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Summary

Even though spinal cord research has expanded enormously during the past decades, we still
lack a precise understanding of how spinal interneuron networks perfectly integrate sensory
feedback with motor control, and how these neuron circuits give rise to specific functions. The
present study thus has three basic aims: (1) to investigate propriospinal interneurons
connecting rostral and caudal lumbar spinal cord in the rat; (2) to investigate input properties
of identified spinal interneurons interposed in different pathways; (3) to investigate

cholinergic terminals in the ventral horn of adult rat and cat.

To realize the first aim, the B-subunit of cholera toxin (CTb) was injected into the motor
nuclei at the L1 or L3 segmental level to retrogradely label propriospinal interneurons in the
L5 segment of rat spinal cord. These cells had a clear distribution pattern which showed that
they were located mainly in ipsilateral dorsal horn and contralateral lamina VIII. A series
triple-labelling experiments revealed that about 1/4 of the CTb-positive cells were
immunoreactive for calbindin and/or calretinin. It was also found that a small population of
CTb labelled cells were cholinergic and were observed mainly in three locations: lamina X,
the medial part of intermediate zone and lamina VIII. In addition, injection of CTb also
anterogradely labelled axon terminals, which arose from the commissural interneurons (CINs)
within the site of injection, crossed the midline and aroborized in the contralateral lateral
motor nuclei of the L5 segment. The neurotransmitter systems in labelled axon terminals of
CINs were investigated by using antibodies raised against specific transmitter-related proteins.
The results showed that approximately 3/4 terminals were excitatory and among those

excitatory terminals about 3/4 forming contacts with motoneurons.

To achieve the second aim, 21 interneurons located in the intermediate zone and lamina VIII
from 7 adult cats were characterised electrophysiologically and labelled intracellularly with
Neurobiotin. Seventeen of these cells were activated monosynaptically from primary muscle
afferents but the remaining four cells received monosynaptic inputs from the medial
longitudinal fasciculus (MLF). Quantitative analysis revealed that cells in the first group
received many contacts from excitatory terminals that were immunoreactive for the vesicular
glutamate transporter 1 (VGLUTI1) but those cells from the second group received few

contacts of this type and were predominantly contacted by terminals immunoreactive for



vesicular glutamate transporter 2 (VGLUT?2). This result was as predicted because VGLUTI1
is found principally in the terminals of myelinated primary afferent axons whereas VGLUT2
is located in the terminals of interneurons in the spinal cord. Interneurons in the first group
were then characterised as excitatory and inhibitory on the basis of the transmitter content
contained within their axon terminals. Although there was a greater density of VGLUT]I
contacts on excitatory rather than inhibitory cells, the difference was not statistically
significant. GABAergic terminals formed close appositions with VGLUT1 contacts on both
excitatory and inhibitory cells. These appositions were likely to be axoaxonic synapses which
mediate presynaptic inhibition. In addition, the densities of VGLUT1 and VGLUT2 contacts
on 30 dorsal horn CINs and 60 lamina VIII CINs that were retrogradely labelled with CTb
from 3 adult rats were compared. The results showed that VGLUT2 terminals formed the
majority of excitatory inputs to both dorsal horn and lamina VIII CINs but dorsal horn CINs
received a significantly greater density of VGLUT1/2 inputs than lamina VIII CINs.

In order to achieve the third aim, i.e. whether glutamate is a cotransmitter at motoneuron axon
collateral terminals in the ventral horn, a series of anatomical experiments were performed on
axon collaterals obtained from motoneurons from an adult cat and retrogradely labelled by
CTb in adult rats. There was no evidence to support the presence of vesicular glutamate
transporters in motoneuron axon terminals of either species. In addition, there was no obvious
relationship between motoneuron terminals and R2 subunit of the AMPA receptor (GluR2).
However, a population of cholinergic terminals in lamina VII, which did not originate from
motoneurons, was found to be immunoreactive for VGLUT2 and formed appositions with
GluR2 subunits. These terminals were smaller than motoneuron terminals and, unlike them,
formed no relationship with Renshaw cells. The evidence suggests that glutamate does not act
as a cotransmitter with acetylcholine at central synapses of motoneurons in the adult cat and
rat. However, glutamate is present in a population of cholinergic terminals which probably

originate from interneurons where its action is via an AMPA receptor.

In conclusion, the present studies add to the understanding of the organization of neuronal
networks involved in sensorimotor integration. Propriospinal interneurons located within the
lumbar segments have extensive intra-segmental projections to motor nuclei. First order
interneurons interposed in reflex pathways and descending pathways receive a significantly

different pattern of inputs. A similar proportion of monosynaptic excitatory input from
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primary afferents has been found in both excitatory and inhibitory interneurons and these two

types of cells are subject to presynaptic inhibitory control of this input.
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Chapter 2

General Experimental Procedures



The purpose of this chapter is to give a brief account of the three principal aims pursued, and
experimental approaches that were used throughout all the three investigations. The specific
experimental procedures, which were applied in each of the three studies, are explained in
detail in the corresponding chapters. The aim of the first study (chapter 3) was to examine
several features of propriospinal interneurons connecting rostral and caudal lumbar spinal cord.
The second investigation (chapter 4) focused on the input properties of identified spinal
interneurons (including CINs) interposed in different pathways. Finally, in chapter 5,
cholinergic terminals in the ventral horn of spinal cord were investigated to determine whether

glutamate is colocalized within them.

In order to facilitate the understanding of the specific experimental protocols applied in
chapters 3, 4, and 5, aspects of them including immunocytochemistry and confocal
microscopy is provided here.

2.1 Multiple immunolabelling for confocal microscopy

This technique allows the identification of more than one antigen in the same section of spinal
cord. The antigens used in the present work include transporters, neurotransmitters, enzymes,
and receptors. The rationale of the protocol can be summarised in two essential general steps
(Figure 2.1, diagram):

1. Incubation of spinal cord sections with primary antibodies that have been raised in
different species. Normally a primary antisera cocktail contains two or three primary

antibodies and each one is derived from a different species.

2. Incubation of sections in a cocktail containing species specific-secondary antibodies,
which are coupled to different fluorophores. Generally a secondary antibody is an
immunoglobulin (1g) raised in donkey, which is detected against an Ig of a particular
(X) species. The resulting secondary antibody will bind to any antigen of the X

species and will be readily identified by means of the fluorophore coupled to it.

Following the incubations and rinses, sections are mounted and are ready to be scanned with

the confocal microscope. Immunoreactivity for each of the antigens can be independently
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visualised as revealed by the corresponding fluorophore-coupled secondary antibody. Images
from the same optical section can be merged in order to study the relative spatial distribution
of the antigens. For instance it can be assessed if two or three antigens colocalise (Figure 2.1,

images).

It is possible to use a fourth antibody with different species by sequential incubation. This
procedure requires additional steps: 1) incubation in the primary and secondary antisera
cocktails; 2) scanning of the regions of interest in the section; 3) re-incubation with the
additional primary antibody (this will be a different species from any of the antibodies used
originally); 4) re-incubation with species specific-secondary antibody. But this secondary
antibody has one of the fluorophores, which has already been used, so it will then be displayed
by any additional colour. For example, if it is in the blue channel, then any additional blue
structures will represent the immunoreactivity for this antibody; 5) re-location and re-scanning
of the area of interest selected previously; and 6) comparison of the scans obtained before and
after re-incubation allows detection of extra labelling in the corresponding channel which

represents immunoreactivity for the sequentially added antibody (Figure 2.2).

In addition, it is also possible to use two primary antibodies of the same species to identify
different structures if the incubation is performed sequentially and the two secondary
antibodies, which reveal the two primary antibodies with the same species, are associated with
different fluorophores. As a result, the first primary antibody will combine with both of the
two secondaries; thus its immunoreactivity will display both colours corresponding to the two
secondaries. In contrast, the immunoreactivity of the sequentially incubated primary antibody
displays a single colour corresponding to the sequentially applied secondary antibody (Figure
4.5 in Chapter 4).

2.2 Confocal microscopy

The confocal laser scanning microscope used in the present investigations is a Radiance 2100
microscope (Bio-Rad, Hemel Hempstead UK), and three lasers were used which are Argon,
Green Helium Neon, and Far red. These three lasers allowed the scanning of sections that had
been labelled with the secondary antibodies, each of which is coupled to a different
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fluorophore. Table 2.1 (below) shows the excitation-emission wavelengths corresponding to

the fluorphores coupled with three secondary antibodies used in the present studies.

Table 2.1. Excitation-emission wavelengths corresponding to the fluorphores used

Fluorophore excitation () emission (1)
Alexa-fluor 488 (Alexa488) 488 517
Rhodamine-red (RR) 543 591
Cyanine 5.18 (Cy-5) 635 665
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Figure 2.1. Diagram and confocal images to illustrate triple-labelling immunofluorescence.
Above, a flow diagram simplifies the two basic steps of a protocol for triple-labelling
immunocytochemistry of the vesicular acetylcholine transporter (VAChT), B-subunit of
cholera toxin (CTb), and vesicular glutamate transporter 1 (VGLUTL1). Below, confocal
images exemplify how the distribution of each antigen can be studied independently in the
same optical plane: VAChT (green), CTb (red) and VGLUTL1 (blue). The relative spatial
distribution of the antigens can be assessed by merging the images. In this case the merged
images show an overlap of the immunoreactivities in yellow and purple, indicating the
colocalization of VAChT/CTb and of CTb/VGLUTL, respectively.



