ffail to
reveal ionotropic receptors at synapses, as these are masked by the protein meshworks of
the post-synaptic density and synaptic clefl. Post-embedding immunogold lahelling
following freeze-substitution has been widely used to study the synaptic distribution of
receplors {see Chapter 2). The aim of this pari of the study was to use this technique to
investigate the distribution of NR1, NR2A and NR2B subunits of the NMDA receptors in
the dorsal horn. An additional goal was lo determine the AMPA and NMDA receptor
expression paltern of NK1-immunoreactive ncurons at synapses formed by SP- and CGRP-
conlaining noclecptive primary afferents. In preliminary cxperiments it was [ound that
N 1-receplors are not detectable with the postemnbedding immunogold methed. Although
a theoretical alternative would be to use a preembedding tcchnique to reveal these
receptors, it was found that preembedding mecthods are not readily compatible with frecze-
substitution.  For example the diaminobenzidine (DAB) reaction product that results from
immunoperoxidase labelling is not electron dense without osmication, while biotin, avidin,
horscradish peroxidase (HRP) or primary antibodies are not recognizable in freeze-
substituted sections. An additional requirement for this part of the study was to visualize
the 3D struclure of individual lamina fil/IV NKI1-immumoreactive neurons, firstly ta
confirm the location of their cell bodies, and secondly to allow different patts of their
dendritic trees to be examined. Therefore, in order to examine neurons expressing the
NK1-receptor, a novel method for combining post-embedding electron microscopy with
immunofluorescence and confocal microscopy was developed.  However, during the
course ol this study unexpected immunogold labelling patterns were observed with several
NMTA receptor antibodies, which raised questions about the quality and validity of the
postembedding method for NMDA receptors. In search for alternative techniques an
antigen unmasking method, initially developed by Watanabe et al. (1998), was adopted and

used to reveal NMDA receptors at synapscs (see also Chapter 6).
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MATERIALS AND METHODS
Animals for immunocytoechemistry

Tive adult male Wistar rats (190-300 g; Haclan, Loughborough, UK), 5 control
wild-type mice and 3 fransgenic mice in which the NMDA NR2A subunit had been
knocked out (Sakimura et al., 1995; generous gifts from Prof. Masahiko Watanabe,
Hokkaido Universily, Japan) were used during this study. Animals were perfused through
the left ventricle with a [ixative consisting of 4% [reshly depolymerized formaldehyde (10
mice for postembedding immunogold or immunofluorescence [following antigen
unmasking), 4% formaldehyde and 0.1% glutaraldehyde (3 rats, for postembedding
immunogold) or 4% formaldehyde, 0.1% gintaraldehyde and 0.2% picric acid {Somogyi
and Takagi, 1982) (2 rats for combined confocal and electron microscopy). Lumbar spinal
cord segments from all animals, as well as brams from the wild-type and knock-outl mice,
were removed and stored in the same fixative for 8-24 howrs, before being processed for
immunocytochemistry.  DNA from the transgenic NMDA NR2A lacking mice was
extracted before perfusion by a colluboralive partner in Japan, and it was confirmed by

diagnostic PCR that the NR2A gene was knocked out,

Antibodies

To reveal NR1 subunits of the NMDA receptor, an alflinity purified rabbit antibody,
raised against a synthetic peptide corresponding to a C-terminal epitope of the rat NR1
protein was used (Chemicon International, Flarlow, UK cat. no. AB1516). 1t was selective
for splice varianls NRI-la-b and NRI1-2a-b. No cross-reaction with other glutamate
receplor subuniis was observed with Western blot analysis. The antibody recognized a
single profein band with the molecular weight of 116 kDa, corresponding to NMDA NRI
subunits (manufacturer’s specifications). Affinity purified rabbit antibodics against NR2A,
and NR2B subunits were gencrous gifts [rom Prof. Masahiko Watanabe (Hokkaido
University, Japan). These antibodies were raised against synthetic peplides cormresponding
{0 the C-terminal residues 1126-1408 of the NR2A subunit, and the C-, or N-terminal
residues 1353-1432 (NR2B-C) or 1-48 (NR2B-N) of the NR2B subunit. On immunoblots
the NR2ZA antibody labelled a single protein band with a molecular mass of 175 kDa and
no labelling was observed in mice where the NR2A subunit was knocked out (Watanabe et
al., 1998). These observations indicale that the NR2A antibody does not cross-react with
other NMDA receplor subunits and the [75 kDa band seen on immunoblots represents
authentic NR2A subumts. Both the NR2B-N and NR2B-C antibodies labelled a single

protein band at 180 kDa. This band was substantially reduced in NR2B (+/-) mice and was
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absent in the NR2B knock-ont antmals, indicating the these antibodies also recognize
authentic NR2B subunits and do not cross-react with other PSD proteins (Watanabe et al.,
1998).  Mouse monoclonal antibody against Neuron-Specific Nuclear Protein (NeulN;
Chemicon, cat. no. MAR377; Mullen et al., 1992) has been shown to label only neuronal
nuclel 1 the spinal cord {Todd et al., 1998). The rabbit anti-NK |-receptor antibody was
specific for a synthetic peptide corresponding 1o the C-terminus of the receptor protein

(Sigma-Aldrich Inc., Saint Louis, Missouri, USA, product no. 058114848).

IFreeze-substitution and postembedding immuanocytochemistry for EM

Mid-lumbar segments of rat or mouse spinal cord were cut into lransverse 400 [im
thick scetions with a Vibratome, cryoprotected and plunge-frozen in liquid propane at
—[70°C. Trreezc-substitution was canied out as described in Chapter 3. TFrom the resin
embedded tissue, ultrathin scctions were cul wilth 1 diamond knife and collected on mesh
or single-siot Formvar-coated nickel grids. Sections were ctched for approximately 2 s ina
saturated solution of sodium hydvoxide in ethanol to remove the resin from the scetion
surface (Matsubara el al, 1996). To investigate the distribution of NMDA receptor
subunifs in the dorsal horn of rat spinal cord, postembedding inimunogold labelling was
carried out by incubating sections in the following solutions: (1) Tris-buffered saline (0.3%
NaCl) containing 0.1% ‘Iriton X-100 (TBST) with 50mM glycine (10 min); (2) TBST with
2% human scrum albwmin (HSA)Y 10 min; (3) affinity-purified rabbit primary antibodies
against NMDA NR1 (1 pg/ml), NMDA NR2A (5.4 ug/ml), NR2B-C (5.2 pg/ml) or
NR2B-N (10.6 ng/ml) dituted in TBST with 2% HSA (overnight); (4) TBST (2x10 min);
(5) TBST with 2% HSA (10 min); and {6), goat anti-rabbit Fy,-fragment coupled to 10 nm
gold particles (British BioCell ternational, Cardiff, UK) diluted 1:20 in TBST with 2%
FISA. Grids were rinsed in ultra pure water and contrasted with aqucous uranyl acefate (10
min) and lcad acctate (2 min). Incubations were carried out at 20°C, although for some
seclions reacted against NMDA NR1, an antigen retrieval method with heatl treatment was
performed. This was achieved by performing the first step of the incubation in a humid
chamber in a hot air vented oven at 80°C, 90°C or 100°C.

o compare the NMDA NR2A labelling in wild-type and NR2A knock-out mice, 5
control and 5 transgenic animals were examined with the postembedding method as
descrnibed above. On 2 wild-fype and 2 KO animals quantitative analysis of immunogold
[abelling was carried out. The effect of increasing the salt concentration in the TBST from
0.3% to 0.6% and 0.9% was also investigated as this could improve the signal/noise ratio

by deercasing non-specific labelling. Three ultrathin sections from each animal were
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reacted as described above, with TBST containing 0.3%, 0.6% or 0.9% NaCl. One-
hundred synapses were selected from each grid [rom lamina ITI at a magnificalion at which
the 10 nm gold particles thought to represent the NR2A subuuils were not visible. Lamina
It was chosen as this is the area which cxpresses the highest levels of the NR2A subunit in
the spinal cord (sce Results). Once the synapses were selected, the magnification was
increased and the number of gold particles associaled with the postsynaptic densily was
noted. To enable an unbiascd assessment of differences in labelling intensity between
control and transgenic animals, the investigator was blind to which animal the tissue

cxamined came from and to the NaCl concentration in buffers used during the incubation.

Immunocytechemistry for combined confocal and electron microscopy

For confocal microscopy, mid-lumbar spinal cord scgments [rom iwo rats were cut
into parasagifial, 100 pm thick sections with a Vibratome, This orientation was chosen,
because 1L is optimal for revealing the dorsally projeeting dendritic (rees of lamina 1111V
NKI-immunoreactive cells. Sections were immersed in 50% ethanol for 30 minuics prior
to immunoreaction to enhance antibody penetration (Llewellyn-Smith and Minson, 1992).
They were then incubated in a cocktail of rubbit anti-NK1 (1:10,000) and mouse anti-
NeuN (1:1000) antibodies diluted in phosphate-buffered saline (PBS) for 72 hours on a
shaker table at 4°C. Following rinsing in PBS, sections were incubaled for 24 hours in
species-specific sccondary antibodies (lackson Immunoresearch, all raised in donkey,
diluted 1:100) conjugated to FITC for NK.I or cyanine 5.18 for NeuN. Following further
rinsing in PBS, sections were incubated in 2 mixture of propidium iodide (PIL, 1:500) and
RNAase (1:100) in PBS for 30 minutes at 35°C to reveal cell nuclei (neuronal, glial and
endothelial). The RNAase was added to digest cyloplasmic RNA, which would othcrwise
give cell body labelling with PI. Sections were then mounted with anti-Fade medium
(Vectashield) and stored al -20°C before being viewed with a confocal microscope.

Dark field digital images were first saved using 4x, 10x and 20x dry lenses. These
pictures later served as “maps” for locating and marking (he exact position of NK1-
immunoreactive nevrons, laminar boundaries and landmarks such as blood vesscls and
myelin bundles. Seclions were then scanned with a BioRad confocal laser scanning
microscope (MRC1024) using & 20x dry and 40x and 60x oil immersion lenses. Two
representative NK1-immunoreactive lamina {I/IV cells (“Cell 67 and “Cell 87} were
sclected in dilferent sections. Low, medium and high power confocal image stacks
showing the cell body and dendritic arbor of both neurons, together with the surrounding

neurona! and non-neuronal nuclei were saved. These nuclel served as landmarks for the
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relocalion of the NK -immunoreactive cells during the EM part of the study. 'I'he distance
af the selected neurons from the surface of the tissue was also noted.

The two selected sections were then removed from the slides, vinsed in phosphate
bulfer (PB) contaming 4% glucose for 1 hour, cryoprotected and processed for [recze-
substitution as described above. There are two critical steps during plunge-fieezing at
—170°C: (1) the high-speed immersion of the sections info the liquid propane, as due to the
impact, the tissuc slices can become delached from the pin and lost in the botlom af the
cylinder contuining the propane; (2) the remaval of the sections from the pin following
lreezing, because at this stage the frozen tissue can break due to handling. 'L'o avoid these
oroblems a custom made metal sieve fitted to the bottom of the propanc-cylinder was used
lo retrieve uny sections that detached from the pin during immersion freezing. To avoid
the disintegration of sections during removal from the pin, 400 pum thick shices were cut
from a translucent clastic silicone block wilth a Vibratome. To provide supporl these
transparent slices were placed on the pin, below the sections. During the freexe-
substitution the tissue separated from the Sylgard slices following gentle agitation.

The resin blocks obtained after freeze-substitution were transilluminated with a
light microscope and ihe regions that contained the NKIl-immunoraclive cells were
identilicd with the aid of the low power dark field and confocal images. The blocks were
trimmed to an area that included the selected ceils. They were then lilted to an angle that
ensured that the plane of the knife was paralfel to the surface of the original Vibratome
section. Seri~thin serial sections (1 um) were cut with a diamond knife, mounted on glass
slides, counler-stained with toluidine-bloe and viewed with light microscopy. Once a
depth close to the selected NK1-immunoreactive cell was reached, ultrathin serial sections
were cut and collected on Formvar-coated single slot nickel grids. 'These were then
contrasted with aquecvs uranyl acetate (10 min) and lead acetate (2 min), and viewed with
a Philips CM100 electron microscope. The EM image was compared to the appropriate
oplical section from the confocal stack, and dendrites of the NKI-immunoreactive cclls
were relocated by using the neuronal and non-ncuronal cell niclei as landmarks.

Onee the ncurous were identificd, 90 sertal sections from Cell 6 and 135 from Cell
8 were collected on cither Formvar-coated, single-slot nickel grids or uncoated nickel mesh
grids. Grids were then individually numbered. The Formvar coating on the slot grids was
sencrally damaged by the high temperature antigen retrieval method used to enhance the
detection of NMDA NR1 subunits. Therefore, although mesh grids are not optimal (or
examining scrial sections (as grid bars can cover the regions of tterest), these were used

for sections reacted against this subunit. Starting from the third grid, every {ifth section
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wag reacied with an anlibody against substance P to identify axon termunals that contained
this neuropeptide and formed a synapsc with a dendrite of the NKI-immunoreactive
neuron. The grids before and after the SP immunolabelled section were reacted with an
AMPA or NMDA antibody. The remaiing grids were reacted aguinst another iGIuR or
CGRP, depending on the results obtained from the imtial ncubations. Boutons were only
included in the survey if they were both SP- and the CGRP-immunoreactive and formed a
synapse on the section incubated against a particular 1GIuR subunit. This approach made it
possible to determine which 1GluRs were expresscd on NKI1-immunoreactive cells at
synapscs formed by SP- and CGRP-conlaining nociceptive primary afferent terminals.

Postembedding incubations were carried out as described above. Scctions reacted
against the glutamate receptors were etched prior to the immunorcaction, while this step
was omitted for the neuropeplides (see Chapter 3). Primary antibodies and their
concenlrations as follows: (1) rabbit anfibody against NMDA NRIL (1 pg/ml), (2) rabbit
antibody against NMDA NR2A (5.4 pg/ml), (3) a cocktail of rabbit antibodies against
NMDA NR2B-N (10.6 pg/mi) and NR2RB-C (5.2 pg/ml), (4) rabbit antibody against GluR |
{1:50), (5) vabbil antibody against GluR2 (1:100), (6) rabbit antibody against GluR 2/3
(1:150) (7) rabbit antibody against GluR4 (1:200), (8) rabbit antibody against SP
(1:10,000). and (9} sheep antibody against CGRP (1:20,000). Sections reacted with the
sheep CGRP antibody werc incubated in uniabelled rabbit anti-sheep i1gG (Vector, 1:200)
for 2 hours hefore immunogold labelling.

Initially the SP reacted grids were viewed with the TM. The locations of boutons
which formed a synapsc with the NKI-immunorcactive neurons were marked on a low
(750x) and medium (4,200x) power image obtained using the CCL) camera attached to the
clectron microscope. With the aid of relocation software (Remote XY Control, PW6472,
Version 1.0; Philips Analytical, Electron Optics) and the low and medium power images,
the sclecled axon terminals were relocated on the adjacent sections reacted for CGRP or
(GluR. The presence or absence of CGRP immunoreactivity in the bouton and the number
ol gold parlicles representing glutamate receptors at synapscs were noted. With both
neuropeptide antibodies, boutons were counted as immunoreactive if they contained eight
or more gold particles located over dense-cored vesicles, while they were classified as
negative if the profile contained devs thal had no gold particles representing CGRP or ST,
Axon terminals with densc-cored vesicles that had 0-8 gold-parlicles for SP or CGRP were
excluded from the survey. From the relocated terminals high power (17,500x or 24,500x)

digital images were saved and in some cases pliolographs were also taken.
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Emmunotluorescence staining for light microscopy fellowing antigen numasking

Lumbar spinal cord segments and cerebella from two wild-type and two NMDA
NRZA knock-out mice were cut into 60 pm thick sections with a Vibratome. In order to
expose NMDA NRZA receptor subunits at synaptic siles, sections were processed
according Lo an antigen unmasking method involving limited proteolytic digestion with
pepsin, as described by Watanabe et al. (1998). A stock solution, containing 100 mg/ml
pepsin in distilled water was aliquoled and stored at -70°C, and a fresh aliquot was thawed
jmmediatcly before pepsin treatiment. This stock solution was diluted with pre-warmed
0.2M HCI to make up the pepsin working solution. Pepsin freatment was carried out by
incubating sections at 37°C for 30 minutes in doublc distilled water, followed by 5, 10 or
15 minutes in 0.2M TICI containing | mg/ml pepsin (Dako, Glostrup, Denmark) with
continuous agitation. The sections were then rinsed (3 x 10 minutes) in PBS with 0.1%
riton X-100 (PBST) and incubated n affinity purified rabbil anii-NR2A antibody {0.05
ig/mly for 24 hours at 4°C. As the NR2A antibody is not commercially available, to allow
ils use al a very low concentration, a tyramidc signal amplification (TSA} method was
generally used to reveal NR2A subunits. Sections were rinsed and incubated for 2 hours at
room temperaturc in biotinylated donkcy anti-rabbit [gG (Jackson Immunoresearch, West
Grove, PA; diluted 1:500), followed by Streptavidin conjugated to HRP (diluted 1:100,
part of TSA kit) for 30 minutes. Amplification was carried out by incubating the sections
in tetramethylrhodamine fluorophore stock solution diluted 1:50 in Aquplification Diluent
according to the manufacturer's instructions (Perkin Elmer, Boston, MA; NEIL. 702). The
amplification time was 7 minutes. Following rinsing, sections were mounted and stored in
Vectashield at -20°C. In order to assess the effect of pepsin (reatment, some sections that
had not been pepsin-treated were also processed in the same bottles.

Cerebellum and spinal cord sections were viewed with a confocal nucroscope using
a 60x oii immersion lens. Representative areas (laminae 1-1T from the dorsal horn of the
spinal cord and the molecular, Purkinje-cell and granular layers of the cercbellum) were
scanned [rom the wild-type and NMDA NR2A knock-out mice using the same laser
scttings. From the cerebellar folia, where the labelling for NR2ZA was very strong, low

power images were also oblained for illustration, using a 20x dry lens.

RESULTS
Postembedding immunogold Jabelling for NMDA receptors in the rat spinal cord
The ultrastructural appearance of the tissue following freeze-substitution was good.

Membranes were nlacl and cell organelles were easily identifiable. The etching and the
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posicmbedding reaction moderately decreased the preservation of tissue morphology,
nevertheless ccll organelles and synapses were still clearly recognizable (Fig. 4.1a-1).

All NMDA receptor antibodies tested in this part of the study gave strong synaptic
labelling in the spinal cord. The gold particles representing NR1 subunits were present at
asymmetrical synapses throughout the dorsal horn.  Where the plane of section was
perpendicular to the synaptic cleft, most of the particles wete associated with the post-
synaptic density. Labelled synapscs conlained up to 15 gold particles. At the antibody
concenlration at which synaptic labelling was the strongest, some mitochondria, the
beterochromatin of cell nuelel and a proportion of dense-cored vesicles (Fig. 4.2a-b) werce
alsa heavily labelled.  Occasional gold particles were scattered over non-synaptic
membranes.  The len-minute heat weatment before the postembedding incubation
dramatically improverd the signal/noise ratio for this subunit by increasing the synaptic and
reducing the non-synaptic labelling (lig. 4.1a-d). Heating the sections to 90°C gave a
better result than heating to 80°C. Sections treated at 100°C often came olf the grid
probably due to the bubbles formed in the boiling buffer, and in addition the ultrastructure
ol these seciions was inferior to those for which antigen retrieval was carricd out at 90°C,
Following hcal (reatment immunorcactive synapses containcd up to 30 gold particles and
non-synaptic labelling was almost exclusively restricted to mitochondria and some dense-
cored vesicles. Heating did not have a beneficial effect on the other iGIuR antibodies.

From the NMDA antihodies used in this part of the study the NMDA NR2A
antiserum appeared to give the best synaptic labelling. lmmunopositive asymmetrical
synapses contained up to 25 gold particles al their postsynaptic density (Fig. 4.1g-h).
Synapses in laminae IIi and 11 were more heavily labelled than those in Jaminac [ and Ilo.
There was relatively little mitochondrial or extra-synaptic labelling, hut dense corc vesicles
were occasionally very heavily immunorsactive (Fig. 4.2c-d).

Both NMIDA NR2B antibadies gave strong synaptic labelling in the dorsal horn,
with up to 10 gold particles per synapse. Immunogold particles were also scattered at non-
synaptic sites with both antibodies, and some dense-cored vesicles were heavily labelled
(Fig. 4.2e-1). Incubating the sections in a cocktail of NR2B-N and NR2B-C antibodics
approximately doubled the intensily of the labelling (Tig. 4.1i-1). To enhance synaptic
labelling during the combined confocal and EM part of the study these two antibodies were

therefore used in a mixture.




Figure 4.1 LElectron microgtaphs showing postembedding immunogold labelling against
the NMDA NR I {a-), NR2A (e-t} or NR2B (é-1) subunits on freeze-substituted, Lowicryl
critbedded rat spinal cord. Where the planc of section is perpendicular to the synaptic cleft
{c.g. a), the 10 nm gold parlicles representing the receptor subunits are located al the
postsynaptic densities of asymmetrical synapses. Inunmunoreactive synapscs contain up to
28 gold particles. Pictures representing NR1 subumis were obtained from sections which

were suhjected to heat-treatment. Scale bars, 200 nni.
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Combined confocal and electron microscopic analysis of NKI1 cells

The distribution of NK1 receptor expressing cclls scen with confocal microscopy
was similar to that reported in other studies (Sakamoto et al., 1999). NK1-immunoreactive
cell bodies were found in laminae T, TTT and [V. The neurons selecied for analysis were
representative examples of the Tavge lamina /1Y NKI-immunoreactive cells that have
dendrites projecting dorsally to the superficial laminae (Fig. 4.3a). Neuronal nuclei were
stained with both PI and NeuN, while non-ncuronal naclei were only labelled with P In
neurons weak cytoplasmic labelling against NeuN was often visible (Figs. 4.3¢; 4.4a).

With the electron microscope the ultrastructural appearance of the tissuc previously
subjected 1o confocal microscopy was slightly compromised. Nevertheless, membranes,
cell organelles and synapses were identifiable (Fig. 4.4d-g). On seclions reacted with
antibodies against either SP or CGRP, gold particles representing the neuropeptides were
mainly found over dense-cored vesicles in axon terminals. Several SP-immunoreactive,
dense-cored vesicle containing boutons were apposed to the dendrites of the NK | -cells, but
these were only analysed if they had gold particles representing CGRP and formed at least
one synapse on any of the serial sections reacted against an iGIuR (Tig. 4.4). Altogether
42 SP- and CGRP-immunoreactive, (presumed nociceptive primary afferent) axon
terminals that formed synapses on grids reacted for an iGluR were 1dentified on the two
cells (33 on Cell 8 and 9 on Cell 6). These boutons formed 54 asymmetrical synapses.
Gold parlicles representing all five 1GIuR subunits examined in this study were found
associated witl the postsynaptic densities of NKlI-posilive dendrites. However, the
number of particles/synapse and the proportion of labelled synapses varied for the different
subunits (Fig. 4.5). Synapses were counted as positive if they were associated with two or
more gold particles coding for an iGluR subunit and were considered cquivocal if they
only had onc particic. QOul of the 25 synapses found on ultrathin sections reacted for
GluR1, 10 were positive, 11 wore negative and 4 were equivocal. Of the 17 synapses
examined for GluR2, 7 were positive, 7 were negative and 3 were equivocal. Only four
synapses could be relocated on grids reacted with the NR1 antibody: 3 wexe positive and 1
was negative. 'or NR2A, 21 synapscs were found and 3 of these were cquivocal, while the
remaining 18 were positive.  For NR2B out of the 18 synapses, 1 was pegative, 1 was
cquivocal and 16 were positive. The average number of gold particles/synapse was 1.0 for
GluR1, 3.3 for GluR2, 2.5 for NR1, 5.6 [or NR2A and 5.5 for NR2B. Statistical analysis
of the immunogold labelling was not carried out, due to the small sample number.

Serial sections cut through the sanie synapse and reacted against different 1GluR

subugils revealed that gold particles corresponding to different subunits could be found on




Figurc 4.3 Projected confocal image showing an NK1-immunoreactive neuron {a, greern),
with its cell body located in lamina 11l and dendrites projecting dorsally to laminae I-11.
Several other NKI1-immunoreactive dendrites form a plexus in the superficial lamina. Part
of the top left dendrite (box) is shown at higher magnification at the right (b-¢). On (¢) cell
nuclei surrounding the selected dendrite are also visible. All nuclei are stained with
propidium iodine (red), while NeuN-immunoreactive neuronal nuclel are also stained with
Cy5 (blue). Cell nuclei serve as landmarks and three of these are marked with numbers (f,
2 and 3} The same area I1s shown on Figure 4.4 with both confocal and electron

microscopy. Scale bars, 10 pm.







Figure 4.4 Matching confocal and EM images from the same cell (Figure 4.3a-c) are
shown in («) and (#). On the left image, an NKi-immunoractive dendritc (the same as
illustrated on Figure 4.4b-¢) forms two branches (¢/ and ¢2). Glial cell nuclei (red) are
marked with asterisks, while neuronal nuclel (purple) are numbered (/7-5). There is a faint
cyloplasmic NeuN staining (blue) surrounding the nenronal nucleus marked with (£). An
endothelial cell nucleus (arrow) is also visible. The samc profiles are present and clearly
identifiable on the low power EM picture (b). (c¢) shows the box in () at a higher
magnification. The two dendritic branches (¢7 and 2) are surrounded by several axon
terminals, some of which form synapses. A houton forming a synapse with the dendrite is
visible inside the box. (d-e¢) are serial sections cut through the same bouton and reacted
wilh an antibody aguinst CGRI (d, g), SP (f) or NR2A (e). On the serial sections reacted
for the neuropeptides, 10 nm gold particles representing SP or CGRP are located inside
dense-cored vesicles, suggesting that the bouton belongs to a nociceptive primary afferent
terminal. The synapse formed by this bouton has 21 gold particics representing the NR2A
subunit of the NMDA rcceptor {e). (#) and (7) are higher magnification untilted and tilted
images of the synapse from (e). On the tilted tmage (f) gold particles are located on the
postsynaplic density. Box on (&) cormesponds to an area of 15.8 x 14 um. Gold particles

are 5 pun. Scale bar, SO0 mmn.
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(he same sypnapse. Four synapses were immunoreactive for NR2A and NR2B, one for
GR2 and NR2B, 3 lor GluR]1 and NR2A, one for GluR1, GluR2 and NR2A, and 2 for
NR1 and NR2B.

Immunotluorescence and immunogold study of NMDA NRZA knock-out mice

During the study into the synaptic distribution of NMDA receptors in the dorsal
horn, strong dense-coted vesicle labelling was obscrved inside axon terminals with all
NMDA antibodics used (Fig. 4.2a-[). NMDA receptors have been found in primary
afferent axon ferminals in the spinal gray matter (Liu ¢t al., 1994; T.u et al,, 2003), and
these are thought to function as presynaptic rcecptors (see Chapter 1).  in order to
delermine whether gold particles found over dense-cored vesicles corresponded (o
presynaptic receptors in fransit to the membrane or whether these represented non-specific
tabelling, postembedding immunogold reactions were carried oul against NRZA on five
wild-type and five NMDA NR2A knock-out mice,

With the postembedding immunogold method wild-type mice showed similar
labelling pattern (i.e. dev and synaptic labelling) to that observed in rals. Howcver,
surprisingly, i the knock-out animals not only did the dense-cored vesicle labelling
remain (Fig. 4.6d), but there was also significant synaptic labelling (Fig 4.6a-c). Synaptic
labeliing in the knock-out animals was always weaker than that i the wild-types (Figs.
4.7, 4.8, 4.9). Although not studied systematically, it appeared that in the NR2A knock-out
animals, postsynaptic densities of asymimetrical synapses were thinner than in the control
mice. A quantilative analysts of the immunogold labelling was carried out to test whether
increasing the salt concentration in the TBST from 0.3% lo 0.6% or (.9% could eliminate
this apparent non-specific immmunolabelling in the knock-out tissue, while leuving the
authentic synaptic labelling intact. Increasing the NaCl concentration in the buffers
dramatically reduced the intensity of synaptic labelling in both the wild-type and the KO
ammals. On sections [fom two wild-type and two NMDA NR2A KO mice incubated in
buffers containing 0.3% NaCl the means of the Lotal number of gold particles counted over
100 randomly selected synapses in each animal were 180 (WT) and 84 (IKO), respectively.
Corresponding numbers for sections incubated in TBST containing 0.6% NaCl were 70
and 28, while for 0.9% salt concentration these numbers were 31 and 12 (Fig, 4.9). The
ralio of these means (WT/KO) were 2.1 lor 0.3% Na(l, 2.7 for 0.6% NaCl and 2.6 for
(1.9% NaCl.

Although diaghostic PCR showed that the NR2A subunit was absent in the knock-

out mice (Prol. Masahiko Watanabe, personal communicalions), antigen unmasking




Kigure 4.6 [Electron microscopic tmages showing postembedding immunogold labelling
for NR2A subunits at synapses (a-c) and dense-cored vesicles (d) in mice where the NR2A

sybunit has been knocked-out. Note the thin appearance of the postsynaptic densities.

Scale burs, 200 nin.
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Figure 4.9 Diagram showing the total number of gold particles counted over 100
randomly selected synapses tu lamina [ of two wild-type (red and light blue) and two
NR2A knock-out (pink and dark blue) mice, using the NR2A antibody with various NaCl
concentrations in the incubation buffers (0.3%, 0.6% and 0.9%). Incrcasing the salt
concentration reduced the numbers of gold particles at synapses in both the knock-out and
the control animals, but did not dramatically increase the ratio of wild-type/knack-out

labelling,
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immunocytochemistry was also performed to confirm this with an independent techniquc,
Sections that had not been treated with pepsin did not show any Inmmmunostaining, while
after pepsin-treatment a strong punctate immunostaining representing NR2ZA appeared in
the sections from wild-type animals (Fig. 4.10a-c). Punctate labelling was sirongest on
scctions pepsin treated for 10 minutes, while il was weak or absent following proteolylic
digestion for 5 minutes. Many of the scctions pepsin digesied for 15 minutes were
damaged, although the ones which remained mtact showed punctale labelling.  The
granular fayer of the cerebellum showed a very strong immunoreactivity, which was
presumably associated with synapses formed by mossy-fibre terminals (Yamada et al.,
2001). No slaining was seen in the molecular layer. A faint non-specific immunostaining
was observed in the cell bodies of Purkinje-cells in the Purkinje-cell layer (Fig. 4.10a-b).
This distribution of NRZA labelling in the cerebellum matched those reported previously
by other studies (e.g. Yamada ci al., 2001). In the spinal cord of the control animals
punctate NMDA NR2A labelling wag strongest in tamina 11 with much lower levels
elsewhere, except lamina II, where it was virtually missing (Fig. 4.10¢). A fow strongly
labelled puncta werc also visible in lamina I The NMDA NR2A koock-out mice did not
show any immunolabelling, cxcept in the Purkinje-cell layer of the cerebellum, whare a
laint non-gpecific staining was seen in the ccll bodics, similar fo that observed in the

control animals (Fig. 4.10d-¢).

DISCUSSION
Enhanced immunogold 1abelling for NR1 following antigen reirievai with heat
Aldchyde fixation, especially with divalent aldehydes like glutaraldehyde creates
cross-links between tissue proteins, which mask the epitopes from being recognized by
antibodies. Various antigen refrieval technigues, including heating the tissue to 100°C and
above, have been used to overcome these difficulties (for reviews see Shi et al., 2000;
FHayat, 2002). Tlis approach has also been successfully used previously to increase the
level ol postembedding immunogold labelling on sections embedded in both epoxy-, and
acrylic-resins (Stirling and Graff, 1995; Brorson ct al., 1998, 199%a, 1999, 2001). The
inding that incubating the grids at 90°C for 10 minutes increased synaplic labelling and
decreased non-synaptic immunogold abelling, suggests that heatl reduces the detrimental
effects of aldehydes on the antigeutcity of synaptic NR1 epitopes. This is probably
achieved by breaking up the cross-links formed during fixation, while heating presumably
denatures epitopes responsible for non-synaptic and background labelling. The increased

sensttivity at synapses and the deercased level of background labelling both conlribuled to
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an improved signal/noise ratio. The fact that heating does not improve the immunogold
labelling for the other 1GIuR antibodies tested suggests, thal these receptors arc either not
extensively cross-linked during fixation, or else that they do not tolerate heat treatment,
However, the vajue of antigen retrieval with heating for the detection of NR1 subunits
needs 1o be reconsidered in the light of subsequent (indings with the NR2A antibody on

NRZA knock-out mice.

Apparent non-specific immunogold labelling with an NMDA NR2A antibody
Postembedding immunocytochemistry on freeze-substituted tissuc has been widely
used to study the localization of synaptic proteins (Nusser et al., 1994, 1995, 19906, 1998;
Baude et al., 1995; Bernard et al., 1997; Lajan et al, 1996; Clarke and Bolam, 1998;
Gingrich et al,, 2004), including the NMDA recepfors (He et al., 1998; Racca et al., 2000;
Rossi el al., 2002; Kohr et al.,, 2003; Nyiri et al., 2003) which arc usually not detectable
with conventional immunocylochemical techniques. In this study, commonly used tissue
processing and incubation protocols were employed (Matsubara et al., 1996, 1999;
Landsend et al.,, 1997; Niisser et al,, 1998; Takumi et al., 1999; Sassoc-Pognetto et al,,
2000, 2003; Bergersen et al., 2001; He et al., 2001; Rossi et al., 2002; Kobr et al., 2003;
Ragnarson et al., 2003; Todd et al., 2003), and these were optimized for the detection of
synaptic proteins (etching, overnight incubalion at room temperature, 0.3% NaCl in
bulfers). With this roethod, dense-cored vesicle and synaptic labelling were observed with
a well-characterized, alfinity-purified NMDA NR2A antibody in five mice, in which the
NMDA NR2A subunit had been knocked out. Diagnostic PCR and imununofluorcscence
fotiowing antigen unmasking confirmed that these amimals lacked the NR2A subunit. This
suggests that the mumunogold labelling observed was non-specific. It is possible to explain
the dense-cored vesicle labelling by the Fact that (he cross-reactivity of the NR2A antibody
was tested on Western blots prepared from the PSD fraction of brain homogenatcs
(Watanabe et al.,, 1998). Therefore, the antibody could react with onc or more proteins
cxpressed in densc-cored vesicles and this would remain undetected during specificity
lesls,  However it is not casy to account for the synaptic labelling observed in the
lransgenic animals. A possible explanation would be that the knock-out mice express a
truncated (orm of the receptor, which is susceptible to proteolytic digestion, thus it is not
revealed by immunocytochemistry following antigen unmasking, but remains detectable
with postembedding immunogold method. However, this can be ruled oul since the NR2A
antibody did not give immunolabelling on Western blots prepared from the PSD fraction of

NR2A knock-out animals (Walanabe el al., 1998).
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The immunogold labelling pattern in the knock-out animals suggests that the
NMDA NRZA antibody selectively binds to subcellular compartments with a high protein
content, and that this binding is non-specific. Siles with high protein concenlration include
the heterochromatin of cell nuclei, mitochondria, dense-cored vesicles and postsynaptic
densities, Non-specific binding of antibodies fo structures with high protein concentration
is @ well-known phenomenon in immunohistochemistry. It is gencrally caused by weak
tonic forees acting between the antibody and tissue proteins. As carly as 1975, Aarli et al.
found that the Fe-portion of purified [gG antibody molecules hinds to protcins in the CNS.
Paasivuo and Saksela (1983) found that Fe-fragments were responsible for the non-specific
binding of antibodics lo astrocytes in human brain tumors, while Costa ct al. (1984)
reported that the F.-fragment of antibodies binds to histone proteins.

Using postembedding immunocytochemistry Josephsen et al. (1999) showed
selective, but non-specific labelling of enamel protein-associated compartments by a
monaocloval antibody against vimentin, The antibody used in their study was specific for
vimentin, and on Western blots it did not stain unfixed enamel proteins. However,
lollowing fixation lhese proteins also became immunoreactive, suggesting thal the
aldehyde fixation secondarily generated the epitopes responsible for the non-speeific
mmunostaining and immunogold labelling. This implicates the role of the Fy,-portion of
the 1gG molecules involved.

Non-specific labelling of synaptic proteins with the NMDA NR2A antibody
appeared to occur with the postembedding method, but not with the antigen unmasking
lechnique or with Western blotting. This raises the possibility that a tissue processing step
during [reeze-substitution and resin embedding led to the changes in synaptic protein
structure, which resulted in the non-gpecific binding to PSDs. This binding could be
mediated by the Fy-fragment of the antibody, because (1) not all asymmetrical synapses
were labelled, (2) the non-specific labelling occurred despite blocking with 2% HSA,
which is known to block epilopes contributing to background staining and (3) increasing
the NaCl concentration in the TBST (o compensate for the weak iounic forces usually
responsible for background labelling did not significantly change the signal/noise ratio at
synapses. However, 1L 35 equally possible that the non-specific labelling abserved at
synapscs in the knock-out animals is not against a particular epitope, but only represents
selective binding of the antibody to proteins in the PSD. For postembedding iGluR
immunogold labelling antibodies are generally used at a much higher concentration (for
NRZA 5.4 npg/mly than for immunofluorescence {for NR2A 0.05-1 pg/ml) or

immunoblotting (for NR2A 1 pg/ml). This lact could cause or coniribute to the non-
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specific binding scen with the NR2A antibody, Regardless of whether the Fyy- ot F.-
fragments were responsible for the non-specific synaptic labelling observed in this study,
these [indings draw attention to the fact thar antibodies can behave differently under
different conditions and this could lead to a serious misinterpretation of the results.