Axon terminals containing VAChT
Triple-labelling
immunocytochemistry for: Axon terminals retrogradely labelled by CTb

Axon terminals containing VGLUT1

Primary Antibodies Secondary Antibodies + Fluorescent Particles
goat anti-VAChT > donkey anti-goat +
mouse anti-CTb donkey anti-mouse + Rhodamine-Red
guinea pig anti-VGLUT1 donkey anti-guinea pig + Cy-5
Rhodamine-Red Cy-5

CTb VGLUT1

VAChHT + CTb ¢ CTb + VGLUT1

* Merged all




Figure 2.2. Flow diagram and confocal images to illustrate triple-labelling and sequential
immunofluorescence. Above, a flow diagram indicates the essential steps to perform triple-
labelling immunocytochemistry for CTb, vesicular glutamate transporter 2 (VGLUT2) and
calbindin. (A), A series of four confocal images show how the three types of labelling can
be visualised independently (CTh, red; VGLUT2, green; calbindin; blue) and how the
images can be merged to study the relative spatial distribution of the antigens. In order to
perform sequential immunocytochemistry with an additional primary antibody, the section
is removed from the slide and re-incubated in the primary and then secondary antisera
cocktail. In this example, the sequentially added primary antibody is a goat-anti-VAChT,
which is revealed with a donkey anti-goat Ig coupled to the Cy-5; i.e. the same secondary
antibody used originally to label calbindin. Once the section is mounted, the same area is
re-located and re-scanned. (B), a series of four confocal images shows the resulting
labelling. The additional VGLUT2 labelling can be differentiated from the calbindin
labelling by comparing (A) and (B). The extra-blue labelling in (B; calbindin+VVAChT)
represents VAChT immunoreactivity, while the labelling of CTb in (B; CTb) and VGLUT2
(in B; VGLUT?2) are not altered. Merging of the images reveals the localisation of VAChT

in relation to the rest of the antigens. Scale bar = 10um.



Triple-labelling
immunocytochemistry for

Primary Antibodies

mouse anti-CTb
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donkey anti-rabbit + Cy-5

Scan Cell

Removal of spinal cord section from slide

Sequential incubation with a fourth antibody against VAChT
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Chapter 3

Investigation 1;

Propriospinal interneurons connecting rostral and caudal

lumbar spinal cord in the rat



3.1. Introduction

It is generally accepted that the CPG is a crucial component of the spinal cord in generating
rhythmic limb movements in vertebrates, such as locomotion and scratching. The CPG is able
to mediate these patterned movements even in the absence of input from the brain and
peripheral movement-related sensory feedback (Berkowitz, 2004; Grillner, 2006). However,
the capacity to generate rhythmic motor patterns varies in different segments. For example,
Ballion et al (2001) reported that caudal segments are more rhythmogenic than rostral
segments in cervical enlargements of neonatal rat spinal cord. In contrast, a number of studies,
using in vitro preparations of lumbar segments of spinal cord, have demonstrated a rostro-
caudal gradient for rhythmogenesis in both neonatal and adult rats (Cazalets et at., 1995, 1996;
Kjaerulff and Kiehn, 1996; Magnuson et al, 2005). The underlying mechanisms for segmental
variations in rhythmogenic capacity are not clear; however, there are two potential

explanations.

The first possibility is that CPGs, located in different rostral-caudal levels, receive inputs from
distinct sets of propriospinal interneurons. Propriospinal interneurons are groups of neurons
with cell bodies and axonal terminations at different rostral and caudal segments within the
spinal cord. This group of interneurons is known to convey signals between CPGs and has a
crucial importance in coordinating complex multi-limb movements such as locomotion
(Berkowitz, 2004; Dutton et al., 2006; Reed et al., 2006). A number of studies have
investigated long range propriospinal neurons that form inter-enlargement pathways (e.g.
Alstermark et al., 1987; Berkowitz, 2004; Leah and Menetry, 1989; Masson et al., 1991;
Matsushita et al., 1979; Miller et al., 1998; Reed et al., 2006; Skinner et al., 1979;). For
example, Dutton et al. (2006) reported that propriospinal interneurons located in the
ventromedial cord and the intermediate zone of lumbosacral segments have direct projections
to the contralateral upper cervical ventromedial cord, while those located in superficial dorsal
horn of lumbosacral segments mainly project to the contralateral upper cervical dorsal horn.
Short range propriospinal interneurons form intra-segmental connections, and those located in
the cervical enlargement have been studied in some experiments. However, relatively little is
known about those located in lumbar enlargements which are involved in hindlimb

movements.
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A second possible explanation for variations in rhythmogenic capacity is that the component
cells of rostral and caudal CPGs are heterogeneous, and have different electrical properties
leading to different excitability or rhythmogenicity. Commissural interneurons (CINs) are
groups of neurons connecting the CPGs located in the left and right sides of spinal cord. These
are essential for coordinating alternation of activities of motoneurons located on the two sides
of the same spinal segment and synchronous activity of flexor and extensor motoneurons
located in different spinal segments (Cazalets et al., 1995; Kjaerulff and Kiehn, 1996; Kremer
and Lev-Tov, 1997). Numerous physiological and anatomical studies have demonstrated that
many CINs establish monosynaptic contacts with motoneurons (e.g. see Bannatyne et al., 2003;
2006; 2009; Brink et al., 1983; Cavallari et al., 1987; Edgley and Jankowska, 1987b; Harrison
et al., 1984; 1986; Jankowska and Noga, 1990; Maxwell et al., 2000; Puskar and Antal, 1997).
Thus, different proportions of excitatory and inhibitory premotor CINs involved in rhythmic
movements will produce different or completely opposite motor output. For example, studies
of fictive swimming in Xenopus tadpole and lamprey reported that the contralateral
motoneuron discharge is terminated by glycinergic CINs in swimming CPGs during the period
of ipsilateral motoneuron activation (Grillner et al., 1995; Roberts et al., 2008). Although it
has been known that CINs form heterogeneous populations which have both excitatory and
inhibitory actions in contralateral motor nuclei, both the proportions of excitatory/inhibitory

terminals and the neurotransmitter content of these terminals remain to be established.

As these two possibilities are not mutually exclusive, both were investigated and the three
principal aims of the present study were: (1) to establish the distribution of propriospinal
interneurons in both sides of the L5 segment with projections to L1 or L3 segments
(afterwards referred as short ascending propriospinal interneurons); (2) to investigate the
neurochemical properties of these interneurons; and (3) to determine the proportions of
excitatory and inhibitory CIN axons that terminate in contralateral-lateral motor nuclei of L5
segments. Two further questions arose from the third aim: (a) do the majority of the
excitatory or inhibitory CIN terminals make contact on motoneuron cell bodies or dendrites;

(b) which neurotransmitters are contained within these terminals?

3.2. Experimental procedures

3.2.1 Surgical procedure and labelling of commissural interneurons
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Experiments were performed on 10 adult male Sprague-Dawley rats (250-350g; Harlan,
Bicester, UK). All procedures were conducted according to British Home Office legislation
and were approved by the University of Glasgow Ethics Committee. Using aseptic techniques,
rats were deeply anesthetized with halothane. According to the location of the last rib, Th13
vertebra was identified and a small dorsal midline incision was made at this level. Then a
small hole with a diameter of 1mm was made near midline in the caudal part of the Th13
vertebrae to expose the dorsal surface of the spinal cord. The tip of the injection needle was
inserted into the spinal cord to a depth of up to 1.5 mm from the surface at an angle of 15°. A
0.2ul volume of 1% B-subunit of cholera toxin (CTb; Sigma-Aldrich, Co., Poole, UK) in
distilled water was microinjected at the target site. The needle was left in place for 5 min
following the injection and then removed to prevent backflow of tracer. The wound was
sutured closed and all animals recovered uneventfully. Following a 5 day survival period, the
rats were reanaesthetized with pentobarbitone (1 ml i.p.) and perfused through the left
ventricle with saline followed by a fixative containing 4% formaldehyde in 0.1 M phosphate
buffer (PB; pH 7.4) at room temperature. The entire spinal cord was removed and post-fixed
for 8 hours at 4 °C. The spinal cord was then dissected into C1 to L6 segments according to

the dorsal roots.

3.2.2 Immunocytochemical processing of tissue

The segments were cut into 50um thick transverse sections with a Vibratome (Oxford
Instruments, Technical Products International, Inc., USA). In order to perform different
experiments and avoid biases of the experiment results from selecting sections, sections were
collected sequentially into six bottles, named group A to F, to ensure that each bottle
contained a representative series of sections for each of the segments. All sections were treated

with an aqueous solution of 50% ethanol for 30 min to enhance antibody penetration.

Sections were incubated in the combinations of primary antibodies listed in Table 3.1. All
antibodies were diluted in phosphate-buffered saline containing 0.3% Triton X-100 (PBST)
and incubated for 48 hours at 4 °C with agitation. After rinsing three times with phosphate-
buffer saline (PBS), sections were then incubated for 3 hours in solutions of secondary

antibodies coupled to fluorophores (see Table 3.1 for details).
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All secondary antibodies were raised in donkey and conjugated to biotin (1:500), or Rhodamine Red (Rh. Red; 1:100), or Cyanine 5.18 (Cy-5;
1:100; all three supplied by Jackson ImmunoResearch, West Grove, USA), or Alexa-fluor 488 (Alexa488; 1:500; Molecular Probes, Eugene,
USA). CB, calbindin; ChAT, choline acetyltransferase; CR, calretinin; CTb, B-subunit of cholera toxin; GAD, glutamic acid decarboxylase;
GlyT2, glycine transporter 2; VGAT, vesicular GABA transporter; VGLUT vesicular glutamate transporter; mo., mouse; rbt, rabbit; gt, goat; gp,
guinea pig. * DAB was used as a substrate to visualise staining. Both Avidin-HRP and DAB were supplied by Sigma, dorset, UK.