The intensity of synaptic labelling was on average only 2.5 times higher (2.1 for
0.3%, 2.7 Tor 0.6% and 2.6 for 0.9% NaCl) in the wild-typc animals than in the knock-outs.
This suggests that at least 40% of the immunogold labelling at synapscs seen with the
NR2A antibady in control mice was non-specific. In fact, this could be an underestimate,
becausc asymmetrical synapscs appeared to be thinner in the fransgenic animals. NR2A
subunits have a large carboxy-terminal domain (Ikeda et al., 1992) and this region contains
interaction sites with other NMDA subunits and a number of synaptic proteins such as
PSDYS (Kornau et al., 1995; Kim et al., 1996; Mori ct al., 1998; Sprengel ct al., 1998). In
addition, this region alse provides a physical linkage to several intracellular signal-
transduction  molecules, for example Ca’*/calmodulin-dependent protein kinase II
{Omlumar et al., 1996). The loss of NR2ZA subunits from a region where they are
otherwise cxpressed at high levels could result in the subsequent loss or reduction of other
PS> components. Tsunoda et al, (1997) suggested that preventing the interaction of ion
channels with their PDZ-domain proteins could decrease the half-life of the signalling
molecules. The loss of NR2ZA subunits and the reduction of other synaptic proteins could
thus result in the thinner electron microscopic appearance of the PSD. This might partly
account for the weaker lubelling observed in the knock-out mice. Some of the synaptic
gold particles in the wild-type mice may represent authentic NR2A. subunits.  Howcever,
cven (f this is the case, such a high nou-specific/specific ratio would be unacceptable for
the accurate localization of synaptic NR2A subunits.

The labelling patterns seen in rats were similar with all NMDA antibodics tested,
particularly in terms of dense-cored vesicle labelling. Therefore the non-specific labelling
observed with the antibody against NMDA. NR2ZA subunits raised serious concerns about
the validity of the immunogeld labelling carried out against the other NMDA receplors in
this study. Although it cannot be ruled out that (he labelling with the NR1, NR2B-N and
NR2ZB-C antibodies was specific, due to the lethality of NMDA NR1 and NR2B knock-out
mice {(Kulsuwada et al., 1996; Forrest et al., 1994), the specificity of these other antibodies
could not be tested on transgenic animals.  [L was therefore concluded that the data
obtained on the distribution of NR1, NR2A and NR2B subunits in the spinal cord and the
NMDA receptor expression pattern ol NKi-immunoereactive neurons, could not be

considered valid.




These findings raise the question, whether the postembedding method is suitable
for detecting synaptic AMPA receptors. There is evidence suggesting that (hese receptors
can reliably be detected with the immunogold technique. For example §,-receptor (a
synaplic protein structurally related to AMPA and NMDA receptors) antibodies
distinguished almost perfectly between the postsynaptic densities of parallel and climbing
fibres in the cerebellum (Landsend et al., 1997). AMPA receptors were absent from those
Schaffer collateral-commissural synapses of the adult rat hippocampus, which were
sialler than 180 mm in length, while they woere present at larger ones (Takumi et al., 1999),
The AMPA/NMDA receptor ratio for these synapscs was a linear function of the
posisynaptic density diameter. Matsubara el al. (1996) found that synapses between the
mner hair cells and the afferent dendriles in the rat organ of Corti had gold particles
representing GIuR2/3 and GluR4 subunits of the AMPA receptor, but they lacked GluR1.
This lack of GUR1 immunogold signal was not caused by methodological problems since
labelling was observed in hippocampal sections processed in an identical way, Ragnarson
el al. (2003), found that [a synapscs in the ventral horn of rat spinal cord were very rarely
labciled with a GluR 1 antibody (<5%), but had other AMPA subunits, while Alvarez et al,
(personal communications) has detected high levels of GluR4 in the ventral horn and very
low levels in the superficial laminae ot the dorsal horn. These findings in the spinal cord
are consistent with those obtained with antigen unmasking immunohisiochemistry (see
Chapler 5). It should also be pointed out that in the present study significant non-synaptic
tabelling was observed with all iGluR antibodies used, while for example Baude et al.
(1995} reported that in the hippocampus immunogold particles representing AVIPA
receplors were very ravely seen at extrasynaptic membranes and not at all within the spine
away from the plasma membrane. These [indings therefore suggest thal postembedding
immunogold can be successfully used to detect AMPARs. However thesc results show
that us with other immunocytochemical techuiques, the postembedding immunogold
method on [reeze-substituted tissue is not frec of artefacts. They stress the need for the use
ol appropriaic conirols during immunacytochemistry, ideally involving knock-out animals.
Controls have to be carried out under conditions identical or closely similar to those used

[or obtaining the data.

Combination of immunofluorescence and postembedding immunocytochemistry
The original aim of the combined confocal and EM study was (o identify three
famina IT/IV NK1-immunorcactive neurons and to examine at least 20 synapses formed by

SP- and CGRP-conluining nociceptive primary afferents for each receptor on each cell.
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Due to the concerns with the postembedding detection of NMDA receplors on freeze-
substituted tissue this study was aborted Iess than half way through.

Nevertheless, the combined confocal and electron microscopic method developed
for this study could be useful in the future for morphological investigations at the
ultrastructural level,  This method is especially powerful for (1) identifying and
neurochemically characterizing cells with a particular three-dimensional structure or (2) for

examining markers which are not detectable by the postembedding immunogold technique.

Antigen nnmasking can sexve as an alternative for detecting synaptic receptors

Although this study initially set out to examine NMDA receptors in the spinal cord
using the postembedding method, it became apparent during the course of the work that the
immunogold technique can give non-specific synaptic labelling with NMDA receptors
antibodies. [lowever, an important {finding of this study has been that antigen unmasking
with partial proteolytic digestion can be a suitable alternative to the postembedding
mmmunogold method for detecting synaptic NMDA receptors.  In the past, various
(echniques including hicat treatment, microwaving and proteolytic digestion, have been
developed by pathologists to reduce the detrimental effeet ol aldehyde-containing fixatives
on antigenicity. These are collectively called antigen retrieval techniques as they aim to
recover epitopes cross-linked during fixation (for reviews see Shi et al.,, 2000; Hayat,
2002). The situation is somewhat different for iGluRs located at asymmetrical synapses as
these arc not only cross-linked by the fixative, but also masked by the postsynaptic density.
For these receptors pepsin ireatment is likely Lo act by partially digesting the proteins of
the PSD or synaptic cleft, This presumably exposes proteins that are otherwise hidden.
Therefore the terni antigen unmasking is used throughout this thesis, because it belter
describes the mechanism by which pepsin digestion is likely to work. For more details on
the theory behind antigen unmasking with pepsin sce Chapter 5.

A potential advantage of confocal detection of i{GluRs is thatl il is suitable for
cxumining large number of synapses. Ilowever this techmique is not appropriate for
analysing the subsynaptic distribution of proteins or for differentiation between receptors
located in the pre- or postsynaptic membranc, The punctate NR2A labelling found in the
spinal cord with this method is almost certainly authentic as it was absent in the NR2ZA
knock-out mice, and also beeause ihe luminar distribution matched that reported with
sit hybridization for NR2ZA mRNA (Watababe et al., 1994). For further details

concerning NMDA receptors in the spinal cord see Chapter 6.




Chapter 5

Distribution of AMPA receptors at glutamatergic synapses in the rat
spinal cord and phosphorylation of GluR1 in response to noxious

stimulation revealed with an antigen wnnmasking method




INTRODUCTION

Despite a number of previous anatomical studies the precise distribution of AMPA
receplors at glutamatergic synapses in the spinal cord remains unknown., mRNAs for all
four subumils of the AMPA receplor have becn identified in the spinal gray maiter (sec
Chapter 1). Although several immunaecytochemical studies have also becn camried out with
antibodies against various AMPA subunits (Tachibana et al., 1994; Jakowce et al., 1995a;
Popratiloft et al., 1996, 1998a; Morrison et al., 1998; Spike et al., 1998), it is unlikely that
these revealed receptors at excitatory synapses, since these are thought to be inaccessible
duc to the extensive cross-linking of the elaborate protein meshwork of the synaptic cleft
and post-synaptic densily that occurs as a result of chemical fixation (sec Chapter 2).
Popratiloff et al. {1996, 1998a) used a postembedding immunogold method to identify
AMPA receptors at synapses formed by primary afferents in the dorsal horn, while
Morrison et al. (1998) and Ragnarson el al. (2003) used the same approach to examine
GluRs al veniral horn synapses, Postembedding tmmunogold labelling was also used in
Chapter 3 {0 detect the GluR2/3 and GluR1 subunifs at somatostatin- and cnkephalin-
immunorcactive axon fermnals. However, despite these studies, the distribution and
colocafization of AMPA subunits at individual synapses and thc AMPA receptor
expression pattern of various neuronal circuits in the spinal cord remains unknown. [n
addition the postembedding method for detecting AMPA reccptors is relatively insensitive,
it is not suilable for examining large numbers of synapses and due 10 the non-specific
labelling patterns observed with the NR2ZA antibody it caunot be used for determining
whether AMPA and NMDA receptors are expresscd at the same synapse.

Detection of iGluR subunits at synapses in the spinal cord with confocal
microscopy would allow several important and yet unresolved issues to be addressed.
These include the occuwrrence of synapscs that lack GIluR2, and would thus have
exclusively Ca™-permeable AMPA receptors (e.g. Engchman et al., 1999; Vandenberghe et
al., 2001), the possible existence of "silent” synapses that possess NMDA but not AMPA
receptors (Li and Zhuo, 1998; Bardoni et al., 1998; Baba et al., 2000), the inscrtion of
AMPA receplors into glutwmalergic synapses as a possible mechanism contributing to
central sensitization in chronic pain states (Popratiloff et al., 1998a; Ji et al.,, 2003) and the
changes in AMPA expression pattern of synapses during development (Jakowec et al,
1995a, 1995b) or pathological conditions (Mennini et al., 2002; Van Damme et al., 2002;
Kawahara et al.,, 2003, Nagano et al,, 2003). In addition, AMPA receptors subunits are
significantly different in their physiology, pharmacology and involvement in synaptic

plasticity (Dingledine ¢t al,, 1999), TFor example GluR1 subunit-containing AMPA
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complexcs require activity for synaptic delivery, while those that contain GJuR3
constitutively cycle inlo and out of the synapse (Bredt and Nicoll, 2003). Phosphorylation
can also effect the function of AMPA subunits in different ways and this has been reported
o play a role in the central sensitization occurring in chronic pain states (Sandkiihler,
2000; Fang ct al., 2002, 2003; Ji ct al., 2003). Kunowledge of the subunit composition at
synapses in specific neuronal circuits is therefore of fundamental importance for our
understanding of synaptic function and plasticity.

In the present study, synaptic AMPA subunits were examined with confocal and
clectron microscopy, by using the antigen unmasking method based on proteolytic
digestion. It has been shown in Chapter 4 that this methed is suitable for revealing synaptic
receptor subunits in the spinal cord. In this Chapter the frst demonstration of the laminar
distribution of all four AMPA subumils at synapses in the rat spinal cord is provided and
the extent of colocahization between GluR2 and GluRY or GluR2, GIuR3 and GluR4
subwiits 15 also examined. For GIuR1 and GIuR2 subunits, their relationship to different
types of glutamatergic axon was investigaled. These two subunits are the most abundant in
the dorsal horn, and are thus likely {o be present at synapses formed by primary alfercnts
and Involved in sensory processing. It is also shown that this method can be used in
functional studies, since il wus possible to demonstrate phosphorylation of GluRi at

synapses in the superficial laminae in responsc o noxious stimulation,

MATERIALS AND METHODS
Antibody preparation

Affinity-purified rabbit antibodies against GluR1 and GluR2 (Chemicon) and a
monocclonal mouse antibody against GluR2 (Chemicon; cat. no. MAB397: clone 6C4)
were all found to give a punctate labelling pattern on sections of spinal cord following
antigen retrieval with pepsin weatment. However, other commercially available GluR
antibodies did not give acceptable immunostaining with this method. Thereforc a rabbit
polyclonal antibody against the C-terminal amino acid residues 830-862 of the mouse
GiuR3 (R3C peptide} and a guinea pig polyclonal antibody against amino acid residues
245-273 of the mouse GiuR4 (R4N pepiide) were generated by a collaborative pariner in
Japan, as described by Nagy et al. (2004). To test the specificity of these antibodies,
Western blotting, dot blotting and immunocytochemistry, using antibodies that had been
pre-absorbed with the appropriate synthetic peptides, were carried out. Immunoblots were
performed by Dr. Masahiro Fukaya (as described by Nagy et al., 2004). For pre-absorplion

experiments synthetic peptides (0.2 pg/mil) were added to the primary antibodies. 'I'o check
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the cross-immunoreactivity of GluR3C antibody to the GIuR2 subunit, dot blot assay was

performed using C-terminal peptide for GluR2 and GluR3 subunits {R2C and R3C).

Animals for immunocytochemistry

Twelve adult male Wistar rats (220-390 g; Harlan, Loughborough, UK) were
deeply anaesthetised with pentobarbitone (300 mg i.p.) and perfused through the left
ventricle with a fixative consisting of 4% [reshly de-polymerized formaldehyde (10 rats,
[or confocal microscopy) or 4% formaldchyde/0.1% glutaraldehyde (2 rats, for electron
microscopy).  To investigate the phosphorylation of GluR1 subunits al glutamatergic
synapses following noxious stimulation, three additional adult male Wistar rats were used.
These animals received a capsaicin injection (Sigma, Poole, UK, 250 pe dissolved in 25 il
saline containing 7% Tween 80) into the plantar surface of the left hindpaw under general
anaesthesia with ketamine and xyluzine (73.3 and 7.3 mg/kg i.p., vespectively). Rats were
marntamed under general anacsthesia for 10 minutes after capsaicin injection and then
perfused with 4% formaldehyde under terminal pentobarbitone anaesthesia (as described
above). Lumbar spinal cord segments from all anmimals were removed and stored in the
same fixalive for 8-24 howrs, befare being eut into transverse 60 pum thick sections with a
Vibralome. Sections were immersed in 50% ethanol for 30 minutes prior to

immunoreaction {o enhance antibody penctration (Llewellyn-Smith and Minson, 1992).

Immunofluorescent detection of GIuR1-4

In order o exposc AMPA receplor subunits at synaptic sites, scctions were
processed according to an antigen unmasking method involving limited proteolytic
digestion with pepsin, as described by Watanabe cf al. (1998). In some experiments
glulamatergic axons were identified by using antibodics against the glulamate transporters
YGLUTTD and VGLUT2, which are mainly associated with myelinated primary afferents
and cxcitalory interneurons, respeetively (Todd et al,, 2003). Although unmyelinated (C)
primary alferents are glutamatergic (De Biasi and Rustioni, 1988; Broman et al., 1993), it
has been found that many of them do not have detectable levels of cither VGLUTI or
VGLUTZ (Todd et al., 2003; Landry et al., 2004}, and it also appears that these afferents
do not contain VGLUT3 (Oliveira ct al.,, 2003; Landry et al., 2004). Peptidergic and non-
peptidergic C affercnis were therefore identified with antibody against calcitonin gene-
related peptide (CGRP) (Ju ot al., 1987), and binding of Bandeiraea simplicifolia isolectin
B4 (B4} (Silverman and Kruger, 1990), respectively, In preliminary experiments it was
found that following antigen unmasking with pepsin immunostaining for CGRP
completely disappeared, while staining for VGLUTSs and binding of IB4 were reduced near
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ihe surfaces of the Vibratome section, wherc punctate staining for the GIluRs was optimal.
Detection of thesc axonal markers was therefore carried out prior to proteolysis, by using
the tyramide signal amplification (TSA) mcthod. This results in deposition of covalently-
bound fluorophore (Gross and Sizer, 1959) that was found to be resistant to subsequent
pepsin reatment. Pepsin treatment was carried out by incubating sections at 37°C for 30
minutes in phosphate buffered saline (PBS) followed by 10 mins in 0.2M HCI containing 1
mg/ml pepsin (Dako, Glostrup, Denmark) with continuous agitation. The sections were
then rinsed (3 x 10 minutes) in PBS. For sections that were processed [or
immunofiuorescence and confocal microscopy, the PBS contained 0.3% Triton-X100.

To investigate whether GluR1- and GluR2-immunorsactive puncta are apposed to
vartous lypes of glutamatergic axon lerminal, spinal cord scctions from three rats were
incubated for 72 howrs at 4°C in one of the following: (1) guinea pig auli-VGLUT!
antibody (Chemicon, diluted 1:200,000 or 1:500,000), (2} guinea-pig anti-VGLUT2
aniibody (Chemicon, diluted 1:50,0600), (3} a mixture of both guinea pig VGLUT
antibodies {(al the corresponding concentrations), (4) guinea-pig antibody against caleitonin
gene-related peptide (CGRP)Y (Bachem Ltd, Merseyside, UK, diluted 1:100,000), or (5}
biotinylated BS-IB4 (Sigma, 2 ug/ml). Following rinsing they were incubated for 2 hours
al rcom temperature in biotinylated donkey anti-guinea pig lgG (Jackson Immunoresearcl,
West Grove, PA; diluted 1:500) (except for those sections which were used to detect 1B4-
binding) and then processed with a TSA kit (tetramethylthodamine, NEL 702; Perkin
Elmer, Boston, MAY) as described in Chapter 4. Sections were rinsed threc times in PBST,
subjected 1o pepsin treatmient (as described previously) and then incubated for 24 hours at
4°C i a cocktail of rabbit anti-GluR1 (1:500) and mouse anti-GluR2 (3.9 ug/ml)
antibodies. Following further rinsing, they were incubated for 2-24 hours in species-
specific fluorescent secondary antibodies: donkey anti-mouse IgG conjugated to Alexa 488
{Molecular Probes, Eugene, OR; diluted 1:500) and donkcey anti-rabbii Ig@G conjugated 1o
cyanine 5.18 (Jackson Immunoresearch; diluted 1:100). They were then mounted with anti-
fude medium (Vectashield, Vector Laboratories, Peterborough, UK) and stored at -20°C.

To examine the relutionship between GluR2, GluR3 and GluR4 subunits, triple-
labelling inumuno luorescence was carried oul.  Pepsin-treated scctions {rom 3 rais were
incubated for 72 hours at 4°C 1n a mixture of mouse anti-GluR2 (3.9 Lg/ml), rabbil anli-
GiR3 (GIUR3C) (041 pug/ml) and guinea-pig anti-GluR4 (GIuR4N) (.76 pg/ml)
antibodies. They were then rinsed in PBST and incubated in a mixture of the following
species-specific secondary antibodies: donkey anti-mouse 1gG conjugated cyanine 5.18

(Jackson Immunoresearch, diluled 1:100) for GluR2, donkey anti-guinca-pig IgG
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conjugated to Rhodamine Red (Tackson Immunoresearch, diluted 1:100) for GluR3 and
donkey anti-rabbit IgG conjugated 1o Alexa 488 (Moleenlar Probes; diluted 1:500) for
GluR4. Alter the incubation sections were mounted in Vectashield and stored at -20°C.

Pre-absorption controls for the GluR3 and GluR4 antibodies were carried out by
adding R4N peptide to the GluR4 antibody and R2C or R3C peptide to the GluR3 antibody
(10 pg/ml peptide added to 50 pg/ml antibody in each case) and then diluting the antibody
to the concenlrations given above. To compate the staining obtained with the rabbit and
mouse GIURZ antibodies, some sections were treated with pepsin and mcubated in a
cocktall of these two primary antibodies, followed by appropriate fluorcscent species-
spectfic scecondary antibodies.

In order to assess the quality of AMPA-immunolabelling on tissue that has nol been
subjected to antigen unmasking, spinal cord sections that had not been pepsin-treated were
also processed for immunofluorescence. These control sections were incubated in either
rabbit anti-GluR1 (1:500), mouse anti-GluR2 (3.9 pg/ml), rabbit anti-GluR3 (0.41 pg/ml),
or guinea-pig anti-GluR4 (0.76 ug/ml), followed by appropriate fluorescent species-

specific secondary antibodies (as described above).

Confocal microscopy and analysis of GluR1-4

To investigate the colocalization of GluR2, GluR3 and GluR4 at immunoreactive
synapses, sections reacted with a cocktail of antibodies against these three subunits were
analysed. A single, representative section from each of the three animals was scanned
through a 60x oil-immersion lens with the Bio-Rad Radiance 2100 confocal laser scanning
microscope. Z-series were scanned at 0.3 pm z-separation through the upper 10-15 pm of
the section (since penetration of GIuR staining was generally limited to this depth), and 5
regions were analysed in cach case: laminac L1, TIT, TV, V and IX (Molander and Grant,
1984). Confocal image stacks were analysed using the MctaMorph image analysis software
(Universal Imaging Corporation). During the selection of immunoreactive puncta for
analysis, it was important not to be able to determine the subunit combination of individual
puncta. Therefore the three colour channels representing GluR2, GluR3 and GluR4
subunits were initially merged and then combined {o produce a monochrome image. One
hundred immunoreactive puncta were selected from each region in each animal. To avoid
bias lowards brighter puncta, a 100-square grid was placed on the image and the punctum
that was closest to the lower right corner of each square on the grid was selected on an

oplical seclion from ncar the upper surface of the Vibratome section. The selecled
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immunoreactive puncta were then examined in the original three-colour image stack and
the presenee or absence of immunoreactivity for each subunit was determined.

To examine the relationship of GluR1 and GluR2 to various glutamatergic axon
terminals, from each of three rats a single section reacted against these subunits and
VGLUTL, VGLUT2, CGRP or IB4 was analysed. These sections were scauned through a
60x oll-lmmersion lens, as described above. VGLUTI- and VGLU'TI2-immunoreactive
boutons were analysed in laminae I, ITo, 11, 11, IV, V and IX. Lamina [l was subdivided
inlo inner and outer halves, because VGLUTI terminals in these two region form
funclionally distinct populations. Most VGLUT {-immunorcactive boutons in lamina Il
belong to myelinated primary afferents, while those in lamina Io are not of primary
alferent origin (Todd et al., 2003). CGRP- and [B4-immunoreactive axon terminals were
analysed in those regions where they were most numerous: laminae Ullo for CGRP and
lamina I for IB4. Confocal image stacks were initially viewed with MetaMorph such that
only the axonal marker was visible, and 100 labelled axons were randomly selected from
cach of the regions to be analysed in cach animal. The other two confocal channels were
then viewed, and the number of GluR1- and/or GluR2-immunoreactive puncta in contact
with cach ol the selected axonal boutons was determined. The colocalization of GluR1-
and GluR2-immunoreactivity in puncta apposed to glutamatergic boutons was also noted.

VGLUTI and VGLUTZ are thought to label the great majority of ghitamatergic
terminals in the spinal cord, apart from those belonging to C-afferents (Todd et al., 2003;
Landry et al., 2004). To investigate the proportion of GluR2 puncta that were in contact
with glutamatergic terminals and are thus likely to represent synaptic receptors, sections
that had been reacted with antibodies against both of these transporters, as well as GIuR2
were anatysed. One scction from each of three animals was scanned through a 60x oil-
immersion lens and 3 regjons were analysed in each case: laminae I/II, laminac ITI/IV and
lamina IX. Image stacks were initially viewed such that only GIuR2 staining was visible,
and 100 immunoreactive puncta were selected from each region in each animal, by using a
100-square grid (as described above). This approach was used to avoid bias towards
selccting cluslers of puncta that were found to surround some ghitamatergic terminals. The
VGLUT staining was then examined, and the proportion ol the sclecied puncia that were in

contact with a VGLUT-immunoreactive bouton was determined.

Electron microscopy
1GIuRs have been found in primary alferent axon terminals in the spinal gray

matter (Lu ct al., 2002, 2003), and these are thought to function as presynaptic receptors
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{(Lee et al., 2002). With confocal microscopy of pepsin-lreated sections, AMPA receptor-
immunestaining that appeared 10 be located inside primary afferent boutons was not seen.
lfowever, 1t was possible that some of the punctate labelling apposed to primary afferent
lerminals represented receptors located in the presynaptic membrane, since the spatial
resolution of the confocal microscope is not adequate to allow the distinction between pre-
and postsynaptically located protcins. Therefore electron microscopy was carried out to
confirm thal the punctate [abelling scou with GluR1 and GluR2 antibodics afler pepsin
treatment represented postsynaptic receptors, Scctions from the two rats that had been
(ixed with formaldehyde/glutaraldehyde were treated wilh 50% ethanol to enhance
anfibody penewration and with 1% sodium borohydride for 30 mins (o reduce the
detrimental effects of glutaraldehyde on antigenicity (Kosaka et al., 1986). They were
rinsed extensively, treated with pepsin (as described above) and incubated either in rabbit
anti-GluRT (1:2,000) or rabbit anti~GluR2 (1:500) for 72 hours, and in biotinylated donkey
anti-rabbit IgG (Jackson Immunoresearch; [:500) followed by Exiravidin-peroxidase
conjugate (Sigma, 1:1000) each [or 24 hours. The PBS used for diluting these reagents did
not contain Triton. Peroxidase was revealed with 3,3-diaminobenzidine, and the sections
were then osmicated (1% OsO4 for 20 minutes), dehydrated in acetone, embedded in
Durcupan between acetate foils and cured for 48 hours at 70°C. A single section from each
animal reacted with cach antibody was selected, mounted on a stub of cured resin, and
trimmed fo an area that included laminae 1-II1 of the dorsal horn. Ulirathin sections (silver
interference colour) were cut with a diamond knife, collected onto Formvar-coated single-
slot grids and stained with lead citrate. For comparison, some Vibratome sections were
processed in exactly the same way, except that pepsin-treatment was omitted.

Sections were viewed with a Philips CM 100 transmission electron microscope. For
the pepsin-treated material, one ultrathin section from each animal reacted with GluR | and
one reacted with GluR2 was examined. The region corresponding to laminae [-TIT was
systemalically scanned ar high magnification until 50 immunoreactive synapses had been
identified on cach seetion, and the location of the DAB reaction product in relation to the
synaptic membranes was noted at cach immunoreactive synapse. The total area that had
been scanned on each section was cstimated from the X-Y co-ordinatcs. During the course
of this survey, any immunoreactive vesicle-cantaining profiles found were also noted.
Ultrathin sections from tissue reacted with GluR1 or GIuR2 antibodies without pepsin
reatment were then viewed (1 fiom each rat for each antibody), and in each case an area

equivalent to that scarmed in the corresponding pepsin-treated sections was examined.
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Detection of phosphorylated GluR1 subunits

To determine whether immunocytochemically detectable changes involving
synaptic AMPA receplors occurred in response to a peripheral noxious stimulus,
immuno fluorescence labelling was carried out to reveal GluR1 subunits that had been
phosphorylated at the Serine 845 site (Roche ct al., 1996). Spinal cord sections from three
rats that had received capsaicin injection into the left hindpaw (ten minutes before
perfusion) were subjected to pepsin treatment and incubated in a mixture of affinity-
purified rabbit antibody against GluR1 phosphorylated at Ser845 (GluR1-pS845; Covance,
Berkeley, CA; 0.5 ug/ml) and mouse anti-GluR2 (3.9 pg/ml) for 48 hours. Following
rinsing sections were incubated in a cocktail of species-specific secondary antibodies
raised In donkey and conjugated to biotin (Jackson, diluted 1:500, for GluR1) or Alexa 488
(Molceular Probes, diluted 1:500, for GIuR2) for 2 hours. To enhance the immunosignal
GIuR [-pS845 was revealed by using a TSA kit as described above (tetramethylrhodamine,
NEL 702; Perkin Elmer). Following the immunoreaction, sections were rinsed in PBS,
mounted in Vectashield and stored at -20°C. The anlibody against (;luR2 was used in this
part of the study to demonstrate that following pepsin-treatment the punctate
immunostaining observed with the GluR1-pS845 antibody corresponded to AMPA-
containing synapses, since GluR2 was found to be present in virtnally all puncta that
contain GIuR1 (sce Resulls). Tt was not possible to detect GluR1 and GluR1-pS843
simultaneously, since botll antibodies were raised in rabbits.

A single section from each of the three rats was scanned with the confocal
nicroscope using a 60x oil-immersion lens. Tfrom each section, three adjacent overlapping
fields (each with an arca 0f 135 x 155 um) from the medial half of laminae 1 and 11 of each
dorsal hom were scanned with a z-separation ol | pm. This region was chosen since this is
the area where nociceptive primary aflerents [tom the hindpaw terminate, and also because
this was ihe region in which GluR1-pS845-immunoreaciivity was observed in the
tpsilateral dorsal homn (see Results). For each dorsal horn, the three image stacks were
stitched logether with Adobe Photoshop 7.0 (Adobe Systems). This resulled in an image (a
single optical section) which covered the medial half of the dorsal horn. The region
corresponding 1o laminae 1 and IT was selected for subsequent analysis (using MetaMorph
softwarc). The red channel (corresponding to GIuR1-pS845) was switched off while this
was carried out, 1o avoid bias in the selection of the optical section or the area that was to
be analysed. GIuR1-pS845-immunorcactivity was analysed in each of the three optical
sections (one from each rat) by setting a threshold for the pixel luminance valuc that

excluded most of the "basal” {mmunostaining (sce below) that was present in the
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contradateral (right) dorsal horn. All puncta in each dorsal horn that had at least one pixel
exceeding this threshold value were then identified and counted, and the presence or
absence of GluR2-immunostaining in these puncta was determined. Becausc the TSA
method involves an enzymec reaction {(catalysed by horseradish peroxidase), it is likely that
there is a non-linear refationship between the amount of antigen present and the intensity of
Muorescence. For this reason, a densitometric approach was not appropriate, and the
(hreshold method was (herefore used to determine whether puncta with relatively high
levels of GluRT-pS845-immunoreactivity were significantly more numerous on the side
psilateral 1o the capsaicin injection.

The affinity purified GluR1-pS845 aotibody was raised against a synthetic
phosphopeptide corresponding to an sequence thal includes the Ser845 residue of the rat
GluR1 subunit. On Western blots prepared [rom rat hippocampus the antibody recognized
a single protein band corresponding to a molecular weight of approximately 100kDa, and
this labelling was blocked by the phosphopeptide against which il was raised, but not by
the dephosphopeptide, indicating that it is specific for the phosphorylated form of GluR1
(manufacturer’s specification). Pre-absorption controls for immunocytochemistry were
performed by adding either the phosphopeptide used fo raise the untibody or the
corresponding dephosphopeptide (0.1 pg/m! in each case) to the GIuR1-pS845 aniibody

(0.5 pg/ml) 24 hours beflore use,

Characteristics of other antibodies

The rabbit antibodies against GluR1 and GIuR2 were raised againsl amine acid
sequences corresponding to the C terminal 13 regidues (GluR1) and residues 827-842 near
the C terminus (GluR2), and are reported to show no cross-reactivity with other GluR
subunits (manufacturer's specification). The monoclonal antibody against GIuR2 was
raised againsl a peptide sequence corresponding to residues 175-430. It has been
exlensively characterised and shown to detect GluR2, bul not any other AMPA or kainate
subunits, in transfected cells (Vissavajjhala ct al., 1996). Staining of brain sections with
this antibody was hlocked hy the GluR2 [usion protein, but not by fusion proteins lo the
correspohding regions of GluR1 or GluR3 (Vissavajjhala et al., 1996). ‘Il guinca-pig
antibodies against VGLUT1 and VGLUT2 were raised against unspecilied sequences
corresponding to 19 or 18 amino ucids (respectively) from the corresponding rat proteins.
It has been previously shown that these antibodies stain identical structures to well-

characterised rabbit antibodies against VGLUT ! and VGLUT2 (T'odd ct al., 2003},




RESUCLTS
GIuR3 and GluR4 antibodies

Although the amino actd sequence for the R4N peptide is specific to GluR4, the
sequence used for the R3C peptide has a high [evel of homology with the corresponding
part of the GluR2 subunit, having 20 identical amino acids (Fig. 5.14). To confirm that
the GIUR3C antibody did not cross-react with the GIuR2 subunit, specificily tests were
carried out by means of dot blots, Western blots and immunostaining using pre-absorbed
antibodies (Fig. 5.18-D). Western blots and dot blots were performed by Dr. Masahiro
Fukaya (Hokkaido University, Japan), while pre-absorption controls were carried out as
part of this study. On dot blots the GluR3 antibody only detected the R3C but not the R2C
peptide, indicating that it did not cross-react with the C-terminal region of GluR2 (Fig.
5.0IB). In Western blots prepared from the PSD fraction of homogenized mouse spinal
cord, the GuR3 and GluR4 antibodies cach detected a single protein band with a
molecular weight of approximately 98 kDa. The pre-absorption of the GIuR3 antibody
with the R3C peptide, but not with the R2C peptide and the pre-absorption of the GluR4
antibody with the R4N peptide abolished staining with these anlibodies, (Fig. 5.1C). On
pepsin-treated spinal cord sections, punctate immunostaining was abserved with both
antibodies. Again, staining with GIuR3 was blocked by pre-absorption with R3C but not
R2C peptide, and GluR4 staining was blocked with R4N peptide (Fig. 5.1D). These

antibodies arc thercfore specifie for the corresponding subunit.

General appearance of immunofluorescence with GluR1-4 antibodies following
antigen nnmasking

On pepsin-treared spinal cord sections, punctate staining was seen near the surface
of the scetion (superficial 10-15 wm) with each of the GluR antibodies (Figs 5.2, 5.3). This
hecame progressively weaker deeper in the section, and in the case of both GIuR2
antibodics 1t was replaced by a paltern of cell body labelling identical o that reported with
these antibodies on seclions not trcated with pepsin (e.g. Jakowec et al., 1995a; Popraliloff
et al., 1996, 1998a; Spike et al., 1998). ‘I'he distribution of immunostaining scen with
rabbit and mouse GIuR2 antibodies was exactly the same, and dual-immunofiuorescence

labelling with thesc antibodies revealed that cach antibody stained identical structurcs.

Laminar distribution of AMPA subunits
OF the four AMPA subunits examined, GluR1 showed the most resiricted

distribution in the spinal cord, with immunoreactive puncta being very frequent in lamina
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1, and present at lower density i other dorsal horn laminae. Lo the ventral horn puncta
immunostained for GluR1 were rarcly seen (Fig. 5.2). A large number of GluR2-
immunoreactive puncta were present throughout the grey matter, with the strongest
labelling in [aminae I and I (Fig. 5.2). The staining pattern for GluR3 was similar to that
lor GluR4. In both cases immunoreactive puncla were densely distribuied throughout the
ventral horn and the decper regions of the dorsal hom {taminae 11I-VI), with much weaker
labelling in laminae T and II, although a few slrengly labelled puncta were scen in this
region, particalarly in lamina I (Fig. 5.3).

In sections that had not been treated with pepsin, some labelling of cell bodies, and
smaller profliles thal resembied dendriles, was seen with both the GluR1 and GluR2
antibodies, as described previously (c.g. Jakowee ct al,, 1995a; Popratiloff ct al., 1996,
1998a; Engelman et al, 1999). GluR2-immunorcactive cell bodies were frequent in
laminac I-I1I, while with the GluR1 antibody only scattered neurons were labelled mainly
n laminae I-11, but occasionally also in the deeper laminag of the dorsal hom. However,
the immunoMuorcscent staining with the GIuR 1T and GIuR2 antibodies in seclions thal were
not pepsin-treatment was much weaker than that in sections which had undergone antigen
unmasking. In addition, puncta similar to those seen after pepsin treatment were not
visible in these sections (Ifig. 5.4a,b.e,f). The GluR3 and GluR4 antibodies did not stain
cell bodies or give punctate labelling in the absence of pepsin treatment (Fig. 5.4c¢,d,g.h).
This therefore suggests that conventional immunocytochemistry without antigen

unmasking does not give sigmicant labelling of synaptic AMPA receptors.

Colocalisation of AMPA subunits

This part of the study was mainly carried out to determine whether any AMPA-
immunoreactive glutamatergic synapses in the spinal cord lacked GIuR2 subunits, and
would (herefore have exclusively Ca**-permeablc AMPA recepiors.

In sections that were labelled with both GluR1 and GluR2 antibodies, it was found
that virtually all GluRI-inumunoreactive puncta throughout the dorsal horn also showed
immunoreactivity  for  GlulR2  (Ifig.  5.5a-c), although the rclative intensity of
immunofluorescence for these two subunils varied considerably between puncta. The
extent of colocalisation of these two subunits was investigated in more detail in the
analysis o difterent types of glutamatergic axons (scc below).