1997

Table 3.1. Summary of primary and secondary antibody combinations and concentrations used in the current study

: Primary antibody  Primary antibody  Supplier Secondary  Sequential Secondary

Group Aim L7 . o ; . o

combination concentration antibodies immunoreaction antibodies
Injection gt. CTh 1:50,000 List Biological Laboratories, Campell, CA  Biotinylated Avidin-HRP %
site IgG (1:1000) DAB

. A . . Biotinylated  Avidin-HRP %

A 1 gt. CTb 1:50,000 List Biological Laboratories, Campell, CA e (1:1000) DAB
B 2 mo. CTb 1:250 A. Wikstrom, University of Gothenburg Rh.Red

rbt CB 1:1000 Swant, Bellizona, Switzerland Alexa488

gt. CR 1:1000 Swant, Bellizona, Switzerland Cy-5
C 2 mo. CTb 1:250 Rh.Red

gt. ChAT 1:100 Chemicon, Harrow, UK Cy-5
D 3 mo. CTb 1:250 Rh.Red

rbt VGAT 1:1000 Synaptic System, Goéttingen, Germany Alexa488

gp VGLUT1 1:5000 Chemicon, Harrow, UK Cy-5 gt. ChAT Alexa488

gp VGLUT2 1:5000 Chemicon, Harrow, UK Cy-5
E 3 mo. CTb 1:250 Rh.Red

rbt GAD 1:2000 Sigma, Poole, UK Alexa488

gp VGLUT1 1:5000 Cy-5
F 3 mo. CTb 1:250 Rh.Red

rbt GlyT2 1:1000 Chemicon, Harrow, UK Alexa488

gp VGLUT2 1:5000 Cy-5




Identification of injection sites and Aim 1: how are short ascending propriospinal
interneurons with projection to L1 or L3 segments distributed on both sides of the L5

segment?

The injection sites were visualised by using 3,3’-diaminobenzidine (DAB) as a chromogen.
Sections were incubated in goat anti- CTb for 48 hours followed by a reaction with secondary
antibody of biotinylated anti-goat IgG for 8 hours. Sections were then incubated overnight in
avidin-horseradish peroxidase (HRP). Finally, hydrogen peroxide plus DAB was applied for a
period of approximately 10 minutes to show golden-brown immunoreactivity at injection sites
and in retrogradely labelled cells. During this time, the sections were monitored constantly.
Sections in group A of the L5 segment were processed in the same way as injection sites.
Following dehydration in a series of ethanol solutions, all the sections were mounted on
gelatinised slides, observed under a microscope and photographed with a digital camera. The
segmental locations of injection sites were finally assessed and confirmed using the stereotaxic

atlas of Paxions and Watson (1997) according to the shape of the grey matter.

Aim 2: what are the neurochemical properties of short ascending propriospinal
interneurons with projections to L1 or L3 segments located in both sides of the L5

segment?

The short ascending propriospinal interneurons in L5 segments were identified by the presence
of retrogradely transported CTb from the injection sites (L1 or L3 segments).
Immunoreactivities to calbindin and calretinin can be used to identify neuron populations in
the central nervous system (Celio, 1990; Garcia-Segura et al., 1984; Resibois and Rogers,
1992; Rogers and Resibois, 1992), and the immunohistochemical demonstration of choline
acetyltransferase (ChAT) has served to identify cholinergic neurons (Huang et al., 2000;
Barber et al., 1984; Borges and Inversen 1986). Therefore, the L5 sections were reacted with
CTb antiserum along with the following antibodies: calbindin and calretinin (group B in Table
3.1) or ChAT (group C in Table 3.1).

Aim 3: what is the proportion of excitatory and inhibitory CIN axons that terminate in
contralateral lateral motor nuclei of L5 segments? Do they make synapses on

motoneurons and which neurotransmitters are contained within their terminals?
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The CIN axon terminals in contralateral lateral motor nuclei of L5 segments were identified by
the presence of CTb anterogradely transported from the injection sites. Triple labelling
immunofluorescence was performed with CTb antisera along with one of the following three
antibody combinations: VGAT and VGLUT1 and -2 (group D in Table 3.1); GAD and
VGLUT1 (group E in Table 3.1); or GlyT2 and VGLUT2 (group F in Table 3.1).

As motoneurons are cholinergic and ChAT is a reliable marker for identifying cholinergic
neurons (Barber et al., 1984; Borges and Inversen 1986), sequential immunocytochemistry
was performed on sections from group D. When analysis of sections with the initial
combination of antibodies was complete, sections were re-incubated with a fourth antibody:
goat anti-ChAT. The sections were remounted and the same field that had been scanned
previously was identified and scanned again. By comparing labelling before and after the re-
incubation in the ChAT antiserum, the additional staining could be detected, which represents
immunoreactivity for ChAT. All sections were finally mounted in a glycerol-based antifade

medium (Vectashield, Vector Laboratories, Peterborough, UK)

3.2.3 Data analysis

Sections with DAB reactions (i.e. sections in injection site group and group A) were examined
under a light microscope (Nikon Eclipse E600, Technical Instrument, Burlingame CA) and
photomicrographed using an AxioCam digital camera (Carl ZEISS, Inc, Germany) and
AxioVision 3.1 software (ZEISS, Germany). Every fifth section was processed
immunohistochemically (i.e. 250um intervals) to avoid the possibility of double cell counts,
and all CTh-labelled cells in each L5 section were counted. Only retrogradely labelled cell
bodies with visible proximal dendrites were counted as neurons. A photomicrograph of each
section was superimposed on a template of the L5 segment (taken from the stereotaxic atlas of
Paxions and Watson, 1997) using the graphics software Xara Xtreme 2.0e (Xara Group Ltd,
Hemel Hempstead, UK), and the location of each CTh-labelled cell was transferred onto the
corresponding site on the template as a dot. Separate cell counts were made for the following
locations: laminae I-11, laminae I11-1V, laminae V-VI, lamina VII, lamina VIII, lamina X, and
the lateral spinal nucleus (LSN). Between-group comparisons of cell counts for each laminae

and within-group comparisons of ipsi- and contralateral cell counts were made by using a
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Student’s t-test. Multi-comparisons of cell counts in different laminae within the same side for
each experiment were made by analysis of variance (ANOVA) followed by a post hoc

Tukey’s analysis. A p<0.05 was considered to be statistically significant.

Sections with immunocytochemical reactions (i.e. sections in group B-F) were examined with
a Bio-Rad MRC 2100 confocal laser scanning microscope (Bio-Rad, Hemel Hempstead, UK)
using Red, Green, and Far-red spectra. Four sections were selected randomly from group B
(i.e. sections reacted with CTb, calbindin and calretinin) and the entire sections were
systematically scanned to obtain a complete series of images in order to make a montage (see
Figure 3.6A). Images were gathered with a x20 lens at 1um steps in the z-axis, using a zoom
factor of 1. Image stacks were analyzed with Xara Xtreme software, teamed with Neurolucida
for Confocal software (MBF Bioscience, Colchester, VT, USA) and Confocal Assistant. To
avoid bias, the total numbers of CThb-labelled cells, calbindin-positive CThb cells, calretinin-
positive CTh cells, and double-labelled (for calbindin and calretinin) CTb cells were counted
in their own individual channels for every single optical section initially and then examined in
merged image stacks showing all three channels by switching between different channels. The
montage of each section was superimposed on a template of the L5 segment using Xara
Xtreme software and all the CTb labelled cells were transferred onto the corresponding site on
the template as dots with different colours according to their different immunostaining
properties. The four types of cells were counted separately for the following locations: laminae
I-11, laminae I11-1V, laminae V-VI, lamina VII, lamina VIII, lamina X, and the LSN. Between-
group comparisons of cell counts for each laminae and within-group comparisons of ipsi- and
contralateral cell counts were made by using Student’s t-test. Multi-comparisons of cell counts
in different laminae within the same side for each experiment were made by ANOVA
followed by a post hoc Tukey’s analysis. A p<0.05 was considered to be statistically

significant.

Sections reacted with CTb and ChAT (group C) were examined with a confocal microscope at
low magnification (x20 lens; zoom factor 1; 602x602 micron area). These images were used to
search for CTb cells with ChAT immunoreactivity. After identifying these CTb/ChAT cells,
scanning was repeated at higher magnification in the area containing the cells by using a x60
oil-immersion lens with a zoom factor of 2 at 0.5 um steps in the z-axis. Image stacks were

analyzed with Neurolucida software. To avoid bias, the immunoreactivities for CTb and
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ChAT were examined separately in single channel for each optical section initially and then
examined in merged image stacks showing both channels and switching between different

channels.

In order to determine the proportion of terminals examined that displayed immunoreactivity
for transmitter specific proteins, the lateral motoneuron pools of the ventral horn in sections
reacted for CTh, VGLUTs and VGAT (i.e. group D), GAD (i.e. group E) or GlyT2 (i.e. group
F) were examined on the side contralateral to the injection site. Fields containing CTh-labelled
CIN axon terminals were scanned by using a x60 oil-immersion lens with a zoom factor of 2
at 0.5um intervals. For each section, four fields were obtained from lateral motor nuclei with a
100 x100um scanning area. By using Neurolucida software, image stacks were initially
viewed so that only CTb immunoreactivity was visible. All CTb labelled CIN terminals within
the scanning box from each animal were selected for analysis. Then the terminals were
examined in the blue channel (representing the VGLUT) to determine whether they were
positive for VGLUT immunoreactivity; afterwards they were viewed in the green channel
which corresponds to VGAT- (for group D), GAD- (for group E), or GlyT2-immunostaining
(for group F).

The brightness and contrast of the images for illustration were adjusted by using Adobe
Photoshop (Adobe Systems, Mountain View, CA, USA).

3.3. Results

3.3.1 Injection sites

The injection of CTb into the lumbar spinal cord at the level of L1 or L3 segments yielded
unilateral, well defined injection sites that were surrounded by a shell of diffuse CTb staining.
The experiments were performed on 11 animals, but because of inappropriate localization of
the injection sites of the tracer, 4 animals had to be excluded from the final evaluation.
Representative photomicrographs of injection sites for the 7 animals examined are shown in

figure 3.1.
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On the basis of the location of CTb injections, the animals were divided into two experimental
groups in two ways: 1) according to motor nuclei targeted: sections were divided into either
the medial or the lateral motor nuclei injection groups; 2) according to injection sites at
segmental levels: sections were divided into either the L1 or the L3 injection groups. In three
of the seven rats, CTb was injected into the L1 segment and one injection was confined mainly
to the medial motor nuclei (figure 3.2A), while the other two were in lateral motor nuclei
(figure 3.2B-C). In the other four animals, CTb was injected into the L3 segment and two of
the injections were located in medial motor nuclei (figure 3.2D-E), while the other two were in
lateral motor nuclei (figure 3.2F-G).

3.3.2 Aim 1: The distribution of short ascending propriospinal interneurons

projecting to L1 or L3 segments in both sides of the L5 segment

Each of the 7 CTb injections resulted in extensive retrograde labelling of neurons on both
sides of the L5 segment. Separate cell counts were made for the locations as described in the
experimental procedures section, and representative photomicrographs of retrogradely labelled
neurons in these locations are shown in figure 3.3. The overall distribution of the retrogradely
labelled cells from 8 sections per experiment is shown as a series of cell plots in figure 3.4 and

expressed as cell counts in figure 3.5.

In all 7 experiments, the majority of neurons located in the contralateral side to the injection
site were concentrated in lamina VI1II. Fewer cells were present in the deep dorsal horn and
intermediate zone (laminae V-VII and X). Only a small number of labelled neurons was
scattered in the remaining laminae of the contralateral side. There was no significant
difference in the distribution pattern in the contralateral L5 segment between the L1 and the
L3 injection groups or between the medial and the lateral motor nuclei injection groups. The
mean percentage (£SD) of contralateral lamina VIII neurons expressed as a proportion of the
total number of contralaterally located neurons of the 7 experiments was 54.9% + 5.5% and
this was significantly higher than the percentages of contralateral cells in other laminae
(ANOVA, p<0.01; Figure 3.5, *). However, in contrast to the contralateral side, only a small
population of CTb labelled cells was found in ipsilateral lamina VIII in all 7 animals. In the
medial motor nuclei injection group, the largest population in the ipsilateral side at the L5

segmental level was in the medial dorsal horn, concentrated mainly in laminae V-VI, and
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extending dorsally into laminae I11-1V. The percentage of ipsilateral cells in laminae V-VI was
significantly higher than the percentages of ipsilateral cells in other laminae (ANOVA, p<0.01;
Figure 3.5, *). Whereas, in the lateral motor nuclei injection group, most ipsilateral cells were
found in lamina VII, and the number of cells gradually decreased from laminae V-VII to
laminae I-11. The percentage of ipsilateral cells in lamina VI was significantly higher than the
percentages of ipsilateral cells in other laminae (ANOVA, p<0.01; Figure 3.5, *). There was

no significant difference between the L1 and L3 injection group.

By quantifying and comparing the average number of CTb retrogradely labelled neurons per
100um of length in the L5 segment, two significant differences (Student’s t-test, p<0.05;
Table 3.2, *) were found between the medial and the lateral motor nuclei injection groups: (1)
On the contralateral side, the mean density of all CTb labelled cells and the mean densities of
CThb labelled cells in laminae 111-1V, V-VI, VII and X were significantly greater in the medial
motor nuclei injection group. (2) On the ipsilateral side, the mean densities were significantly
greater for laminae I-I1, I11-1V and V-VI but were significantly lower for lamina VII in the
medial motor nuclei injection group. No obvious difference was found between the L1 and the
L3 injection group.

3.3.3 Aim 2: The neurochemical properties of short ascending propriospinal

interneurons projecting to L1 or L3 segments in both sides of the L5 segment

Calbindin and calretinin immunoreactivities

In all 7 experiments, CTb retrogradely labelled neurons with calbindin and/or calretinin
immunostaining were present within both the contralateral and ipsilateral sides of L5 segments
(Figure 3.6-3.9). The average percentage (£SD) of these neurons expressed as a proportion of
the total number of CTb labelled neurons was 25% +3.5% (rang from 21% to 30%). There was
no obvious difference between the L1 and L3 injection groups or between the medial and the

lateral motor nuclei injection groups.

CTb labelled calbindin positive cells were mainly distributed within the ipsilateral side of the
L5 segment especially within the ipsilateral dorsal horn; whereas cells in the contralateral side
were more widely dispersed (Figure 3.6B, 3.7, 3.10A). The number of cells per 100um were

significantly greater on the ipsilateral (average £ SD; 40 + 9.3) than on the contralateral side
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(average = SD; 20 + 8.4) in all 7 experiments (Student’s t-test, p<0.05). In contrast, fewer CTh
labelled calretinin positive cells were present in the ipsilateral side (Figure 3.6C, 3.8, 3.10B).
The average number (£ SD) of the CTb and calretinin positive cells per 100um was 17 + 6.1
and 15 + 3.8 on the contralateral side and the ipsilateral side, respectively. Nevertheless, there
were clear distribution patterns on both sides of L5 segments. Firstly, the great majority of
CTb labelled calretinin cells in the contralateral side were located in lamina VIII, and the
percentage of these cells (average £ SD; 80% + 10.8%) in contralateral lamina VIII was
significantly higher than the percentages of contralateral cells in other laminae (ANOVA,
p<0.05; Figure 3.10B,*). On the other hand, the largest population of ipsilateral CTb cells with
calretinin immunoreactivity was found in the deep dorsal horn (laminae V-VI), while the
superficial dorsal horn (laminae I-11) had fewer or no CTbh and calretinin positive cells. The
percentage of CTb/calretinin positive cells (average £ SD; 43% + 5.9%) located in ipsilateral
laminae V-VI was significantly higher than the percentages of those located in other ipsilateral
laminae (ANOVA, p<0.05; Figure 3.10B, *). There was a 2% + 1.1 % (average * SD)
population of CThb labelled cells which were immunopositive for both calbindin and calretinin
(Figure 3.6D, 3.9, 3.10C). This type of cell was found mainly on the ipsilateral side although
examples were noted in all laminae of both sides. The number of these cells in the ipsilateral
side was significantly higher than that in the contralateral side (Student’s t-test, p<0.01) and
the average (+ SD) density per 100um was 4 + 4.5 and 15 + 6.6 (contralateral and ipsilateral

side, respectively).

The distribution of CTb labelled neurons with calbindin and/or calretinin immunostaining
within laminae was also investigated in this study. Figure 3.11 compares the distribution of the
four types of CTb labelled neurons within laminae at the L5 segmental level, and Table 3.3
presents the average number and proportion of CTb labelled cells with calbindin and/or
calretinin immunoreactivity per 100um within each lamina. No significant differences were
found between the L1 and the L3 injection group or between the medial and the lateral
injection group. As only one fourth of CTb retrogradely labelled neurons in the L5 segment
was immunoreactive for calbindin and/or calretinin, the overwhelming majority of component
cells in most of the laminae were positive for CTb only. However, the largest number of
calbindin positive/ CTb cells were found in the contralateral superficial dorsal horn (laminae I-

I1) and both contralateral- and ipsilateral-LSNs.
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ChAT immunoreactivity

A group of CTb labelled cells with ChAT immunoreactivity was observed in this study. This
group of cells was consistently present in both sides of lamina X, surrounding the central canal
of the L5 segment in all 7 experiments (Figure 3.12A). Moreover, a few CTb/ChAT double
labelled cells were also found in contralateral lamina VIII (in 5 of 7 experiments) and
ipsilateral laminae VI-VII (in 6 of 7 experiments; Figure 3.12B&C). However, there was no

particular pattern related to segmental injection location or lamina injection location.

3.3.4 Aim 3: The proportion of excitatory and inhibitory CIN axons terminating

in contralateral lateral motor nuclei of L5 segments

Following CTb injections into the L1 or L3 motor nuclei, large numbers of anterogradely
labelled axon terminals were encountered in the grey matter of the L5 segment, both ipsilateral
and contralateral to the site of tracer application. Despite the substantial ipsilateral labelling,
attention was focused exclusively on axon terminals that were labelled in the contralateral
lateral motor nuclei at L5 segmental level because nearly all of these terminals should be CIN
terminals. Initially, a series of triple labelling experiments were performed (Table 3.1 group D)
on each animal to determine the percentage of excitatory and inhibitory labelled terminals in
the L5 contralateral-lateral motor nuclei. This group of sections were reacted with:
CTb+VGAT+VGLUT1+VGLUT2. In total, 4155 axon terminals in the lateral motor nuclei of
the contralateral side were examined (range = 300 to 1000 terminals for each experiment).
Confocal microscope images revealed that nearly 3/4 (average + SD, 74.4% +8.36 %) of the
terminals examined were positive for VGLUT but negative for VGAT immunoreactivity, and
24.5%= 7.87 % were positive for VGAT but negative for VGLUT immunostaining (Table 3.4,
Figure 3.13A-D, 3.14A). Thus, about 1% of selected terminals were not labelled for either
VGLUTs or VGAT. The proportion of excitatory and inhibitory terminals was not
significantly different between the L1 and the L3 injection groups or between the medial and

the lateral motor nuclei injection groups.

Sequential immunocytochemistry with a fourth antibody against ChAT enabled us to
determine whether the terminals examined formed contacts with motoneurons (Figure 3.13A’-
D’). The results showed that among the CTh/VGLUT positive terminals, 6.4% + 2.42% and
80.3% £ 7.79% (average = SD) made contacts with cell bodies and dendrites of ChAT labelled
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motoneurons, respectively (Table 3.4, Figure 3.14B). A similar distribution was also found for
CTb/VGAT positive terminals, where 6.3% + 3.21% and 78.9% + 12.01% (average + SD)
formed synapses with cell bodies and dendrites of motoneurons, respectively (Table 3.4,
Figure 3.14B). The remaining 13.3% * 7.39% of VGLUT terminals and 14.9% + 12.01% of
VGAT terminals did not make contacts with ChAT positive cells (Table 3.4, Figure 3.14B).
The distribution of CTb labelled VGLUT positive/ VGAT negative terminals and CTb
labelled VGAT positive/VGLUT negative terminals was not significantly different between
the L1 and the L3 injection groups or between the medial and the lateral motor nuclei injection

groups.