The relationship between GluR2, GIuR3 and GluR4 was examined in triple-
labelled sections (Fig. 5.5d-o0, ‘Table 5.1). These subunits showed an extensive

colocalization throughout the grey matter and this was most prominent in the decp dorsal
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Kigure 5.1 Characterization of GluR3 and GluR4 antibodies. 4, Amino acid sequences
showing the C-terminal region of GluR2 and GluR3. Residues which are identical in both
subunits are shaded, while the regions used for antibody preparation are boxed (R2C and
R3C). Asterisks mark the C-terminal end of the protein. B, Dot blot showing that the
CHIUR3C antibody (Ad) recognizes the R3C peptide, and it docs not cross react with the
R2C peptide. €, Western blots prepared from the PSD fraction of spinal cord homogenate
using the GIuR3C and GIuR4N antibodies (44). Each antibody detected a single protein
bund at about 98 kDa, and in cach case this was blocked by pre-absorption with the
corresponding peptide (R3C and R4N). Again, stalning with the GluR3 antibody was not
blocked by absorption with the R2C peptide. D, Pre-absorption controls for the GiluR3 and
GluR4 amibodies on pepsin-treated spinal cord sections. Single optical sections were
obtained from lamina IX from sections incubated with GluR3 or GluR4 antibodies.
Following antigen unmasking both antibodies gave punctate immunostaining (GluR4N and
GR3C).  Pre-absorption of GluR4N antibody with R4N peptide abolished staining
(GluR4N-R4N). Staining with the GluR3C antibody was blocked by absorption with R3C
peptide (GHR3IC-R3C), but not R2C peptide (GluR3C-R2C). Scale bar, 2 pm. Figures A-C
were prepared and kindly provided by Dr. Masahiro Fukaya, from Hokkaido University

School of Medicine, Japan,
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Figure 5.2 Confocal fmages of pepsin-treated spinal cord sections showing the
distribution of GluR1- and GluR2-immunoreactive puncta. Pictures (a-#) correspond to
the medial portion of lamivae I-11I, (e-d) to the medial part of laminae IV-V, while (e-f)
represents lamina [X. GluR2-unmunorveactive puncta ave distributed throughout the dorsal
horn and the ventral horn, but the labelling is strongest in lamina II. GluR1 shows a morc
restricted distribution.  Immunereactive puncta are numerous in the superficial laminac,
present at a lower density in other parts of the dorsal hormn, and are virtually missing from
lamina [X. All images are projections of three optical sections, scanned at 0.5um z-

separation. Scale bar, 100um.
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Figure 5.3 Confocal images of pcpsin-treated spinal cord seclions showing the
distribution of GluR3- and GluR4-immunoreactive puncta. Pictures (a-b) correspond to
the medial portion of laminae I-I1I, (¢-d) lo the medial part of laminae IV-V, while (e-f)
represents lamina [X. With both autibodies imnunoreactive puncta are densely distributed
throughout the ventral horn and the deeper regions of the dorsal horn, with much weaker
labelling in laminae [ and II. All images are projections of three optical sections, scanned

at 0.5pum z-separation. Scale bar, 100pum.







Figure 5.4 Comparison of ummunofluorescent labelling with GluR1-4 antibodics on
pepsin-treated (a-df) and non-pepsin-treated (e-f) sections. Tmages wre single optical
scetions obtained (rom lamina IT (a-b, e-f) or lamina IX (e-d, g-#). Each pair was scanned
with identical confocal settings. All four antibodies gave strong punctatc labelling
following antigen unmasking. The GluR3- and GluR4-immunorcactive puncta outline
profiles which appear to be dendrilic shafts (¢-d). In sections that had not been treated
with pepsin GluR |1 and GIuR2 antibodies both stained cell bodies, however the labelling of
(hese was so weak that it was either undetectable {GluR 1) or barely detectable (GluR2) at
confocal settings that clearly revealed punctate staining wilh (hese antibodies on pepsin-
treated sections. A very faintly GluR2-immunoreactive cell body is visible in {f). The
GIuR3 and GluR4 antibodies did not give immunostaining without antigen unmasking.

Scale bar, 2 um.

Figure 5.5 Colocalisation of various AMPA subunits. (#~¢) show GluR1 and GluR2
immmunostaining in corresponding tields from lamina II. All of the GluR 1-immunoreactive
puncla are also labelled for GluR2 (appcar yellow on the merged imagce), while there are
GluRZ-immunoreactive puncta that lack GluR1 (a@rrows). (d-e) demonstrate the
relationship between GJuR2, GluR3 and GluR4 subunits in lamina I (d-g), lamina 1V (h-k)
and lamina 1X (J-0). Nearly all of the immunoreactive puncta in laminae IV and 1X are
triple-labelled, although the relative intensity of each type varies hetween puncta. In
fanina 11 GluR3- or GluR4-immunoreactive puncta are also labelled for GluR2, but several
puncla are only hmmunorcactive with the GluR2 antibody (arrows). All images show

single optical sections. Scale bar, 2 pun.
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horn and ventral horn, where the great majority of immunoreaclive puncta were triple-
labelled for all three subunits. The colocalization was analysed quantitatively in laminae:
/11, HMI-V and IX (Table 5.1). In laminac IV, V and IX the great majority (>90%) of
labelled puncta were immunoreactive witl all three antibodies. The proportions of puncta
that were triple-labelled in lamina IIf and laminae [-T were 82% and 36%, respectively. In
all areas, between 98% and 99% of the puncta that were analysed showed GluR2-
immunoreactivity. The relative intensity of labelling for the three subunils also varied
between individual puncla (Fig. 5.5d-o0). In particular, labelling for GIuR3 and GluRk4 was
usually much weaker in the superficial dorsal hom than that observed in other laminae.
However, a [ew puncta with strong GluR3- or GluR4-imumunoreaclivity were seen in this
region (Fig. 5.5d-g). In confrast, the intensily of GluR2-immunoreactivity in individual

puncta was generally much higher in the super(icial laminae than in other regions.

Relationship of GluR1 and GluR2 to glutamatergic axons

Detection of VGLUT1-, VGLUT2- and CGRP-immunoreactivity and 1B4 binding
with the TSA method prior to pepsin treatment, resulted in labelling patterns identical o
those reporled previously for these markers in the rat spinal cord (e.g. Sakamoto el al.,
1999 Varoqui et al., 2002; Todd el al., 2003).

VGLUTI-immunoreactive boutons wete sparse in laminae T and Ho and densely
distributed throughout the remainder of the grey matter, whereas VGLU2-positive
boutons were numerous in all laminae. CGRP-immunoreactive axons formed a dense
plexus in laminae I-Ho with scattcred profiles deeper in the dorsal horn and 1B4-labelled
axons were present throughout laminac 1-11, with many labelled boutons in the central part
of Jamina Il. More than 90% of the labelled boutons in cach of these populations were in
contact with ene or more GluR2-immunoreactive puncta (Thigs. 5.6-5.8; Tables 5.2, 5.3),
and ol the 4,800 glutamatergic boutons analysed in this part of the study, 96.2% had at
lcast one contact.

In all rcgions examined, generally more than one GIuR2 punclum was apposed to
gach VGLUT l-immunoreuactive bouton (Table 5.2). In laminac 1i and Ui, clusters of
GluR2 puncta were seen surrounding several VGLUT-immunoreactive boutons. The
appearance of these clusters resembled a glomerular arrangement (Fig. 5.6a-c). In laminae
L and 11T the mean numbers of GluR2 puncta associated with each VGLUT! bouton were
4.2 and 3.7, respectively, while for lamina 1X this figure was 5.5 (Table 5.2, Fig. 5.6). The
mean numbcers o GluR2 puncta agsociated with VGLUTI boutons in the other laminae

analysed varied from 1.9-2.8 (Table 5.2). VGL.UT2 boutons were associated with fewer
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Figure 5.6 GluR1 and GluR2 puncta associated with VGLUT1-immunorcactive boutons.
Images are single optical sections obtained from laminae ITi (a-¢), [V (d-f) or IX (g-h). In
each case GluR2-immunostaining is shown in the left panel (green), GIuR 1 in the centre
panel (blue} and these have been merged with VGLUT1 -staining (red) in the right panel. In
all cases, the VGLUT1 boutons contact several GluR2-immunorcaclive puncta. In the
dorsal horn, some of these puncta are also GluRI1-immunoreactive, while there is no
immunostaining for this subunit in the ventral horn. Again all GluR1 puncta are double
fabelled, while some of the puncta only show immunoreactivity for GluR2. In lamina Ili
immunoreactive puncta often surround the VGLUT1 bouton, with an appearance that is

suggestive of a glomerular arrangement (a7rows). Scale bar, 2 pum.
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Figure 5.7 GJluR1 and GluR2 puncta associated with VGLUT2-immunoreactive boutons.
[mages are single oplical sections obtained [rom lamunac I (a-¢), V (d-f) or IX (g-h). In
each case GluR2-inununostaining is shown in the left panel (green), GluR1 in the centre
panel (blue) and these have been merged with VGLUT2-staining (red) in the right panel. In
all cases, the VGLUT2 boutons contact GluR2-immunoreactive puncta. In the dorsal horn,
same of (hese puncta are also GluR l-immunoereactive, while there is no immunostaining
for this subunit it the ventral horn. Again all GluR1 puncta are double labelled, whilc some
of the puncta only show immunoreactivily for GiuR2.  Individual VGLUT2-
immunoereaclive boutons are only associated with a few inumunoreactive puncla. Scale bar,

2 pm.
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Figure 5.8 GluR[ and GIuR2 puncta associated with peptidergic and non-peptidergic C-
fibre terminals in lamina 1L In each casc GluR2-immunostuining {(a4) is shown in the left
panel (green), GluR 1 (B¢} in the centre panel (blue) and these have been merged with the
axonal labelling (red) for IB4 (¢) or CGRP (f) in the right panel. IB4- and CGRP-
immunoreactive terminals are in contact with GluR2 puncta, some of which also show
GluRT-immunostaining.  Some of the 1B4-labetled boutons are surrounded by GluR2-
immunoreaciive puncta with an appearance that was suggestive of a glomerular
arrangement («@rrow). All images were obtained from a single optical section. Scale bar, 2

pm,

Figure 5.9 Electron microscopic images of GluR1- and GluR2-immunoreactive synapses
i the superfictal laminac of the spinal cord after pepsin-treaiment. (a-c) show GluR1
snmunolabelling, while (d-f) show GluR2 immunolabelling. In all cases the
immunaperoxidase reaction product is located inside postsynaptic profiles and associated

with the postsynaptic deusity of synapses. (@rrows). Scalc bar, 0.5 jun.
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GIURZ puncta (Fig. 5.7). The mean nuwmber of puncta per VGLUT2-immunoreactive
bouton varied from 1.4-1.9 (Table 5.2). The difference between the number of GIuR2
puncta associated with VGLUT1- and VGLUI2-immunoreactive boutons in each laniina
was [ound to be significant (General Linear Model with Tukey's test post-hoc; p<0.05 for
lamina I, p<0.001 for all other regions examined). 1B4-labelled boutons in lamina 11 were
also frequently surrounded by several GluR2-inninunorcactive puncta (Fig. 5.8a-c) and the
mean number of puncta per bouton was 4.8 (Table 5.3). The mean number of GluR2
puncta associated with CGRP-Immunoreactive bouatons in Jaminae 1-1lo was 2.6 (Table 5.3,
Fig. 5.8d-0).

Virtually ail GluR1-immunoreactive puncia in the dorsal horn was also labelled for
GiuR2 (Figs 5.6-5.8; Fubles 5.2, 5.3). Onlv 18 (0.14%) of the 12,493 puncta identified on
the 4800 boutons cxamined In this part of the study showed GluR1- but not GluR2-
immunoteactivity. Interestingly, in the dorsal horn, puncta with GluRi- and GluR2-
immunorcactivity were less frequently associated with VGLUT2 boutons than with axon
lerminals immunoreactive for VGLUTL, CGRP or IB4, In laminae 1 and II, between 30
and 40% of the GIuR2 puncta associated with VGLUTI boutons were also GIluR1-
immunorcactive, whereas for VGLU L2 boulons the proportion was much lower, between
{3 and 17% (Table 5.2). Similarly in laminac III and IV, 19% of puncla adjacent to
VGLUTI boutons were GluR I-immunoreactive, compared to 2-4% for VGLUT?2 boutons
in these laminac (Table 5.2). The proportion of puncta showing both GluR1- and GluR2-
immunoreactivity was significantly higher for VGLUT1 than for VGLUT2 boutons in each
of laminae I-IV (General Lincar Model with Tukey's test posi-hoc; p<0.05 for laminae [
and I, p<0.01 for laminae Ilo, i and {V). For the TB4 and CGRP boutons, the
proportions of GluR2 puncta that were also GluRI-immunorcactive were 34 and 31%,
respectively (Table 5.3), and these values were also significantly different from thosc for
VGLUTZ boutons in the corresporcling laminae (General Linear Model with Tukey's test
post-hoc; p<0.05}. These resulis suggest that GluR1-containing synapses arc preferentially
associated with primary afferent terminals.

To determine whether a significant proportion of the GluR2-immunoreactive
puncta seen after pepsin treatment represented non-synaptic (e.g. cytoplasmic) receptors,
sections that bad been reacted with GluR2, VGLUTI1 and VGLUT?2 antibodies were
analysed. Between 49-00% (mcan 55.7) of GluR2-immunoreactive puncta in laminae [-11
were assoclated with a bouton that was VGLU'I'l- and/or VGLUT2-immunoreactive, The
corresponding values for laminae 111-1V were 84-89% (mean 86.3) and for lamina IX they

were 83-87% (mean 84.7). This sugges(s thal for the deep dorsal horn and ventral horn, the
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great majority (~ 85%) of puncta are associated with glutamatergic synapses, and since
VGOGLUTE and VGLUT2 do nol stain all glutamatergic axons, this figure is probably an
undergstimate. Since boutons belonging to C fibres are olien not labelled with VGLUT1 or
VGLUT?2 antibodies (Todd et al., 2003; Landry et al., 2004), these ave likely to account for
many of the GluR2 puncla that were not in contact with a VGLUT/VGLUT2 coniaining

bouton in faminae | and II (Fig. 5.8).

Electron microscopy

The penctration ol immunoperoxidase reaction product in pepsin-treated sections
prepared (or cleetron microscopy was very limited, and therclore only ultrathin sections
near the surface of the original Vibratlome scelion were examined. In this region, the
ultrastructural appearance was severely compromised by the pepsin treatment. Vesicles
and other cell organelies were often distorted and membranes were disrupted. However,
with both GIuRI and GIuR2 antibodies it was frequently possible to identify
immunorcactive synapscs, and in all cascs the reaction product was restricted to the
postsynaptic profile, and was always associated with the postsynaptic density (Fig. 5.9).
This staining pattern is consistenl with a cytoplasmic location for the C terminal of these
subunits, against which the antibodics were raised, and confirms that the puncta seen
adjacent to glutamatergic boutons with confocal microscopy correspond 1o post-synaptic
receplors.

With both antibodics, rcaction product was occasionally scen in cell bedies, non-
synaptic rcgions of dendrites and vesicle-containing profiles. While scanning an avea that
contained 50 immunoreactive synapses on each section, 3 immunoreactive vesicle-
containing profiles were found in each of the 2 GluR1 scctions analysed and only | was
iocaled in one of the GIuR2 scetions, One of these profiles (that found in the GIluR2
scolion) was presynaptic at an asymmetrical synapse and was therefore presumably an
axonal bouton. The reaction product in this profile was not associated with the presynaptic
menibrane, but was located in the ceotre of the bouton. The other 6 vesicle-containing
profiles did not form synapses in these sections and it was therefore not possible to
determine whether these were axons or vesicie-containing dendrites, which are relatively
common in the superficial dorsal hormn (Gobel et al., 1980), since distinguishing between
these two types of profile can be difficult even in tissue with optimal ultrastrictural
preservation. [n formaldehyde-fixed tissue treated with pepsin and viewed with confocal
microscopy, GluRl-immunoreactive cell Dbodies were never secen, and GIluR2-

mimunorteactive cell bodies were only observed in decper parts of the section (see above).
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Numerous synapses were scen in the sections that had been reacted with GluR1 and
GluRZ antibodies without pepsin realment, however none of these was immunorcactive
with either antibody. This is consistent with our failure to see punctate staining for GluR1

and GluR2 with confocal microscopy on sections that had not been pepsin treated (Fig.
S.4e, ).

Detection of GluR1-pS845 following intra-plantar capsaicin injection

Immunostaiing for phosphorylated GluR1 was abolished by pre-absorbing the
antibody with the phosphopeptide, but not with the dephosphopeptide (Fig. 5.11g-i),
mdicating thal it is specific for GluR1 subunils that had been phosphorylated at the $845
site. The antibody showed strong punctate immunostaining in the dorsal horn of rats
which were subjected to noxious peripheral stimulation with an intradermal injection of
capsaicint 10 minutes before fixation. The GluR1-pS845-immunorcaciive puncta were
targely restricted to the medial half of laminae [-11 on the left (ipsilateral) side (Figs. 5.10,
S.Ha-B). A small number of weakly immunoreactive puncta were also observed on the
contralateral side and in the lateral part of the ipsilateral side. The distribution of strongly
fabelled puncta in the medial part of the ipsilateral superficial dorsal horn matches that of
nociceptive afferents that innervate the plantar surface of the foot (Willis and Coggeshall,
1991). Strong labelling for phosphorylated GluR1 was not seen in the lateral part of the
dorsal horn, which receives iput from dorsal and proximal parls of the limb. The vast
majority of GluR1-pS845-immunoreactive puncta were also labelled with the GluR2

antibody (Fig. 5.11a-c, Table 5.4). Belween 67 and 126 puncta with pixels that exceeded

half of laminae I-11 in a single optical section (1.66-3.3/1000 jum?), compared to between 4
and 14 puncta (0.1-0.37/1000 pmz) in the corresponding part of the contralateral dorsal
horn (Tablc 5.4), and this difference was found to be significant (Mann-Whitney, one-
latled U test, p<0.05).

In addition to the strangly labelled puneta, numerous very weakly immunoreactive
puncta were seen throughout the superficial dorsal hom on both sides with the GluR§-
pSB845 untibody, and again these were generally also GluR2-immunorcactive. ‘This weak
staining, which is also seen in naive rats (G, Nagy and A. Todd, unpublished obscrvations),
is likely to reflect a low basal level of phosphorylation of GluR 1 subuniis at glutamatergic

synapses.
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Figure 5,10 Distribution of GluR1-pS845-immunoreactive puncta in the lumbar spinal
cord ol a rat following noxious stimulation with an intraderimal injection of capsaicin.
Numerous immunoreactive puncta are present in (he medial half of the superficial laminae
on Lhe ipsilateral side (&), whilc these are very sparse on the contralateral side (#). The
dashed line marks the border between the gray and white matter. Each image was obtained

(rom a projection of 11 optical sections at (.5 pm z-separation. Scale bar, 100 um.
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Fignre 5.11  High magnification views of GIuR1-pS845 immunostaining and pre-
absorption controls. («-~c) show a region from laminac [ and IT ipsilateral (o an intradermal
capsaicin injection. Several pGluRT-immunoreactive puncta are visible {red) and these are
also immunoreactive for GluR2 (green). Some of the double-labelled puncta are indicated
with arrows.  (d-f) show a similar region from the superficial dorsal horn on the
contralateral side of the same section. Immunostaining for pGluR1 is much fainter. (g-)
show the superficial dorsal horn ipsilateral to capsaicin injection. For (&) and (§) the
GluR1-pS845 aniibody was pre-absorbed with the dephosphopeptide (dp) and the
phesphopeptide (pp), respectively. Incubating the antibody with the phosphopeptide, but
not with the dephosphopeptide abolished the staining. All images are from single optical

scctions. Scale bar, 20 pm.
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DISCUSSION

The main finding of this study is that antigen unmasking with partial proteolytic
digestion reveals punctate immunolabelling patterns in rat spinal cord using antibodies
against GluR1-4 subunits. These puncta correspond to synapses, since a greal majority of
them were apposcd to various types of glutamatergic axon and with electron microscopy
on pepsin-treated scetions the reaction product was associaled with PSDs of asymmetrical
synapses, There was extensive colocalization between different subunits, with GluR2
being present at virtually all AMPA receptor-immunoreactive puncta in all laminae
examiped. This suggests thal GIuR2 ig almost universally expressed at AMDPA-containing
synapses throughout the spinal cord and that it cun therefore serve as an
immunoccytochemical marker for these synapses. In addition, it was demonstrated that
noxious stimulation with capsaicin results in phosphorylation of synaptic GIuR 1 subunits

at the S845 residue in a somatotopically appropriate area of the superficial dorsal horn,

Technical considerations

The proteolytic method for antigen retricval of iGIuR subumits is thought to allow
anlibodies o gain access (o epitopes that ar¢ normally masked by cross-linking duc {o
lixation (Watanabe et al., 1998). 'I'he technique resulted in punctate labelling with both C-
(GluR1, GluR3, polyclonal GluR2) and N-tcrminal antibodies (GluR4, monoclonal
GluR2), and since the C-terminal of GluR subunits is intracellular and the N-termmal
extracellular, this suggests that proteolytic digestion allows access to both the postsynaptic
density and the synaptic clefl at glutamalergic svnapses. 1L is important (o point out that
lixation has a dramatic effect on the quality of labelling after pepsin-treatment. Fixing for
motre than § hours resulted tn a decreased intensity of punctate iGluR labelling, while 1 the
lissue was fixed for a shorter time, sections had a tendency to disintegrate during the
pepsin treatiment. Postixing al room temperature for 8 hours also reduced punctate 1GIuR
immunoslaming, suggesting that fixation is more efficient at clevated temperatures.