In order to clarify further which neurotransmitters were contained in these terminals, we
performed another two series of triple labelling experiments by incubating sections in:
CTbh+GAD+VGLUTL1 (Table 3.1, group E) or CTb+GlyT2+VGLUT?2 (Table 3.1, group F). In
group E, a total of 2949 CTb labelled axon terminals in the lateral motor nuclei of the
contralateral side of the L5 segment were examined (range = 300 to 1000 terminals in each
experiment). Confocal microscope images revealed that approximately 3/4 (average + SD,
76.4% + 8.05%) of terminals were negative for both VGLUT1 and GAD, while 23.6% =+
8.05% were positive for GAD but negative for VGLUTL1 (Table 3.5, Figure 3.15, 3.17A).
Only occasional CTb labelled terminals were immunoreactive for VGLUT1 (Figure 3.15C).
None of the terminals examined was positive for both VGLUT1 and GAD immunoreactivities.
The proportion of GAD/VGLUT1 negative terminals and GAD positive/ VGLUT1 negative
terminals were not significantly different between the L1 and the L3 injection groups or

between the medial and the lateral motor nuclei injection groups.

In group F, a total of 3104 CTb labelled axon terminals in the lateral motor nuclei of the
contralateral side was examined (ranged from 300 to 1000 terminals in each experiment).
Confocal microscope images revealed that about 71.5% + 5.05% (average = SD) of terminals
were positive for VGLUT?2 but negative for GlyT2, while 25.6% + 6.08% were positive for
GlyT2 but negative for VGLUT2 (Table 3.5, Figure 3.16A-B, 3.17B). A small population
(2.9% + 2.57 %; average = SD) of terminals was found to be negative for both VGLUT2 and
GlyT2, and only occasional CTb labelled terminals were immunoreactive for both VGLUT2
and GlyT2 (Table 3.5, Figure 3.16C-D). The proportion of VGLUT2 positive/GlyT2 negative
terminals and GlyT2 positive/VGLUT2 negative terminals was not significantly different
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between the L1 and the L3 injection groups or between the medial and the lateral motor nuclei

injection groups.

There were two further comparisons between the proportions of terminals. The first was a
comparison of the percentage of three populations of terminals: (i) the terminals with
VGLUT1/2 immunoreactivity but without VGAT immunostaining (in group D), (ii) the
terminals that were negative for both VGLUT1 and GAD (in group E), and (iii) the terminals
labelled by VGLUT2 but not GlyT2 (in group F). The second was a comparison of the
percentage of terminals with VGAT immunoreactivity but without VGLUT1/2
immunostaining (in group D), the percentage of the terminals that were positive for GAD but
negative for VGLUTL1 (in group E), and the percentage of the terminals labelled by GlyT2 but
not VGLUT2 (in group F). Following ANOVA analysis, it was found that there was no
significant difference between the three populations in the first group or in the second group.

3.4. Discussion

3.4.1 Labelling of short ascending propriospinal interneurons and CIN axon

terminals

It is well established that CTb is a reliable tracer for both anterograde and retrograde neuronal
labelling (Chen and Aston-Jones, 1995; Ericson and Blomqvist, 1988; Lindh et al., 1989;
Rivero-Melian et al., 1992). CTh is taken up by axon terminals, dendrites and cell bodies, and
is transported in both anterograde and retrograde directions to label both axon terminals and
the somatodendritic compartment of neurons. In this study, all the injection sites were in the
lateral or medial motor nuclei and extended to the grey and white matter of the L1 or L3
segment, except for one experiment in which CTb was injected into the border of laminae V-
VII but also spread to the lateral motor nucleus of the L1 segment (see Figure 3.2C). Various
constituents of the spinal neuronal structures are located within the areas of tracer spread, such
as cell bodies and dendrites of motoneurons, along with axon terminals, dendrites and cell
bodies of various spinal interneurons. Consequently, in the L5 segment, the great majority of
the cells retrogradely labelled by CTb should be short ascending propriospinal interneurons
whose axons terminate in the injection area and those located in the contralateral side of

injection site should be predominately CINs. In addition, because the injection sites were in
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motor nuclei, a high proportion of these labelled cells are likely to be premotor interneurons.
However, CTbh may also be taken up by fibres of passage, especially those damaged by the
needle during injections (Birinyi et al., 2003; Chen and Aston-Jones, 1995), resulting in a
proportion of stained neurons which are not short ascending propriospinal interneurons. In this
study, CTb spread into the ventral funiculus or ventrolateral funiculus of the spinal white
matter, where spinoreticular tracts, spinothalamic tracts, and fibres ascending to midbrain
reticular formation run. The neurons whose axons compose the above ascending pathways are
located in lamina I, 111, IV, VII, and VIII contralateral to their axonal terminations and
bilaterally in laminae V, VI, X and the lateral spinal nucleus (Tracey, 1995). Although, it can
not be ruled out that some of the retrograde labelling in these locations may be a consequence
of uptake by fibres of passage or damaged axons, the vast majority of CTh labelled neurons in

the L5 segment are very likely to be propriospinal interneurons.

Similarly, injected CTh was taken up by interneurons located in the injection areas through
their dendrites and cell bodies and transported anterogradely into their axons. Many of these
axons projected contralaterally and gave rise to collaterals forming rich terminal arbors in the
lateral motor nuclei of the contralateral grey matter. Therefore, the great majority of terminals
examined in this study should originate from CINs with cell bodies located in the L1 or L3
segment ipsilaterally to the injection site. Nevertheless, a few of the axon terminals may be
derived from other potential sources. Firstly, contralateral CINs were also retrogradely
labelled, thus terminals examined in the contralateral L5 segment may arise from the axon
collaterals of these CINs. However, it has been reported that few CIN axons gave off
collaterals ipsilaterally to their cell bodies before crossing the midline in the rat spinal cord
(Birinyi et al., 2001), which is supported by the present findings (see below discuss).
Therefore, it seems that the probability of labelling terminals originating from contralateral
CINs is very low. Secondly, the examined axon terminals could originate from those
supraspinal neurons whose axons course in the ventral or ventrolateral funiculus, give off
collaterals at spinal level, cross the central canal and reach the ventrolateral part of the ventral
horn. These descending pathways include corticospinal tract, coerulospinal tract, reticulospinal
tract, raphe-spinal tract and vestibulospinal tract (Tracey, 1995). However, the number of
terminals originating from these fibres is very likely to be limited (if any) because only a few
descending fibres are known to decussate in spinal cord. There are two further lines of

evidence to rule out this possibility. Firstly, in rat spinal cord, very few axon terminals of
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corticospinal tract are found in lamina IX and even fewer form direct contacts with
motoneurons (Brosamle and Schwab, 1997). Secondly, characterization of vesicular glutamate
transporters in the rat corticospinal tract terminals showed that of all these terminals in
laminae V-VI, only 58% contain VGLUT1 but none contain VGLUT2, suggesting either they
may use another vesicular glutamate transporter or they may not be exclusively glutamatergic
(unpublished dissertation of Emma Reid). Consequently, if a sizeable proportion of labelled
terminals in the lateral motor nuclei were given off by the corticospinal tract, then a
considerable percentage of examined terminals should either be VGLUT1 immunoreactive or
negative for both VGLUT and VGAT. Nevertheless, the results here show very few terminals
were VGLUT1 immunoreactive and only 1% terminals were negative for VGLUT1/2 and
VGAT. Axon terminals of the remaining descending pathways are less likely to be labelled
because they have been shown to mainly contain noradrenaline, serotonin or peptides.
However, some of raphe-spinal neurons and vestibulospinal neurons may contain amino acids,
such as glutamate and GABA (Tracey, 1995). In conclusion, it is fair to assume that the vast
majority of terminals examined in the contralateral lateral motor nuclei at the L5 segment
originate from CINs whose cell bodies located in the injection areas, although it can not be

ruled out that there may be a limited number of terminals originating from other sources.

3.4.2 Distribution of short ascending propriospinal interneurons

Previous studies have demonstrated that premotor spinal interneurons are located mainly in
lamina V111 contralaterally and laminae V-VII ipsilaterally to the injection site (Barajon et al.,
1990; Harrison et al., 1984; Jankowska and Skoog, 1986; Puskar and Antal, 1997). This
distribution pattern has been confirmed by the present study, which also extended the range of
short ascending propriospinal interneurons that were labelled. On the contralateral side, CTb
labelled cells are concentrated within lamina VIII which are well known as a subgroup of
CINs. Because few labelled cells were found in ipsilateral lamina VIII, this suggests that
lamina VIII CINs rarely give off collaterals ipsilaterally to their cell bodies, and this is
consistent with previous results (Bannatyne et al., 2003; Birinyi et al., 2001). On the ipsilateral
side, the largest population of CTb labelled neurons was located in laminae V-VI following
medial motor nuclei injections; however, with lateral motor nuclei injections, more cells were

concentrated within lamina VII. This finding may indicate that the subgroups of short
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ascending propriospinal interneurons that project to motoneurons innervating different muscle

groups are distributed in different areas of the rat spinal cord.

Results obtained from a study where biotinylated dextran amine (BDA) was injected into the
medial and lateral motor columns of the lumbar spinal cord showed that the proportion of
contralateral labelled premotor interneurons was strikingly higher than that in the injections
performed in the present study (Puskar and Antal, 1997). However, a more detailed
comparison of the density of CTb labelled cells in separate laminae revealed that this
statistical difference in the density of labelled cells mainly exists in the deep dorsal horn and
intermediate zone (laminae I11-1V, V-VI, VII and X) of the contralateral side. In contrast to the
contralateral side, the total number of labelled cells on the ipsilateral side was not significantly
different between the medial and the lateral motor nuclei injection groups, although medial
motor nuclei injections produced a significantly greater proportion of cells in ipsilateral
laminae I-11, 111-1V, and V-VI than lateral motor nuclei injections. The lateral motor nuclei
injections produced significantly larger numbers of labelled cells in ipsilateral lamina VI than
medial injections. Moreover, regardless of the location of the injection site, Puskar and Antal
(1997) compared the number of BDA labelled premotor interneurons of the two sides of the
spinal cord in each experiment, and they found that the vast majority of labelled cells were
located ipsilaterally. However, the quantitative data presented here shows that the proportion
of CTb labelled neurons distributed in ipsilateral and contralateral sides are similar. There are
two possible explanations of this discrepancy: 1) the number of ipsilateral cells labelled by
CTb was smaller than those labelled by BDA,; or 2) the number of contralateral cells labelled
by CTb was larger than those labelled by BDA. The first possibility seems unlikely because
CTb was injected into and spread out of motor nuclei so that CTb labelled cells include both
premotor and non-premotor interneurons, while the injection of BDA was confined into motor
nuclei. Therefore, fewer non-premotor cells were labelled by BDA, and the greater number of
CTb labelled contralateral cells was due to the increased labelling of non-premotor CINSs.
Accordingly, the difference between the present study and Puskar & Antal’s study suggests
that the target cells of the short ascending CINs in the L5 segment include both motoneurons

and interneurons located in the rostral lumbar segment.