Conventional immunocytochemical techniqucs have revealed cyloplasmic staining
for GluR subunits in spinal ncurons (c.g. Tachibana et al., 1994; Jakowec et al., 1995a;
Popratiloff ct al., 1996, {998a; Morrison et al., 1998; Spike et al., 1998), and this is thought
lo represent receplors that arc in transit to the plasma membrane. Presumably the epitopes
on these subunits are damaged by the proteolytic treatiment, since cytoplasmic labelling
was ounly seen with the Glulk2 antibodies, and this was restricted to the deep parts of the
section, where the pepsin digestion was preswimably less effeclive as judged by the absence
of punclate labelling. Synaptic receptors are presumably prolected by the protein
meshwork of the postsynaptic density and synaplic cleft.
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Lu et al. (2002) found that following weak fixation, GluR2/3, GluR2/4 and GiuR4
antibodics labelled central terminals of priumary aflerents in the dorsal horn, and concluded
Lthat this represented presynaptic receptors. A similar staining pattern was not seen with any
of the GluR antibodies used in this study, suggesting that epitopes on these presynaptic
receptors are either damaged or remain inacccessible following pepsin treatment in
formaldehiyde-fixed tissae.

The finding of occasional GluR1- and GluR2-immunoreactive celt bodies near the
surface of pepsin-treated sections processed for electron microscopy suggests that
glutaraldehyde (which was included in the fixative for this tissue) can prolecl non-synaplic
AMPA receptor subunits from loss during pepsia digestion, presumably by limiting the
cxlent ol prolcolysis. [f the glutaraldehyde also preserves some presynaptic receplors in
glutamatergic axons during pepsin treatment, this may account for some of the labelled
vesicle-containing profiles seen with EM.

These findings with confocal and electron microscopy, taken together with the
results of other studies that have revealed presynaptic receplors on lightly fixed material
(Lu et al., 2002, 2003), suggest thal receptor subunits lacated at different subcellular
locations are affected differently by fixation and pepsin treatment, 1t is therefore likely that
no single method can provide simultancous labelling of iGIuR subunits in all locations (i.e.
postsynaptic, presynaptic and non-synaptic).

Another important technical finding of this studv 1s, that the Toss of labelling for
various other antigens due to pepsin treatment can be prevented by the use of the tyramide
signal amplification methed. The ''SA reaction carried out before the pepsin lreatment
covalently links the tyramide conjugated [luorescent dyc 1o the tissue, thereforc even if
cpitops are destroyed during the proteolytic digestion the labelling remains visible. This
shows that the TSA reaction, which was initially developed to amplify wcalk signals during
immunocytochemistry or fluorescent in sizu hybridization, can also be uscd {o preserve

immunostaining lor labile epitopes prior to antigen unmasking with pepsin.

Laminar distribution of AMPA subunits

Previous studies with iz situ hybridization and conventional immuunocytochenistry
have suggested that GluR1 and GluR2 subunits are present throughout the dorsal horn,
with highest levels in laminae [ and I, that GluR2 is also present in the venlral horn and
(hat GluR3 and GluR4 have high levels in the ventral horn, moderate levels in the deep
dorsal horn and limited expression in laminae I-11 (Furuyama et al., 1993; Télle et al.,

1993; Tachibana et al, 1994; Jakowee ct al. 1995a,b; Popratiloff et al., 1996, 1998y;
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Morrison et al., 1998; Spike et al., 1998, Shibata et al. 1999). The [indings of this study on
the laminar distribution of punctate staining following pepsin treatment are consistent with
these previous investigations. Howevcr, there have been reports thal motoneurons express
(GluRt (Pellegrini-Gilampietro ot al, 1994; Virgo et al., 1996, Temkin et al., 1997;
Wilhams et al., 1997; Bar-Peled et al., 1999, Shibata et al., 1999) or lack GluR2 subunits
{Williams et al., 1997; Bar-Peled et al., 1999; Del Caiio et al., 1999; Shaw et al., 1999).
The results of thus study are in disagrecement with these suggestions, since it was found that
in famina 1X there was virtually no punctate staining for GluR1, while GloR2 was
expressed at virtually all puncta that were immunoreactive for any of the AMPA subunits.

Although the studies with Jjr  situ hybridization and  conventional
immunocytochemistry have provided mformation about the laminar distribution of neuwrons
with different AMPA subunits, they are not suitable for determining the proportions of
neurons that express a particular subunil, or the extent of colocalisation of subunits at
mdividual synapses. Based on the assumption that all spinal neurcns express AMPA
receptors, the results of the present study suggest that all {or virtually all) dorsal hom
ncurons and motoneurons express the GIuR2 subunit, thal GluR1 is restricted to certain
dorsal horn cells (particularty those in the superficial laminae) and is not expressed by
motoneurons. GluR3 and GluR4 are expressed by all (or virtually all) motoneurons, by the
great majority of neurons in the deep dorsal horn (laminac [II-V) and by some of those in
the superficial laminae, The extensive colocalisation of GluR2, GluR3 and GluR4 at
puncta in taminae [V, V and IX (l'able 5.1) suggests that neurons in these laminae have all
(hree subunits al the great majority of synapses that possess AMPA receptors.

Although Morrison et al. {(1998) found GluR2-immunoreaclivity in many neuronal
cell bodies throughout the spinal cord, most other studies with antibodies specific for
GluR2 or GluR2/3 subunits have found a much more restricted distribution in the dorsal
horn, with labelled neurons being highly concentrated in the superficial laminae but
relatively sparse elsewhere (Jukowec et al., 1995a; [Harris et al,, 1996, Popratiloff et al.,
1996, 19984; Petraliu el al., 1997; Spike el al., 1998; Engelman et al., 1999; Lu et al,,
2002). Since the present study suggests that all dorsal horn express GluR2, this indicates
that most conventional immunocylochemica!l techniques only delect a propovtion of the
neurons that use this subunit. 1t is not clear why some cells have relatively high levels of
the protein in their cell bodies, bul from their faminar diskribution it is likely that these

correspond to the neurons with the highest levels of GiuR2 at their synapses.
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Relation to glutamatergic axons

The GluR2Z subunit was almost universally present at AMPA  containing
glulamatergic synapses in all laminae of the adult rat spinal (I:01‘d, examined in this study.
Therefore its relationship to various types of glutamatergic axon terminal was investigated.
VGLUTT boutons were surrounded by significantly more GluR2-immunoreactive puncta
than those containing VGLUT2 (Table 5.2). VGLUT2-immunorcactive terminals in the
spinal cord are thought to belong mainly to excitatory interneurons, while most of those
with VGLUTI are central terminals of myelinated primary afferents (Todd et al., 2003).
The puncta seen with confocal microscopy do nol necessarily represent individual
synapses, but could correspond to active sites within a synapse. Many of the VGLUT1-
immunoreactive boutons in lamina IX are terminals of Ia muscle-spindle alfercnts. DPierce
and Mendell (1992) found thatl in cats these were presynaptic to a single profile and the
mean number of active sites present al thesc synapses was 6.1, The mean number of
GluR2 puncta apposed to VGLUI'I-containing boutons in lamina 1X was 5.5. This
therefore suggests that the puncta observed with conlocal microscopy after antigen
unmasking correspond to active sites within individual synapses.

VGLUT-imnwunoreactive boutons in laminac IIi and 1II were generally assoctated
with more GluR2 puncta than those observed in other laminae of the dorsal horn., A8
down-hair afferents terminate in this region, and some of these form central axons of type
[I synaptic glomeruli. GluR2-immunoreactive puncla were often seen in clusters
surrounding VGLUT L-containing boutons in laminae IIi and ITT, and these presumably
corresponded to synapses formed by type 11 glomeruli (Fig, 5.6a-¢). AP primary affcrent
(erminals usually terminate in laminae I11-V and these form simpler synaptic arrangements
(Maxwell and Réthelys, 1987). ‘Uhis is consistent with the fact the number of GluR2-
immunoreactive puncta associated with VGLUT1-containing boulons was lower in
faminae IV and V. Less is known about the number of synapses formed by axons of
excltatory interneurons, but the number of puncta associaled with VGLUT2-
mmunoreactive  boutons  (1.4-1.9, Table 3.2) suggests that these have simpler
arrangements, in many cases with only a single post-synaptlic element. 1B4-labelled
boutons were also frequently surrounded by clusters of GluR2 puncta (Fig. 5.8) and these
probably corresponded to type I synaptic glomeruli.

A very mmportant finding of (his study is that the proportions of GIluR2-
immunoreactive puncia that were also labelled with the GluR |1 antibody were significantly
higher for VGLUTT1 boutons than for VGLUT2 boutons in laminae -V, Similarly, in the

superficial lanunae IB4- and CGRP-labelled boutons were also associated with
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significantly more GIuR1 puncta than were VGLUT2 boutons. This suggests that the
GluR1 subunit is more often present at synapses formed by primary affercnts than at those
[ormed by excitatory interncurons and raises the possibility that GluR1 subunits arc
selectively targeted Lo those glutamatergic synapses which receive input from primary
alferent terminals. An alternative explanation is that neurons with GluR1 have higher
density of primary afferent input than those that lack this subuni{. Rubic and Wenthold
{(1997) found cvidence for the selective targeting of AMPA subunits in the dorsal cochlear
nucleus.  They reported that on fusiform nevrons the GluR4 subunit was preferentially
assoclated with synapses formed by auditory nerve terminals. In the spinal cord the
presence of GluR1 at synapses formed by nociceptive afferents is important because
GluRY- (and GluR4-) caontaining receptors are inscried into glutamatergic synapses in
response Lo synaptic activity, unlike those that contain only GluR2 or GluR3, which are
constitutively inserted (Bredt and Nicoll, 2003; see also Chapter 1). This suggests that
imsertion of new receptor subunits could contribute to activity-dependent plasticity at
synapses formed by these afferents.

Popratiloff et al. (1996) reported thal the GluR1 subunit was more frequently
associated with synapses formed by type 1 synaptic glomeruli, while GluR2 was more
commonly fonnd at synapscs formed by type 11 glomeruli. Although in this study it was not
possible to distingnish the ceniral axons ol glomeruli from other boutons with confocal
nicroscopy, Lhe results obtained afier the quantitative analysis of TB4-labelled and
VGLUTL-immunoreactive boutons in laminae 11i-TIT (Tables 5.2, 5.3) suggest that there is
a more even distribution of the GIuR1 subunit at synapses formed by these different types
ol afferent. In addition, since the GIluR2 subunit is present at most ot all AMPA-
conlaining synapses, it is unlikely that that GIuR2 is more commonly associated with
synapses formed by type I glomeruli. The discrepancies between these two studies are
likely to result from the lower sensitivity of the post-embedding method. For example, it is
likely that in the sludy carried out by Papratiloff et al. they detected a large number of
false-negative synapses since many of the immunoreactive PSNs sampled in their study
were Jabelled with only a single gold particle.

Baba et al. (2000) found that in adult rats silent synapses that express NMDA
subunits, bul tack AMPA receptors (see Chapter 1) are absent from lamina Il and are
extremely rare in lamina III.  Although in this study only those synapses were examined
which expressed AMPA receptors, the fact that out of the 3000 glutamatergic axon

lerminals analysed in laminae [-TTT fewer than 5% were not apposed to at Icast one GluR2
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punctum {data {rom Tables 5.2, 5.3) supports the finding that silent synapses are not

common in the dorsal horn.

Cu 2+-permcahle AMPA receptors

Several authors have investigated the presence of Caw_-permcab]e AMPA receptors
in the spinal cord (see Chapter 1). These have been detected in both the dorsal horn
(Atbuquerque el al., 1999; Engelman et al., 1999, Stanfa et al., 2000) and the ventral hom
(e.g. Vandenberghe et al., 2000a, 2000b, 2001; van Damme et al., 2002). On dorsal hom
neurons Ca”—pcrmeable AMPA receplors are thought to play a role in tactilc allodynia
lollowing noxious thermal stimulation or in carrageenan-induced acutc inflammation
(Sorkin et al., 1999, 2001). On motoneurons these receptors have been implicated in the
cxcitotoxic cell death occwiring in certain  newrodegenerative disorders, such as
amyotrophic lateral sclerosis.  Ca™ -permeability is prevented by the replacemont of a
single glutamine residue with an arginme in the channel pore (M; re-entrant membrane
domain) at position 586 of the GluR2 subunit as a result of RNA editing (Burnashev et al.,
1992). [t has been demonstrated that a great majority of GluR2 subunits in the spinal cord
are in the cdited form (Greig et al., 2000; Vandenberghe et al., 2000b). Therefore AMPA
receptors with Caz'kwpermeability arc likely (o lack this subunit. Scveral authors have
demonstrated that Ca2+—p(-:1‘meabk: and impermeable AMPA receptors can be co-expressed
within the same cell (Goldstein ct al., 1995, Gu ct al., 1996, Vandenberghe el al., 2001; van
Damme et al,, 2002). In addition, the results of this study mdicate that probably all spinal
cord neurons express the GIuR2 subunit, This raises the question whether the two receptor
subtypes arc spatially completely segregated at different synapses or whether AMPA
complexes with and without Ca**-permeability are found together within the same
synapses. Vandenberghe et al. (2001) reported that 8% ol GluR4-immunoreactive clusters
on cultured motonetrons lacked GluR2-immunoreactivity, suggesting that some synapses
have soicly Ca®-permeable AMPA receptors. There is evidence that different AMPA
subunits in the dorsal cochiear nucleus can be selectively targeted to synapses formed by
two distinet glutamatergic inputs (Rubio and Wenthold, 1997). However the {indings of
this study indicate, that in vivo a great majority of AMPA-containing synapses (>98%) in
the spinal cord possess the GluR2 subunit, even though the relative concentrations of the
different subunits can vary considerably. This makes it unlikely that there are synapses
which express cxclusively Ca*"-permcable AMPA receptors. Instead, for neurons which
have Ca**-permeable AMPA receptors, these arc probably intermingled with GluR2-

containing receptors within the same active sites. This is consistent with in wvitro
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experiments demonstrating that the co-expression of the edited form of GluR2 with other
AMPA subunits results in a mosaic of receptors showing a wide runge of Ca™-

permcability (Burnashey et al., 1992, 1995; Washburn et al., 1997).

Phosphorylation of GluR1 subunits following noxions stimulation

Phosphorylation of different AMPA subunits in the CNS has been implicated in
synaptic plasticity, including long-ierim potentiation and depression (Song and Huganir,
2002; Bredt and Nicoll, 2003). Roche et al. (19906) showed that the GIuR 1 subunit has two
main phosphorylation sites, Ser-831 and Ser-843 and that i transfected HEK-293 cells
phosphorylation of homomeric GluR1 channels at the Ser-845 sile resulted in a 40%
increase of peak current flow, This enhanced current flow resulted from an increase in the
peak open channel probability (Bankc et al., 2000). Lee et al. (2003) reported that
preventing the phosphorylation of GluR] by mutating the phosphorylation sites resulted in
a loss of spattal memory retention and rednced hippocampal LTP. In addition, it is widely
accepted, that phosphorylation of the Ser-845 residue is necessary for the recruitiment of
additional GluR 1 subunit into the postsynaptic densities of excitatory synapses (Esteban et
al., 2003). This phenomenon is thought to be involved in synaptic plasticity.

In the spinal cord AMPA receplor phosphorylation has heen implicaled in central
sensitization and this is though to contribute to chronic pain states (Sandlkuhler, 2000; Fang
et al., 2002, 2003; Ii et al., 2003). This stucy shows that the basal phosphorylation of
GluR! at Ser-845 site 1n glutamatergic synapses of the dorsal horn 1s normally very low.
Following noxious stimulation with intradermal injection of cupsuicin, a stimulus know to
causc central sensitization (Simone et al., 1991}, this basal level of phosphorylation was
rapidly and sigoificantly increased at a proportion of glutamatergic synapses in a
somalotopically appropriate location. The demonstration of phospliorylation at synapses is
particularly mportant, since Chung et al. (2000) found that although there were relatively
fngh levels of phosphorylated GIuR2 in dendritic shafis of cultured hippocampal ncurons,
the level of phosphorylation at synapses remained very low.

This study apparently provides the f{irst demonstration of phosphorylation of
1GluRs al synapses in vive. Noxious stimulation induces rapid phosphorylation of GluR1
subunits at glutamatergic synapses and provides a novel approach for investigating central
sensitizalion and other forms of synaplic plasticity in specific neuronal circuits throughout
the CNS.
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Chapter 6

Distribution of the NMDA receptor NR1, NR2A and NR2B
subunits at glutamatergic synapses in the rat spinal cord

revealed with an antigen unmasking method




INTRODUCTION

In Chapter 5 1t was shown that immunofluorescence following antigen unmasking
with purtial proteolytic digestion is suitable for revealing all four AMPA subunits at
glutamatergic synapses in the spinal coxd, In addition, it was demonstrated in Chapter 4
that pepsin-treatment can also be used to reveal punctatc labelling for the NMDA NR2A
subumt in mouse spinal cord and cerebellum and that this immunostaining disappears from
transgenic animals i which the NR2A protein has been knocked out, This method
therefore appears Lo be suitable for detecting synaptic NMDA, receptors.