3.4.3 The neurochemical properties of short ascending propriospinal

interneurons
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Previous studies in rats have demonstrated that the two calcium-binding proteins calbindin and
calretinin were widely distributed throughout the grey matter of spinal cord. Calbindin
immunoreactive cells were most abundant in the superficial dorsal horn, while many cells in
laminae V-VI and VII-VIII exhibited intense calretinin labelling (Antal et al., 1990; 1991,
Ichikawa et al., 1994; Ren et al., 1993; Ren and Ruda, 1994). It was also reported that cells
double-labelled for calbindin and calretinin were observed throughout the length of the spinal
cord but they were more numerous at cervical and lumbar levels (Morona et al., 2006; Ren and
Ruda., 1994). A similar distribution pattern was observed in this study (Figure 3.6a), but more
importantly, about 25% of CTb labelled short ascending propriospinal interneurons displayed
calcium-binding protein immunoreactivity. There is a differential distribution of calbindin and
calretinin. For example, CTb/calbindin cells were concentrated on the ipsilateral side
predominantly in the dorsal horn; whereas, CTb/calretinin cells were mainly present in
contralateral lamina VIII and ipsilateral laminae V-VI. In addition, a small proportion of
propriospinal interneurons were found to be immunoreactive for both calbindin and calretinin
and located bilaterally in the L5 segment, although a greater number of cells were ipsilateral to
the injection site. Many studies suggest that calbindin and calretinin immunoreactive cells
have diverse properties and can not be simply grouped into any specific neuron type in terms
of morphology and neurotransmitter content (Fahandejsaadi et al., 2004; Grkovic et al., 1997;
Morona et al., 2006). However, the subgroup of short ascending propriospinal interneurons
expressing these calcium-binding proteins may indicate they play a certain role in the whole
network since more recent investigations have proposed essential role of calretinin and
calbindin in Ca** homeostasis (Blatow et al., 2003; Cheron et al., 2004; Schwaller et al., 2002),

and this is discussed later.

Borges and Iversen (1986) have described the distribution of ChAT immunoreactive neurons
in rat spinal cord and they found ChAT was contained in neurons located in almost all grey
laminae, but were particularly abundant in laminae I11 and VII1-X in lumbar segments. At least
five different types of cholinergic neurons have been identified, including motoneurons,
preganglionic autonomic neurons, small dorsal horn neurons (laminae 111-V), partition neurons
(lamina VI11) and central canal cells (lamina X; Barber et al., 1984; Borges and Iversen, 1986;
Houser et al., 1983; Phelps et al., 1984; Sherriff and Henderson, 1994). The last two groups

are involved in short range (less than 6 segments) propriospinal cholinergic circuitry (Sherriff
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and Henderson, 1994). The present findings show that a small number of CTb labelled cells
was ChAT-positive and they were found in ipsilateral laminae VI-VII and bilaterally in lamina
X. However, in addition to these two areas, CTb/ChAT cells were also observed in
contralateral lamina VIII. This may indicate that a small proportion of lamina VIII CINs are
cholinergic and form contralateral cholinergic projections. Moreover, because no ChAT-
positive CTb labelled cells were found in the dorsal horn, it was confirmed that small dorsal
horn cholinergic cells projected only to the neighbouring laminae within the same segment
(Sherriff and Henderson, 1994).

3.4.4 The proportion of excitatory and inhibitory CIN axons terminating in

contralateral lateral motor nuclei of L5 segments

It is well established that excitatory neurons use glutamate as a neurotransmitter, while GABA
and glycine are the main inhibitory neurotransmitters in the rat spinal cord. In the present
study a series of immunocytochemical experiments were performed with antibodies raised
against specific transmitter-related proteins to determine the neurotransmitter phenotypes of
CINs. VGLUT1 and VGLUT?2 antibodies are generally accepted as specific markers for
glutamatergic axon terminals (Bai et al., 2001; Todd et al., 2003; Varoqui et al., 2002), while
the VGAT antibody immunolabels both GABAergic and glycinergic synaptic vesicles in
inhibitory terminals (Aubrey et al., 2007; Burger et al., 1991; Chaudhry et al., 1998; Mcintire
et al., 1997; Wojcik et al.,, 2006). Therefore, co-localization of CTb-labelling with
immunoreactivity for VGLUTL1/2 indicates excitatory CIN terminals, whereas inhibitory CIN

terminals were identified by the presence of both CTb and VGAT immunostaining.

The results show that of the total number of inputs originating from the L1 or L3 CINs to
contralateral lateral motor nuclei of the L5 segment, approximately 75% were excitatory,
while only about 25% were inhibitory. In addition, about 80% of these excitatory and
inhibitory terminals formed direct synapses on dendrites of contralateral motoneurons in the
lateral motor nuclei; that is, among the total number of those terminals contacting
motoneurons, 75% were excitatory. Study of neonatal rat spinal cord showed that the
proportion of excitatory and inhibitory CIN terminals in the ventral horn were 27% and 58%,
respectively (Weber et al., 2007). Studies on cat spinal motor nuclei revealed that a majority of

the terminals contacting motoneurons were inhibitory (Orniing et al., 1996; 1998). These
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results differ from the present findings but this discrepancy may be explained by the following.
Firstly, CIN terminals examined in the present study were exclusively confined to lateral
motor nuclei, while those examined in the neonatal rat spinal cord were selected within a
random location from the whole ventral horn. Secondly, the present results are based on
terminals from contralateral CINs only, but the terminals examined in the cat studies were
from premotor neurons which include ipsilateral interneurons and contralateral CINSs.
Therefore, if the previous results and the present findings are taken together (ignoring the
potential differences between species and developmental stage), it might be suggested that the
direct innervation from CINs to contralateral motoneurons is predominantly excitatory, while
inhibitory CINs may often act via contralateral interneurons. This conclusion is supported by
the work of Butt and Kiehn (2003), who demonstrated that the excitatory pathways from
premotor CINs in L2 segments projecting to contralateral L4 motor neurons were exclusively
monosynaptic, while inhibitory connections are formed via both monosynaptic and

polysynaptic pathways in vitro preparations of neonatal rat spinal cord.

It is well known that VGLUT1 and VGLUT2 are expressed by largely non-overlapping
populations of terminals and VGLUTL1 is present mainly in primary afferent terminals while
VGLUTZ2 is found in interneuron axon terminals in the rat central nervous system (Todd et al.,
2003; Varoqui et al., 2002). However, there is no statistical difference between the percentage
of CIN terminals with VGLUT2 immunolabelling (Table 3.1 group F), the percentage of CIN
terminals immunoreactive for VGLUT1/2 (Table 3.1 group D), and the percentage of CIN
terminals negative for both VGLUT1 and GAD (Table 3.1 group E). Therefore, these three
groups of terminals are likely to belong to the same population of terminals that are
glutamatergic and contain VGLUT?2. This is consistent with the prediction that the examined
terminals originate from interneurons (Todd et al., 2003; Varoqui et al., 2002), although it can
not be ruled out that there may be a small portion of VGLUT1/GAD negative terminals
containing glycine but not VGLUT2.

GAD and GIlyT2 are known to be markers of GABAergic and glycinergic neurons,
respectively, and antibodies against them have been used in a variety of studies (Bannatyne et
al., 2003; Rousseau et al., 2008; Todd et al., 2003; Varoqui et al., 2002; Weber et al., 2007).
Therefore, GABAergic terminals and glycinergic terminals are identified by the co-

localization of CTb with GAD and CTb with GlyT2, respectively. The results here show no
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statistical difference between the percentage of CIN terminals immunoreactive for VGAT (in
group D), for GAD (in group E) and for GlyT2 (in group F), and indicate that these three
groups of terminals are likely to be belong to the same population. Numerous investigations
have demonstrated that coexistence of GABA and glycine is frequently observed in axon
terminals in the rat spinal cord (Mackie et al., 2003; Ornuing et al., 1994, 1996, 1998; Taal and
Holstege, 1994). However, the proportions of the GABA/glycine terminals of the total number
of inhibitory terminals varied with their origination, location and the animal age and species.
For example, Todd and Sullivan (1990) found that in the dorsal horn of adult rat spinal cord,
nearly all of the glycinergic cells were also GABA immunoreactive. In the ventral horn of
neonatal rat spinal cord, however, Weber et al. (2007) reported that CIN terminals containing
both GABA and glycine were fewer than those that only contain one of the two inhibitory
amino acids. Contradictory results were obtained from studies of terminals contacting
motoneurons in adult cat spinal cord, which showed that almost all of the GABAergic
terminals contained glycine (Orniing et al., 1996, 1998). Nevertheless, the results of present
study suggest that in the contralateral lateral motor nuclei of adult rat spinal cord, most of the
inhibitory terminals from ipsilateral CINs contain both GABA and glycine. However, this
suggestion is only based on a statistical argument and has not been shown directly. To obtain
direct evidence, further experiments should be performed by reacting sections with antibodies
against GAD and glyT2.

In addition, several CTb labelled terminals displayed unexpected immunocytochemical
characteristics. For example, in group E, occasional CTh terminals (less than 0.1%) were
observed to be positive for VGLUTL1 (Figure 3.15) and as discussed above, these terminals
may be from descending tract cells labelled by the passage of fibres, such as raphe-spinal tract
(Todd et al., 2003). Moreover, about 1% of CTb terminals were neither labelled by
VGLUT1/2 nor VGAT in group D (Figure 3.13) and this result is similar to a previous study
reporting that about 6% nerve terminals forming synapses with dendrites in the cat spinal
motor nuclei were not enriched for glutamate, glycine or GABA (Orniing et al., 1998). These
“negative” terminals may not originate from CINs and they utilize some other types of
neurotransmitters. For example, Shupliakov et al (1993) have shown that some terminals in
the lamina IX of the cat spinal cord may contain putative neurotransmitters, such as aspartate
and taurine. Another likely explanation might be that the concentration of antigen in these

terminals was very low, and the antibodies did not reveal them. Similarly, in group F, 2.9% of

60



CTb terminals were found to be negative for both GlyT2 and VGLUT2 (Figure 3.16C), and
these terminals may be immunoreactive for GABA only. In addition, a cluster of CTh
terminals that were both GlyT2 and VGLUT2 immunoreactive was observed in group F
(Figure 3.16D). This coexistence was not quantified because it was a very rare observation.
Nevertheless, cells containing a mixture of excitatory and inhibitory neurotransmitters have
been reported in spinal cord and hippocampus of adult animals by several studies (Gutierrez
2005; Sandler and Smith, 1991; Todd et al., 2003). It remains to be investigated whether this
colocalization of excitatory and inhibitory neurotransmitters in the same terminal is due to a
genetic mistake during cell development or it has a functional significance. However, it is
worth keeping in mind that not all the neurotransmitters contained in an axon terminals act on
the postsynaptic profile as their action depends on whether the corresponding receptor is

present on the postsynaptic profile.

3.4.5 Functional considerations

The CPG has been generally accepted to be a neuronal network that generates rhythmic motor
behaviours. However, observations on distribution of CPGs are not consistent. For example, in
vitro preparations of neonatal rats showed that the hindlimb locomotor CPG is confined only
to upper lumbar segments (Cazalets et al., 1995; Wheatley et al., 1994), while others reported
that the ability to generate rhythmic activities in hindlimb muscles was distributed through out
all lumbar segments (Kjaerulff and Kiehn, 1996; Kudo and Yamada, 1987). Irrespective of
whether or not interneurons in lower lumbar segments are components of the hindlimb CPG,
the present study clearly demonstrates a strong neuronal connection between the L5 and the
L1/L3 segments on both sides of the spinal cord. Functionally speaking, the connectivity
patterns of the short ascending propriospinal interneurons in the L5 segment to rostral lumbar
segments are different. As discussed above, dorsal horn and lamina VII neurons located in the
L5 segment predominantly projected to medial and lateral motor nuclei in the L1/L3 segments,
respectively. This might suggest that these two populations of neurons may have different
functions. One possibility could be that although interneurons located in dorsal horn and
intermediate zone participate in both trunk and hindlimb movements, those located in
ipsilateral dorsal horn, especially in deep dorsal horn, may be preferentially responsible for
postural adjustment, whereas those located in ipsilateral lamina V11 are tend to be involved in

hindlimb movements. In contrast with ipsilateral neurons, similar proportions of CINs in

61



contralateral lamina V11l were labelled from medial and lateral motor nuclei injections. This
may indicate that a similar proportion of CINs are required for coordinating left/right
movements of hindlimb and trunk. Lamina VIII CINs are known to constitute the main group
of neurons forming synaptic contacts with contralateral motoneurons (Alstermark and
Kummel, 1990; Harrison et al., 1986; Hoover and Durkovic, 1992; Jankowska et al., 2003)
and are considered to be fundamental parts of locomotor CPGs (Kiehn and Butt, 2003). Two
subpopulations of CINs have been identified in lamina VIII, receiving monosynaptic input
either from medial longitudinal fasciculus (MLF) or from group Il muscle afferents
(Jankowska et al., 2005). Both of them are involved in locomotion and determining different
patterns of crossed reflexes (Armstrong, 1988; Deliagina et al., 2002; Jankowska et al., 2005;
Mori et al., 2001; Noga et al., 2003), but they are modulated differently by descending
monoamine systems (Hammar et al., 2004). Whether these two subgroups have different
effects on coordination of hindlimb and trunk movements is not clear; therefore, it might be
worth investigating the populations of lamina VIII CINs responsible for hindlimb and trunk
movements by injecting different tracers into lateral and medial motor nuclei in the same

segment. More detailed functions of CINs are discussed in the next chapter.

About 25% short ascending propriospinal interneurons in the L5 segment contain calbindin
and/or calretinin, which are two of the most well described calcium binding proteins. In
supraspinal levels of the central nervous system, their neuronal functions have been studied,
for example in cortical neurons and hippocampal neurons (Mattson et al., 1991; Mockel and
Fischer, 1994; Terro et al., 1998). Little is known about the exact function of neurons
containing calbindin/calretinin in the spinal cord. However, because of their obvious role in
buffering intracellular Ca®* fluxes and resistance to Ca®* induced excitotoxicity, cells
expressing them might have higher resistance to degeneration during prolonged excitation
(Airaksinen et al., 1997; Andressen et al., 1993; Edmonds et al., 2000). In addition, calbindin
and calretinin are known as fast calcium buffer proteins, and provide cells with physiological
features different to those containing slow calcium buffer proteins, such as parvalbumin
(Bastianelli, 2003; Schwaller et al., 2002). For example, the presence of slow calcium buffer
proteins and the absence of fast calcium buffer proteins provide the cerebellar stellate and
basket cells the ability to fire at very high repetitive levels by keeping calcium level at near
resting level (Bastianelli, 2003). Therefore, those propriospinal interneurons expressing the

fast calcium buffers, calbindin and/or calretinin, may have more stabilized dynamics than
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other cells without these proteins. Moreover, the different locations of calbindin and calretinin
short ascending propriospinal interneurons indicates that at the neuronal level, they may

contribute to particular roles in the network.

A small proportion of the total population of short ascending propriospinal interneurons in the
L5 segment are cholinergic. It has been suggested that those ChAT cells located in lamina VI-
VIl and X, the so called partition and central canal cells, are the origin of “C boutons” (Miles
et al., 2007). C boutons are known to make direct contacts with somata and proximal dendrites
of motoneurons and are responsible for the increased motoneuron excitability during
locomotor-related activity (Arvidsson et al., 1997; Hellstrom et al., 1999; 2003; Li et al., 1995;
Nagy et al., 1993; Welton et al., 1999; Wilson et al., 2004). It can thus be suggested that these
partition and central canal cells facilitate motoneurons to fire at a sufficient level so that
appropriate muscle contraction is induced while excitatory input to motoneurons is kept to a
minimal level. In addition, a strong relationship between cholinergic spinal interneurons and
production of fictive locomotion has been reported by Huang et al. (2000), who found that an
increased number of cholinergic neurons located in the medial laminae VI1I-VIII express c-fos
during fictive locomotion. Hence, it could be hypothesised that these ChAT-positive
propriospinal interneurons play prominent role in the generation of rhythmic activity in the
spinal cord, especially those cholinergic CINs providing propriospinal cholinergic innervation

to coordinate activities between the two sides of the spinal cord.

In conclusion, the present results are of relevance to understanding the organization of
networks involved in intra-segmental coordination of hindlimb movements. This study shows
that L5 propriospinal interneurons, especially those located in contralateral lamina VIII and
ipsilateral laminae V-VII, have extensive ascending projections to ipsilateral motor nuclei of
the upper lumbar segments. Moreover, in the upper lumbar segments, both excitatory and
inhibitory CINs give off axons descending to the contralateral lateral motor nuclei of the L5

segment and form contacts with motoneurons.
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Figure 3.1. Photomicrograph of representative sections illustrating the injection site of CTb
in the medial motor nuclei of the L1 segment (A) and the lateral motor nuclei of the L3
segment (B). The sections were reacted with an immunoperoxidase method to reveal CTh.
The borders of the grey matters and the cytoarchitectonic laminae of the grey matter are
indicated by grey lines. Roman numerals indicate the Rexed laminae of the grey matter.

LSN, lateral spinal nucleus; cc, central canal. Scale bar = 500 pum.






Figure 3.2. Reconstruction of the injection sites for all 7 experiments (A-G, corresponding
to those in Table 3.4 and 3.5). The black shaded area shows the CTb injection site and the
grey shaded area shows the maximum spread of CTh. Drawings are based on those in
Paxions and Watson (1997). The dashed vertical and horizontal lines divide the
experiments into the medial/lateral motor nuclei injection group and the L1/L3 injection

group, respectively.
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Figure 3.3. Retrograde labelling of neurons in the L5 segment following CTb injections in
the L3 segment. The large photomicrograph on the top shows a general overview of the
CTb retrogradely labelled cells after a reaction with immunoperoxidase. Details of areas
demarcated by the boxes are shown in the small panels 1-7 and 1’-7°. The borders of the
grey and white matter are represented by continuous lines. The cytoarchitectonic laminae of
the grey matter for cell counting (corresponding to the laminae shown in small panels) are
indicated by dashed lines. The right side of the section is contralateral to the side of CTb
injection. Panels 1-7 and 1°-7” illustrate the soma and proximal dendrites of CTb labelled
cells in the corresponding laminae. Scale bar = 250 um (for the large panel); 50 um (for all

the small panels).
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Figure 3.4. Distribution of cells retrogradely labelled by CTb in the L5 segment. Each
section is a plot of all cells from each of the 8 sections selected from the L5 segment for
each experiment (A-G, corresponding to those in Figure 3.2 and Table 3.4 and 3.5). The
cells were plotted on the L5 section from the atlas of Paxions and Watson (1997). The right
side of sections is contralateral to the side of CTb injection. The black dots represent cell
bodies of CTb labelled cells. The dashed vertical and horizontal lines divided the
experiments into the medial/lateral motor nuclei injection group and the L1/L3 injection

group, respectively.
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Figure 3.5. Laminar distribution of CTb retrogradely labelled cells in the L5 segment.
Black asterisks and red asterisks indicate that the percentage of the cells in the
corresponding lamina(e) are statistically significantly higher than those in other laminae of
the contralateral side and the ipsilateral side, respectively (ANOVA, p<0.01). Comparisons
are made within the same side and unmarked differences are not significant. A-G
correspond to those in Figure 3.2, 3.4 and Table 3.4, 3.5. The dashed vertical and horizontal
lines divide the experiments into the medial/lateral motor nuclei injection group and the