Heteromeric NMDA receptor channcls containing different NR2 subunits have
sighificantly different physiological, biophysical and pharmacological properties in terms
ol their sensitivity to magnesium block, desensitization kinetics, affinity for agonists and
antagonists and the effects of phosphorylation (Monyer el al., 1994: Petrenko et al.,
2003b). Therefore knowledge about which NR2 subunits are expresscd at glutamatergic
synapses in particular arcas of the spinal gray matter is of great importance. In this study
the antigen unmasking technique was used to provide the first description of the synaplic
distribution of NRI, NR2A and NR2B subunits in the rat spinal cord. Since mast previous
studies have teported that NR2C and NR2D subunits are absent or present at very low
levels in neurons of the adult rat spinal cord (Lnque et al., 1994; Watanabe ot al., 1994b;
Yung et al., 1998; Shibata ct al., 1999), these subunits were not investigated.

The GIuR2 subunil is expressed at virtually all AMPA-containing excitatory
synapses 1 the spinal cord, and therefore its relationship to NR1, NR2ZA and NR23
subunits was examined and quantitatively analysed. It is widely accepted that NMDA
subunits do not form homomeric channels and NR1 must be assembled with at least one
NR2 subunit to form [unctional receptors (Ishii et al., 1993). Theretore the colocalization

ol NRY with NR2A or NR2B subunils was also investigated.

MATERIALS AND METHODS

Animals for immunoecytochemistry

Nine adult male Wistar rats (210-310 g; 1Tarlan, Loughborough, UK} were decply
anaesthetised with pentobarbitone (300 mg 1.p.) and perfused through the left ventricle
with a fixative cousisting of 4% (reshly de-polymerised formaldchyde. Lumbar spinal
cord segments from all animals were removed and postfixed in the same fixative for 8
hours at 4°C, before being cut into transverse 60 pm thick sections with a Vibratome.
Sections were immersed in 50% ethanol for 30 minutes prior to immunorcaction (o

cnhance antibody penciration (Llewellyn-Smith and Minson, 1992).
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Antibodies

Monoclonal mouse antibody against GIluR2 and affinity purified rabbit antibodies
against NR2B (N-terminal) and NR2A werc described in Chapters 4 and 5. To detect NR
subunils an affinity-purified guinea-pig antibedy was used {(kind gift from Dr. Masahiro
Fukaya, Hokkaido University, Japan). [t was raised against a synthetic peplidc
corresponding to the Cy-cassette of the recoptor. This antibody was chosen because it has
been reported that approximately 90% of NR1 subunits in the adult rat spinal cord express
the Cy-cassette (Prybylowski et al,, 2001). On Western blots prepared from ccrcbellar
homogenates the NR1-C;- anlibady detected a protein hand at 117 kDa, corresponding 1o
the NR1 subunit of the NMDA receptor (Abe et al.,, 2004). On Weslern blots fiom
HEK293 cells transfected with plasmid encoding NR1-1 (NR{ tailed with C- and Cs-
cassettes) or NR1-4 (NR1 tailed with C;-cassette), the antibody selectively recognized a
single protein band corresponding (o NR1-4, and gave no immunosignal for NR1-1 (Abe et
al., 2004). The pre-absorption of the antibody with Cy-peptide, but not with Cy-peptide
abolished this protein band and also immunostaining in the mouse brain {(Abe et al., 2004).
These results indicate that the NR1 antibody is specific to the Cy-cassetle and shows no

cross-reactivity with Cy~ or Cy-casseties or with other NMDA subunits.

Immunoflnorescent detection NMDA subunits

To demonstrate the distribution of the various NMDA subunits at synapses and to
invesligate their relationship to GluR?2, double-labelling immunofluorescence was carried
out. The colocalization between NMDA receptors and GluR2 was investigated for two
reasons: (1) the punctate immunostaining for GluR2 has been shown to correspond to
synapses, therefore an overlap between the two different types of iGIuR would indicate
that the punctatc labelling seen with the NMDA antibodies (see below) also representexd
synaptic receptors; (2) GIuR2 is present at virtually all AMPA-containing glutamatergic
synapses.  Therclore determining the proportion of GluR2 puncta that are also NRI1-,
NR2A-, or NR2ZB-immunoreactive in a purlicular spinal cord famina would reveal whether
NMDA receptors are always cxpressed together with AMPA receptors at synapses or are
restricted to a subpopulation of glutamatergic synapses.

Mid-lumbar spinal cord sections from six rats were pepsin-treated to expose
synaptic receptors (as described previously) and incubated for 72 hours at 4°C in the
following antibody cockfails: (1) guinea-pig antibody against NR1 (1.5 pg/ml) and mouse

entibody against GluR2 (Chemicon; cat. no. AB1768, 3.9 pg/ml), (2) rabbit antibody
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against NR2A (0.11 pg/ml) and mouse aulibody against GluR2, (3) rabbit antibody against
NR2B (0.1 pg/ml) and mouse antibody against GIluR2. Sections were rinsed in PBST and
ihcnbated for 2 hours at 21°C in a mixture of Alexa 488 conjugated donkey anti-mouse
(Molecular Probes; diluted 1:500) and biotinylated donkey anfi-guinea-pig or anti-rabbit
(Jackson lmmunorcsearch; diluted 1:500) secondary antibodies. To reveal the NMDA
receptors (n this part of the study TSA reaction (tetramethylrhodamine, NEL 702; Perkin
Elmer) was carricd out as described in Chapter 4. Following rinsing in PBST sections
ware mounted with anti-fade mediuny (Vectashield) and stored at -20°C.

To vestigate the extent of colocalization between NR1 and NR2A or NR2B,
pepsin-treated mid-lumbar sections from three rats were incubated for 72 hours at 4°C in a
mixture of guinea-pig anti-NR1 and rabbit anti-NR2A or anti-NR2B antibodics, followed
by species specific secondary antibodies raised in donkey and conjugated to Rhodamine
Red (Jackson Immunoresearch, diluted [:100, for NR1) or Alexa 488 (for NR2A or
NR2B). After the incubation sections wcre mounted with anti-fade medium (Vectashicld)

and stored al -20°C.

Analysis of immunofluorescence labelling

To determine the proportion of GluR2-immunoreactive puncta that were also
labelled for NR1, NR2A or NR2B a rcpresentative section was scanned with the Bio-Rad
Radiance 2100 confocal laser scanning microscope from each of the three animals, using a
60x oil immersion lens. Z-series were scanned at 0.3 um separation and six spinal cord
regions were analysed (n each case: lamina |, i1, 1T, TV, V and IX. Confocal image stacks
were viewed with MetaMorph software. [nitially only the green channel was viewed, and
rom cach region 100 GluR2-immunoreactive puncta were randomly selected for analysis.
The red channel (for the NMDA. subunit) was then turned on o determine what proportion
ol GluRZ-timmungreactive puncta were also labelled for NRI, NR2A or NR2B. To
determine the proportion of NR1-, NR2A- or NR2ZB-immunoreactive puncta that also
contained GluR2 a similar analysis was carried out, but a dilferent optical section was used
(o select the NMDA receptor labelled puncta,

For cach animal, the cxtent of colocalization between NR1 and NR2A or NR1 and
NR2B was exantined (as described above) in {uminae IT and TII/TV for NR2A and laminae
/11 for NR2B. Without signal amplification, the intensity of immunolabelling for NR2B
was very weak in the deep dorsal horn and in the venfral horn, while lamina [X also
showed weak immunoreactivily for the other two NMDA subunits. These regions were

therefore not analysed quantitatively.,




RESULTS

General appearance of immunnostaining and distribution of synaptic NMDA subunits

Following antigen unmasking with pepsin, and tyranude signal amplification,
punclale immunolabelling was observed throughoul the gray matter for all NMDA
subunits examined (Fig. 6.1). The general appearance of this punctate immunostaining
wus simifar to that reported for AMPA subunits in Chapter 5. The penetration of
immunolabelling was usually limited to the superficial parts of the Vibratome secctions
(=20 um), but it extended deeper into the tissuc than that of GluR2. In addition to the
punclate labelling, the NR2B antibody also labelled cell bodics, especially in the deep
dorsal horn and ventral hom (Fig. 6.2). This labelling had a reticular appearance and
occupicd mainly the perikaryal cytoplasm, although occasionally proximal dendrites and
axons were also immunoreactive. It was present in the entire depth of the sections, but
weaker near the surface. The highest level ol cyioplasmic labelling was observed in
motoneurons. Although several authors have reported that NMDA receptors are present in
DRG neurcns and primary afferent axon terminals (Shigemoto et al., 1992; Sawo et al.,
1993; Liu et al., 1994; Watanabe et al., 1994a; Ma and [MTargreaves, 2000, Marvizon ¢t al.,
2002; Lu et al, 2003), in this study no apparent immunostaining was obscrved inside
prafiles that appeared to be axonal houtons.

NR -, NR2A- and NR2B-immmnoreactive puncta were present in all laminac of the
spinal cord, but their numbers and brighiness varied considerabiy between different regions
{IFig. 6.1). NRI-immunoreactive puncta were almost uniformly distributed in all laminae,
but the immunostaining was weaker in the ventral horn than in the dorsal horn, NRZA and
NR2B showed a differential distribution in the dorsal horn, Labelling with the NR2A
antibody was strongest 1y lamina Tl and was preseat at lower levels elsewhere, with
lamina ITo containing only very few, weakly immunoreactive puncta. Lamina | also
contained a moderate number ol puncta showing strong immunostaining for NR2A.
NR2B-immunoreactive puncta were brightest and most numerous 1 laminae I-IT aad the
intensity of the labelling gradually decreased towards the decper laminac.  Sunilarly to
NR 1, immunoreactivity for NR2ZA and NR2B was weaker in the veniral horn than in the

dorsal hom.

Relationship of NR1, NR2A and NR2B subunits to GluR2
[n the dorsal horn the great majority ol NR1- or NR2A-immunoveactive puncta

were also labelled {or GIuR2 (on average 87% for NR1 and 88% for NR2A; ['ig. 6.3; Table
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Iigare 6.2 Cell bady labelling with the NR2B antibody in the ventral horn following
pepsin-treatment,  The immunostaining has a reticular appearance and it extends into the
axons and proximal dendrites. The nuclei are not labelled. Besides the cyloplasmic
NR2B-labelling a faint punctate immunostaining is also visible. [mages are projcctions of
L0 optical sections, scanned ul 0.5 pm z-separation from the middle portion of the sections.

Scalc bar, 20 pm.







Kigure 6.3 Confocal images showing the colocalization of NR1, NR2A or NR2B subunits
with GIuR2. (@-c} and (g~i) were obtained from the superficial laminae, while (d-f) show
immunostaining in lamina {11 In cach casc the vast majority of NR1-, NR2A- or NR2B-
mmunoreactive puncta (red) are also immunoreactive for GluR2 (green). There are
pumerons GluR2-immunoreactive puncta which lack NMDA subunits. All images are

Irom single optical sections. Scale bar, 5pm.

Figure 6.4 Confocal images showing the colocalization of NR1 and NR2A (a-c) and NR1
and NR2B (d-f). (a-¢) were oblained from lamina 1, while (d-f) show Lhe superficial
laminae. There is extensive colocalization between NR1 and NR2A and NR1 and NR2B.

All images are from single optical sections. Scale bar, Spm.
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0.1). The proportion of NR2B-immunoreacltive puncta that were also immunostained for
GluR2 was on average 72% in the dorsal homn.  Corresponding numbers for lamina 1X
were slightly lower: 67% for NR1I, 75% for NR2A and 70% for NR2B.

The proportion of GluR2-immunorcactive synapses thal were also labelled for NR1
was very sinilar in laminae 1, I, TTIT, TV and V. Slightly more than half (on average 57%)
of GluR2-immunoreactive synapses also showed labelling with the NR1 antibody in these
laminae. As could be predicted from its distribution, the corresponding proportions for
NR2A were lower in the superficial laminae (15% and 25% for lamina [ and 1I) than in the
deeper Jayers of the dorsal hom {(on average 37% for laminae TI-V). Surprisingly,
although NR2B-immwunoreactivity was strongest in the superficial dorsal horn, the
proportion of GluR2-imumunorcactive puncta thal were also NR2B-immunoreactive was
only slightly higher in this region (on average 38%) than in laminae 111V (on average
32%). Consistent with the lower levels of immunostaining for various NMDA subumits in
the ventral horn, 21%, 21% and 23% of GIuR2 expressing synapses in lamina IX were

immunoreactive for NR1, NR2ZA or NR2B subunits, respectively. The bLrightness of
NMDA-Immunorcactive puncta was nol uniform, but varied considerably within each

region.

Colocalization between NRT and NR2ZA or NR2B subunits

NR2A and NR2B showed extensive colocalization with NR1 in alt of the laminae
that were analysed (IMig. 6.4, Table 6.2). The immunoreaction without tyramide signal
amplification was weak wn the deep dorsal horn for NR2B and in the ventral horn for all
three NMDA subunits.  Therefore, the ventral horn was not analyscd for cither
combination, and the deep dorsal horn was not examined {or NRZB/NR1.

On average 92% {84-98%) of NR2A- and 93% (88-98%) of NR2B-immunoreactive
puncla were also fabelled with the NR1 antibody in the regions analysed (laminae I-1T and
IT-TV for NR2A and laminae I-II for NR2B). In the superficial laminae on average 58%
(50-63%) of puncta immunoreactive for NRI were also stuined for NR2A, while the
corresponding value [or the deep dorsal horn was 69% (34-82%). The proportion of NR1-
immunoreactive synapses that were also labelled for NR2B was 89% (88-91%) in laminae
i1t

DESCUSSION

The main finding of this part of the stndy is that antigen unmasking with pepsin
results in punctate immunolabelling for NR1, NR2A and NR2B subunils. A majority of
thesc puncta are also immunoreactive for GluR2, a marker for AMPA confaiuing synapses
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(see Chapter 5). This indicates that pepsiu-treatment is suitable for the detcction of NR1,
NR2A and NR2B subunits at glutamatergic synapses in the rat spinal cord. The great
majority of NR2A- or NR2B-immunoreaciive puncta were also immunoreactive for NR1,
which is consistent with the current view that functional NMDA receptors are heteromers

of NR1 and NR2 subunits.

Distribution of NR1, NR2ZA and NR2B subunits

Several authors have investigated the distribution of NMDA subunits in the spinal
cord using fn situ hybridization or conventional immunocytochemistry (see Chapter 1).
However with in situ hybridization only the cell bodies of neurons that synthesize the
subunils are labelled, whilc conventional immunocytochemistry generally failed to detect
synaptic proteins (see Chapter 2, 4 and 5).

Modcrate to high Ievels of NR1 subunit mRNAs have been [ound in cell bodies
throughout the gray matter (Furuyama et at., 1993; ‘I'élle ct al., 1993; Luque et al., 1994;
Shibata et al., 1999). The expression of mRNA for this subunit appeared to be higher in
the ventral horn than in the dorsal horn (Furuyama et al., 1993; Kus et al., 1995; Stengenga
and Kalb 2001). The results of the present study are partly consistent with thesc
investigations, since following pepsin-treatment, punctate labelling for NR1 subunits at
glutamatergic synapses was also present in all taminae, although it was much weaker in the
ventral hom than in the dorsal horn. The relatively strong signal in the ventral horn with in
situ hybridization probably resulted from the fact that motoneurons are large cells with
active protein synthesis and well-developed rough endoplasmic reticuium.

In siti hybridization and immunocytochcimical studies into the distribution of
different NR2 subunits have yielded highly controversial resuits. Tdlle et al. (1993) only
detected mRNA for NR2C and NR2D subunits and claimed that NR2A and NR2B mRNAs
were undeteclable,  Stengenga and Kalb (2001) reported that m adult rats the signal [or
NR2A was just above backgromund with a slightly higher level in lamina II, while NR2B,
NR2C and NR2D transcripts were undetectable. Watanabe et al. (1994b) on the other hand
reported that mRNA for NR2A was present in all laminae except in lamina 1T and that
transcript for NR2B was resiricted to lamina 11, Luque el al. (1994) detected NRZA
MmRNA throughout the gray matier, including lamina i and reported that mRNA for NR2ZB
was only present in laminae 1T and IX. Shibata ct al. (1999) also found NR2B mRNA in
somatomotor neurons.  Using imumunocytochemisiry Boyce et al. (1999) reported that
NRZA-immunereactive cell bodies were uniformly present in the rat spinal cord

throughout the dorsal and ventral hotn.  Iimmunostaining with an NR2B antibody was more
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restricted, with moderate labelling of fibres in laminae I-T1, suggesting a presynaptic
localization for this subunit. Yung (1998) found NR2B immunostaining in laminae T-TTT,
but could not deteet immunosignal for NR2A in this region.

The present study with antigen unmasking clearly shows that hoth NR2A and
NRZ2B subunits are expressed at glulamatergic synapses in all laminae, but their levels vary
considerably between different regions. NR2A is expressed at highest levels in lamina 111
and it has much lower levels clsowhere with the immunostaining being weakest in lamina
llo. NR2B is present at high levels in laminae 1-II, these gradually decrease towards the
ventral horn. The expression of both NR2A and NR2B at synapses is much weaker in the

ventral horn than in the dorsal hom.

Colocalization of NR1, NRZA or NR2B with GluR2

A proportion of NR1-, NR2A- or NR2B-immunoreactive puncta did not show
immunelabelling for GluR2. These puncta could correspond to (1) silent synapses, which
lacl AMPA receptors, but express NMDARs, (2) synapses at which GIuR?2 is present but
at levels helow the detection threshold (false-ncgatives), (3) synapses which lack GluR2,
but express another AMPA subunit or {4) non-synaptic (i.c. cytoplasmic) labelling. The
propuorions of these GluR2-lacking puncta were similar for NR1 and NR2A, but higher for
NR2B. This difference may result from the cytoplasmic labelling, which was clearly
present with the NR2B antibady. During the randoimn selection of puncta for analysis it was
not possible to distinguish (hese immunoreactive cytoplasmic structures from puncta that
arc likely to correspond to synapses.

The finding that only a proportion (approximately half for NR1 and one-third for
NR2ZA and NR2B) of GluR2-immunoreactive synapses cxpress an NMDA subunit
indicates thal NMDA receptors are either sclectively expressed by certain neurons or
selectively targeted to particular synapses within individual neurons. Popratiloff ct al.
{1998b) uscd the postembedding immunogold method to investigate NRI subunits at
synapses formed by primary afferent terminals. They concluded that mosl primary afferent
synapscs in the superficial [aminae express NRI. Since only about half of GluR2-
containing synapses in laminac 1-J1 were also immunoreactive for NR1, these findings
ratse the possibility that NMDA receptors a preferentially associated wilh synapscs formed
by primary afferent lerminals.  Further studies are needed to determine exactly which

neuronal circiits express particular NMDA subunits in the spinal cord.
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Colocalization of NR2ZA and NR2B with NRI

Studics using conventional immunocytochemistry or in situ hybridization only
detected cell body labelling for NMDA receptors {¢.g. Yung et al, 1998; Zhang ct al.,
1998; Boyce et al., 1999; Zou et al., 2002) and il was generally not possible to demonstrate
that these subunits form [unctional receptors at synapses. There is evidence that certain
neurons 1 the CNS can express a particutar NMDA subunit, whicli is not present at their
synapscs, is thus not likely to form [unctional channels. For example NR1 subunits are
highly expressed in adult rat Purkinje cells in the cerebellum, but they are not detectable at
synapses (Yamada ¢t al., 2001). In a recent study Abe et al. (2004) demonsirated that in
the cerebellum NR2 subunits are essential for the postsynaptic localization of NRI.
Indeed, Watanabe et al. (1994¢} demonstrated that none of the NR2 subunits were
transeribed by advolt rat Purkinje cells, and this presumably explains the finding that NR1
subunits cannot be detected al their synapses. 1o addition, Fukaya et al. (2003) found that
without NR1, NR2 subunits are retained in the ecndoplasmic-reticulum. These finding
indicatc that heteromer formation beiween NRI and NR2 subunifs is essential for their
trafficking into PSDs and the fonmation of fimclional receptor channels. In the present
study it was found that the great majority of NR2ZA or NR2B-immunoreactive puncla were
also labelled for NR1, and this strongly suggests that immunoreactive puncta observed in
the rat spinal cord afier antigen unmuasking correspond to fimctional NMDA receptors at
glutamatergic synapses.

11 was not possible to examine the refationship between the two NR2 subunits,
beeause both antibodies used in this study were raised in rabbits, However the fact that the
distribution of NR2A and NIR2B subunits overlap throughout the gray matter (although
their levels vary between different regions) and that in laminae I-I1 58% and 89% of NR1-
immunoreactive puncia were also immunoreactive for NR2ZA and NR2B, respectively,
suggests thal these subunits can be co-expressed at individual synapses, This is supported
by Karlsson et al. (2002), who used single-cell RT PCR to show that single dorsal horn
neurons can express mMRNA for multiple NR2 subunits and that 84% of neurons
investigated in their study had mRNA for both NR2A and NR2B. These finding raise the
question whether NRZA and NR2B subunits within individual synapses form di- or tri-
heteromer channels with NR1. In the rat cerebral cortex Luo et al. (1997) demonstrated
that the dominant NMDA receptor complex contains at least three different subunits
including NR1, NR2ZA and NR2B. There is also cvidence that NMDA receptlors in the
superficial laminae of neanatal rats arc not simply composed of NR1/NR2B or NR1I/NR2D

subunits, but are probably a combination of two different NR2 subunits together with NR1
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(Creen and Gibb, 2001). This is imporlant, because NMDA complexes, conlaining more
(han two different subuunits differ from those containing only two subunits in terms of their
sensitivity 1o Mg*-block, channel-conductance and affinity for agonists and antagonists

(Brimecombe ct al., 1997; Kirson et al., 1999; Green and Gibb, 2001).

NMDA subunits in the dorsal horn

The high level of NR2B at synapses in the superficial laminae, where C and A8
primary affercnts arc known to tcrminale, strongly suggest that this subunit may play an
important role in nociceptive sensory processing and clironic pain states.  n support of
this suggestion, selective NR2B antagonists were shown to have an antinociceptive effect
i capsaicin-induced acute pain, and atlenuated carrageenan-induced mechanical
hypcralgesia and mechanical allodynia following chronic nerve ligation (Taniguei et al.,
1997, Boyce et al., 1999). Minami ct al. (2001) reported that the NR2B antagonist CP-
101,606 abolished the induction of allodynia evoked by the administration of PGE; or
NMDA. In addition, NR2B antagonists were found to have an inhibitory effect on the
windup of single spinal heurons in spinalized rats and rabbits in vive (Boyce et al., 1999;
Kovacs et al., 2004). Further evidence for the role of NR2B subunits in nociceptive
processing comcs {rom the study of Guo et al. (2002). Using immunoprecipitation and an
anti-phosphotyrosine antibody they reported that the tyrosine phosphorylation of this
subunit correlated with the development of inflammation and hyperalgesia induced by
itraplantar injection of complete breund's adjuvant.  The increase in NRZB
phosphorylation was dependent on primary afferent activity suggesting that this subunit
might be postsynaptic to nociceptive primary afferents.

Interestingly, Momiyvama (2000) claimed that NR2B subunits in lamina IT neurons
of the adull rat spinal cord are extrasynaptic.  She found that in somatic outside-out
patches, presumably derived {rom the extrasynaptic membrane, ifenprodil, a selective
NR2B antagonist, blocked high-conductance NMDA channels.  Using a blind-patch
technique applied to thick slices retaining dorsal roots, this antagonist was ineffective on
NMDA-TPSCs.  Results of the present study with immunofluorescence do not support
Momiyama's interpretation.  Although {ollowing antigen-unmasking it was not possible to
detect extrasynaptic receplors, NR2B-immunoreaciive puncta were common in lamina i1,
On average 64% (55-78%) of these puncta colocalized with GluR2 and 39% (30-47%) of
GluR2-immunoreactive synapses were also labelled for NR2ZB in this region. These
findings suggest that in pepsin-treated scctions the majority of NR2B-immunoreactive

puncta in lamina 1 represent synaptic NR2B subunils. A possible explanation for the

156

— e




(ailure of ifenpredil (o inhibit NMIPA-EPSCs in the above mentioned study could lie in the
pharmacological properties of the drug. Zhang et al. (2000) found that ifenprodil enhanced
NMDA-mduced currents in both cortical and subcostical arcas. However, this cnhancing
cfTeet was only obscrved at low NMDA concentrations. With increasing concentrations of
NMDA, the effect ol tfenprodil on NMDA-evoked currents changed from potentiation to
inhibition (Kew et al., 1996). In her study, Momiyama used 0.1 Hz dorsal root stimulation
for the patch-clamp recording of NMDA EPSCs, while NMDA receptors in the outside-oul
patches were activated with 50 pM NMDA. Tt is possible that dorsal root stimulation did
not produce the same extent of NMDA. receptor activation as the application of 50pum
NMDA. 1If this was the case ifenprodil might not have inhibited synaptic NR2B subuniis
eftectively. However, results from Brimecombe et al (1997) provide a more likely
alternative explanation. They found thal the presence of both NR2A and NR2B subunits
within the samic heteromer significantly alters its pharmacological altributes when
compared with channels containing only a single type of NR2 subunit. The presence of
NR2A n the triheteromer decreased the sensitivity ol the receptor to ifenprodil anulogues,
These findings when taken together could further confirm the suggestion that at lcast a
proportion of synaptic NMDA receptors in the spinal cord contain hoth NR2A and NR2B
subunits tagether with NR1 (scc above).

The distribution of strongly NR2A-inununorcactive puncta in the dorsal hom is
similar to that of transganglionically transported CTDL inside priznary affcrent terminals
(Ganser et al., 1983). This suggests that NR2ZA could be postsynaplic to myelinated
AP/AS low-threshold and A8 nociceptive pimary afferents which are known to terminate
mainly in laminae IIi-IV and lamina I, respectively. Preliminary studies confirm this
hypothesis, since we have reeently found that NR2A-immunoreactive puncta were apposcd
CTh-labelled primary afferent axon lermuwals in laminae 1 and III/IV {(G. G. Nagy, D.
Hughes and A. I. Todd, unpublished observations). This raises the possibility that NR2ZA
subunits might be involved in mechanical allodynia. Indeed, evidence for this is provided
by Minami et al. (2001), who found that NR2A kuock-out mice did not develop
prostaglandin E; (PGEz)- or NMDA-induced mechanical allodynia. However they also
found that after nconatal capsaicin treatment PGE; or NMDA could not induce allodynia
and that capsaicin-treated, NR2A lacking mice did not show PGy -induced hyperalgesia
(Minpami et al., 1997). This suggests that in PGEs-induccd hyperalgesia and mechanical
allodynia C-fibres are thc most important contributing factor. FHowever the synaptic
expression of NR2A is the weakest in lamina llo, where most {although clearly not all} of

the nociceptive C-fibres terminate. In another study Petrenko et al. (2003a) reported that
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formalin-induced acute pain, complete l'reund’s adjuvant-induced thermal hyperalgesia
and mechanical allodynia following spared nerve injury (SN1) were all unaltered in NR2A
knock-out mice., The apparent inconsislencies between behavioral, physiological and
morphological investigations stress the need for further studies to determine which NR2

subunits are associated with particular neuronal circuits in the spinal cord.

NMVIDA subunits in the ventral horn

There has been great interest in which iGluRs arc expressed by motoneurons, since
Ca®" entry through these channels has been implicated in the excitotoxic cell death
oceuting in certain pathological conditions, such as ALS. The increased intracellular Ca”™
concentration can tead o the generation of free radicals, the activation of protcases and the
induction of apoplosis (Urushitani et al., 2001; Arundine and Tymiauski, 2003). Several
authors have suggested that Ca®'-permeable AMPA receptors arc the determining factor in
the sclective vulnerability of motoneurons o glutamate toxicity (Carriedo et al., 1996;
Pelleorini-Giampictro et al., 1997; Williams et al., 1997; Shaw, 1999; van Den Bosch et
al, 2000; van Damme ct al, 2002). However, NMDA recepiors also have Ca®'-
conduclance and several authors have stressed their importance in the degencration of
ventrill horn neurons (Wagey et al,, 1997; Virgo et al., 2000; Urushitani et al., 2001,
Sanelll et al., 2004). The present findings provide morphological evidence for the first
ttme that NR1, NR2A and NR2B subunits are expressed at synapses in the ventral horn,
although the intensity of immunostaining was very much wealker than in the dorsal horn.

The strong labelling for NR2B around the cell nucleus of motoneurons and the
weak NR2B-immunoreactivity at synapses in the ventral horn suggests thal these cells
produce NR2B protein, but that it is nol present in farge amounts at their synupses. The
shape and location of these NR2B-imimunorcactive cytoplasimic structures resembles that
of the Golgi-apparatus and endoplasmatic reticulum (ER). This is supported by the fact
that in rats which received a CTb injection into the sctatic nerve the NR2B-
immunoreactive cytoplasmic puncta colocalized with the tracer (G. G. Nagy, D. Hughes,
A. ). Todd, unpublished observations). CTb is known to be transported to the Golgt-
apparatus  of  motoneurons  (Ragnarson et al., 1998). Using conventional
immunoftuorescence Marvizén et al. (2002) also reported a similar cytoplasmic labelling
pattern for NR2ZA/B receptors in DRG neurons. In their study the cytoplasmic labelling for
NRZA/R colocalized with CGRP, which is produced from its precursor protein in the
Golgi-apparatus  (Wimalawansa, 1996). The additional cytoplasmic labelling inside

cellular processes might represent the intracelular trafficking of the receptor. it is possible
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that NR2B subunits on motoneurons are constitutively inserted into the membrane, but are
sxpressed mainly at extrasynaptic sites. FExtrasynaptic receptors are lost during pepsin
treatment (see Chapter 5), lhercfore during this study these NR2B subunits would have
been undetectable following antigen unmasking,  Evidence for the presence of
extrasynaptic NR2B subunits in the dorsal horn was provided by Momiyama (2000}, using
patch clamping (see above). Alternativcly, the Golgi-apparatus and/or ER in motoneurons
could serve as a storage place for NR2B subunits, and these could be inserted into the
membrane following certain type of cellular events, such as stimulation. Recruitment of
NR2B subunits to the synapfic membrane could lead to an increase in NMDA mediated
currents.  NR2ZA or NR2ZB containing NDMA receptors have high-conductance channci
openings (Petrenko et al., 2003b), whilc currents generated by NMDA rcceptors containing
the NR2B subunit decay several fimes more slowly than those gencrated by NR2A
containing NMDARs (Vicini et al., 1998). Ca®" entry through newly inscrted NMDA
receptors could be involved in synaptic plasticity or in motoneuron degeneration occurring
i amyoltrophic lateral sclerosis or nerve injury. In a rccent i vitro study Sanelli et al.
(2004) found that spinal motoneurons from mice over-expressing the human low molecular
weight neurofilament showed significant increases in intraceltular Ca®* following
stimulation with NMDA and that this contributed to the cell death. In control animals only
minimal alterations in Ca®" levels were observed,  Transgenic mice over-cxpressing
neurofilaments develop motoneuron discase (Strong, 1999) and the intracellular trafficking
of certain synaptic proteins is also impaired (Sanelli et al., 2004). Virgo et al. (2000)
delected a significant upregulation of NR1 and NR2B mRNA in motoncurons following
{he crushing of the comimon peroneal nerve. They suggested that induction of these two
NMDA subunits could contribute to excitotoxic cell death. Further studies are needed (o
cxamive whether cytoplasmic NR2B-immunostaining is translocated to the synaptic

membrane during pathological conditions or following stimulation.
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Chapter 7

Summation of the most important findings of the thesis




The most important findings of the investigations presented n thig (hesis are

summarized below. Where appropriate, a hrief interpretation of the results is also

provided logether with a short discussion of their functional significance.

1,0

0.

The great majority (97.7%) of somatostatin-containing and CGRP-lacking
boutons  show immunorcactivity for VGLUT2., These terminals  {onm
asymmetrical synapses, the majority of which (87%) express AMPA subunits at
their PSDs. These results suggest that somatostatin-containing interneurons in the
dorsal horn are excitatory, and use glutamate as a neurotransmitter,

A maority (96.5%) of cnkephalin-containing boulons form asymmelrical
synapses, the majority of which (77%) express AIMPA subunits at their PSDs. A
small  proportion  (3.5%) of cnkephalin-immunorcactive terminals [ormn
symmetrical synapses and these lack AMPA receptors. These results suggest that
somatostatin-containing interneurons in the dorsal horn are cxcitatory, and use
alutamate as a neurotransmitter.

Postembedding imniunogold Tabelling on freeze-substituted spinal cord tissuc can
give nou-speeific synaptic fabelling for NR2A, as judged by the presence of gold
particles at asymmetrical synapses in the NR2A knock-out mice, This [inding
raises questions about the validity of the postembedding method for the detection
of NMDA subunits and stress the need for the use of appropriate controls during
immuoocylochemistry.

Antigen unmasking with lmited proteolytic digestion using pepsin is suitable to
reveal AMPA and NMDA recepiors at glutamatergic synapses in the spinal cord.
This method probably allows antibodies to gain access to epitopes that are
normally masked by cross-linking due o fixation. With immunoRuorescence
immunoreactive synapses appear as small puncta, while with clectron microscopy
the DAD reaction product is asseciated with PSDs.

Following pepsin-treatment GluR2-immunoreactive puncta are present throughout
the gray matter, whereas GluRI1-uimmunorcactive puncta are restricted to the
dorsal hom and are most numerous in the superficial laminae. Punctate
immunostaining for GluR3 and GluR4 is present in all laminac, but if is weak in
the superficial dorsal horn.

GluR2 is present at virtually all (98%) puncta that are GluR1-, GluR3- or GluR4-
immunoreactive. This subunit can therefore serve as a marker for glutamatergic
synapscs that contain AMPA receptors in the spinal cord. These results also

suggest the all spinal cord neurons express GUR2. Since the presence or absence

161




9.

12.

of GIUR2 determines the Ca**-permeability of AMPA complexes, it is likely that
Ca’'-permeable and impermeable AMPA receptors are intermingled within the
same active sites.

GluR2- and GluRI-immunoreactive puncta are apposed to various types of
glutamatergic axon terminal. Of the 4.800 glutamatergic boutons analysed, 96.2%
formed at least one synapse where AMPA rceeptors were present.

GluR1 subunits are more often present at synapses formed by primary afferents
than at those formed by excitatory interncurons. This is very important since
GluR] subunits have been implicated in activity-dependent synaptic plasticity
both in the spinal cord and other parts of the CNS.

Intradermal injection of capsaicin leads to the rapid phosphorylation of GluR1
subunits at glutamatergic synapses in a somatotopically appropriate arca of the
superfictal dorsal horn. Since phosphorylation of this subunit increases the open
channel probability of the receptor complex, this could underlie the central

sensitization of nociceptive neurons.

. Following pepsin-ireatment NRI1-immunoreactive puncla are fairly evenly

distributed throughoul the gray matter. Punctate immunostaining for NR2A is
strongest in the deep dorsal horn, with much lower levels elsewhere, except for
lamina [lo, where il is virtually missing. NR2B is present at high levels in
laminae I-11, and these gradually decrease towards the ventral horn. The laminar
distribution of NR2B and NR2A subunits suggests that these might be associated
preferentially with synapses formed by unmyelinated nocicepiive C-fibres and

myelinated AR/Ad-fibres, respectively.

. Only a proportion (approximately hall for NR1 and one-third for NR2A and

NR2B) of GluR2-immunoreactive synapses express an NMDA subunit and this
imdicates that NMDA rceeptors are either selectively expressed by certain neurons
or sclectively targeted to particular synapses within individual ncurons.  Further
studies are needed to determine exactly which neuronal circnits cxpress particular
NMDA subunits,

The majority of NR2A- or NR2B-immunoreactive puncta are also labelled for
NR1, and this strongly suggest that immunoreactive puincta observed after antigen

unmasking correspond to functional NMDA receptors at glutamatergic synapses.
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Appendix

0.1 M PHOSPHATE BUFFER (PB)
o Nall,POsx 2 H,0) 37.44 gin 1200 ml [,0 - Sclution A

o NayHPO, 84.9 g in 3000 mi H,O — Solution B

Mix 1120 m] of Solulion A and 2880 ml of solution B.
Adjust pH to 7.4 with HC] or NaOH.
Add 3000 ml distilled water.

PHOSPHATE BUFFER WITIL 0.3 M SALINE (PBS)

o 02MPB 200 ml
o MNaCl 72
o distilled water 3800 ml

TRIS-BUFFERED SALINE WITH TRITON X-100 (TBST)
c 0.05MTrispH 7.4 100 ml

o distlled waler 900 ml
¢ NaCl 3-9¢g
o Triton X-100 ig

MAMMALIAN RINGER (MR)

o NaCli 45 g

o KCI 2g

o CaCl; 1,25 ¢
o MgCh 0.025 g
o NaHCO; 2.5

o Nall,POy 025
o glucose S5¢g

o distilled water 5000 ml

0.2 M BICARBONATE BUFFER (pH 10.5)

¢ NaHCQ; 168 ¢
o 0.1 M NaOH 175 ml
o distilled water make up to 1600 ml
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02. M SODIUM ACETATE BUFFER (pll 6.0)

o sodinm acctate 164 ¢
o 0.2 M acetic acid 3ml
o distilled watcr make up to 1000 mt

URANYL ACETATE FOR CONTRASTING

o saturated solution of uranyl acetate in ultra pure water

LEAD ACETATE FOR CONTRASTING

o lead acetate Vg

o distifled water 100 ml > saturated lead acetate
o saturated lead acetate 100 ml

o ammonium acetate  18.5 g

LEAD CITRATE I'OR CONTRASTING

o lead nitrate 133 ¢

o godium citrate 176 g

o distilled water 30 ml

o | M NaOll Sml

o distilled water make up to 50 mi
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