L1/L3 injection group, respectively.
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Figure 3.6a. Three colour confocal microscope images illustrating the distribution of CTb labelled cells and their immunoreactivities for
calbindin and/or calretinin. (A) Reconstruction of an entire L5 section by a series of projected confocal images showing a general overview
of CTb labelled cells (in red) with or without calbindin (in green) and/or calretinin (in blue) immunostaining. Details of the areas demarcated

by the boxes are shown in Figure 6b (see the following page). Scale bar = 100 um (A)






Figure 3.6b. Three colour confocal microscope images illustrating the distribution of CTb labelled cells and their immunoreactivities for
calbindin and/or calretinin. (B1-B4, C1-C4, and D1-D4) are single optical sections and B4, C4, and D4 show merged images. Arrows in B1-
B4 and D1-D4 indicate CTb labelled cells that were calbindin immunoreactive. Arrowheads in B1-B4 and C1-C4 indicate CTb labelled cells
that were immunopositive for both calbindin and calretinin, and arrowheads in D1-D4 indicate CTb labelled cells that were immunopositive
for calretinin. Asterisk in B1-B4 and D1-D4 indicate CThb labelled cells that were negative for both calbindin and calretinin. Scale bar = 10
um (B1-B4, C1-C4, and D1-D4).
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Figure 3.7. Distribution of CThb labelled cells with calbindin immunoreactivity in the L5
segment. The section in the box at top left is pooled data showing the overall distribution of
CTb/calbidin immunoreactive cells plotted from 4 sections randomly selected from the L5
segment for all 7 rats. A-G (corresponding to those in Table 3.4 and 3.5) show the cell
distribution for each experiment. The cells were plotted on the L5 section from the atlas of
Paxions and Watson (1997). The right side of sections is contralateral to the side of CTb
injection. The green dots represent cell bodies of CTh cells with calbindin immunostaining.
The dashed vertical and horizontal lines divided the experiments into the medial/lateral

motor nuclei injection group and the L1/L3 injection group, respectively.
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Figure 3.8. Distribution of CTb labelled cells with calretinin immunoreactivity in the L5
segment. The section in the box at top left is pooled data showing the overall distribution of
the CTb/calretinin immunoreactive cells plotted from 4 sections randomly selected from the
L5 segment for all 7 rats. A-G (corresponding to those in Table 3.1, 3.4, and 3.5) show the
cell distribution for each experiment. The cells were plotted on the L5 section from the atlas
of Paxions and Watson (1997). The right side of sections is contralateral to the side of CTb
injection. The blue dots represent cell bodies of CTb cells with calretinin immunostaining.
The dashed vertical and horizontal lines divided the experiments into the medial/lateral

motor nuclei injection group and the L1/L3 injection group, respectively.
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Figure 3.9. Distribution of CTb labelled cells with both calbindin and calretinin
immunoreactivity in the L5 segment. The section in the box at top left is pooled data
showing the overall distribution which compiles all the CTb cells positive for both
calbindin and calretinin immunoreactivity plotted from 4 sections randomly selected from
the L5 segment for all 7 rats. A-G (corresponding to those in Table 3.1, 3.4, and 3.5) show
the cell distribution for each experiment. The cells were plotted on the L5 section from the
atlas of Paxions and Watson (1997). The right side of sections is contralateral to the side of
CThb injection. The purple dots represent cell bodies of CTb cells with both calbindin and
calretinin immunostaining. The dashed vertical and horizontal lines divided the
experiments into the medial/lateral motor nuclei injection group and the L1/L3 injection

group, respectively.
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Figure 3.10. Laminar distribution of CTb labelled cells with calbindin immunoreactivity
(A), calretinin immunostaining (B), and both calbindin and calretinin immunoreactivity (C)
in the L5 segment for the 7 experiments. Error bars are standard deviations. Black asterisks
and red asterisks indicate the percentage of the cells in the corresponding lamina(e) are
statistically significant higher than those in other laminae of the contralateral side and the
ipsilateral side, respectively (ANOVA, p<0.05). Comparisons are made within the same

side and unmarked differences are not significant.
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Figure 3.11. Distribution of cells within laminae at the L5 segmental level for the 7
experiments. Error bars are standard deviations. The red, green, blue and purple bars
represent cells labelled by CTb alone, cells labelled by CTb and calbindin, cells labelled by
CTb and calretinin, and CTb labelled cells immunopositive for both calbindin and

calretinin, respectively.
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Figure 3.12A. Single optical sections illustrate CTb labelled neurons that were immunopositive for ChAT located in bilaterally in laminae X
around the central canal. CTb labelled cells are shown in red (Al and A4), ChAT immunoreactivity in green (A2 and A5).A3 and A6 show
merged images confirming the double labelling of CTb and ChAT. Arrows indicate CTb labelled cells that were also ChAT immunoreactive.

The right hand side of the central canal is the contralateral side to the injection site. cc, central canal. Scale bar = 20um.






Figure 3.12B, C. Single optical sections illustrating CTb labelled neurons that were immunopositive for ChAT located in ipsilateral laminae
VI-VII (B) and contralateral lamina VIII (C). CTb labelled cells are shown in red, ChAT immunoreactivity in green. The areas demarcated
by boxes in B and C are shown in B1-B3 and C1-C3. Arrows in B and C indicate another two CTb labelled cells that were also ChAT
immunoreactive. B3 and C3 show merged images confirming the double labelling of CTb and ChAT. The right hand side of the central canal

is the contralateral side to the injection site. cc, central canal. Scale bar = 50um (B, C), 5 um (B1-B3, C1-C3).






Figure 3.13a. Sequential immunocytochemistry for CTb labelled terminals with VGLUT1/2 or VGAT immunoreactivity. (A and A’) A
general overview of CTb labelled terminals and their neurotransmitter content before (A) and after (A’) a reaction with a fourth antibody
against ChAT. Details of the areas demarcated by the boxes are shown in B1-B4, and B1’-B4’. (B1-B4) Single optical sections illustrating
the neurotransmitter content of terminals that were labelled by CTb (shown in red). Immunoreactivity for VGAT is shown in green, and
immunoreactivity for VGLUT1 and VGLUT2 is in blue. B4 and B4’ show merged images confirming the immunocytochemical
characteristics of the examined terminals. Arrows in B1-B4 indicate CTb labelled excitatory terminals that were positive for VGLUT1/2 but
negative for VGAT. Arrowheads in B1-B4 indicate CTb labelled inhibitory terminals that were positive for VGAT but negative for
VGLUT1/2. The larger arrows in B1-B4 indicate a CTb labelled terminal without immunolabelling for either VGAT or VGLUT. (B1’-B4’)
Single optical sections of the same terminals that were rescanned after sequential incubation with a fourth antibody against ChAT. The extra
green labelling present in B2’ which is absent in B2 corresponds to additional ChAT immunostaining which labels motoneurons. Therefore,
arrows (D) and arrowhead (D) in B4’ indicate excitatory and inhibitory terminals in contact with motoneuron dendrites, respectively. The
arrow (S) in B4’ indicates the terminals making contact with a motoneuron cell body. The unattributed arrows and arrowheads in B4’
indicate excitatory and inhibitory terminals that were not in contact with motoneurons, respectively. Scale bar = 10 um (A, A’); 5 um (B1-
B4, B1’-B4").
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Figure 3.6a. Three colour confocal microscope images illustrating the distribution of CTb labelled cells and their immunoreactivities for
calbindin and/or calretinin. (A) Reconstruction of an entire L5 section by a series of projected confocal images showing a general overview
of CTb labelled cells (in red) with or without calbindin (in green) and/or calretinin (in blue) immunostaining. Details of the areas demarcated

by the boxes are shown in Figure 6b (see the following page). Scale bar = 100 um (A)



Figure 3.6b. Three colour confocal microscope images illustrating the distribution of CTb labelled cells and their immunoreactivities for
calbindin and/or calretinin. (B1-B4, C1-C4, and D1-D4) are single optical sections and B4, C4, and D4 show merged images. Arrows in B1-
B4 and D1-D4 indicate CTb labelled cells that were calbindin immunoreactive. Arrowheads in B1-B4 and C1-C4 indicate CTb labelled cells
that were immunopositive for both calbindin and calretinin, and arrowheads in D1-D4 indicate CTb labelled cells that were immunopositive
for calretinin. Asterisk in B1-B4 and D1-D4 indicate CThb labelled cells that were negative for both calbindin and calretinin. Scale bar = 10
um (B1-B4, C1-C4, and D1-D4).



Figure 3.12A. Single optical sections illustrate CTb labelled neurons that were immunopositive for ChAT located in bilaterally in laminae X
around the central canal. CTb labelled cells are shown in red (Al and A4), ChAT immunoreactivity in green (A2 and A5).A3 and A6 show
merged images confirming the double labelling of CTb and ChAT. Arrows indicate CTb labelled cells that were also ChAT immunoreactive.

The right hand side of the central canal is the contralateral side to the injection site. cc, central canal. Scale bar = 20pum.



Figure 3.12B, C. Single optical sections illustrating CTb labelled neurons that were immunopositive for ChAT located in ipsilateral laminae
VI-VII (B) and contralateral lamina VIII (C). CTb labelled cells are shown in red, ChAT immunoreactivity in green. The areas demarcated
by boxes in B and C are shown in B1-B3 and C1-C3. Arrows in B and C indicate another two CTb labelled cells that were also ChAT
immunoreactive. B3 and C3 show merged images confirming the double labelling of CTb and ChAT. The right hand side of the central canal

is the contralateral side to the injection site. cc, central canal. Scale bar = 50um (B, C), 5 um (B1-B3, C1-C3).



Figure 3.13a. Sequential immunocytochemistry for CTb labelled terminals with VGLUT1/2 or VGAT immunoreactivity. (A and A’) A
general overview of CTb labelled terminals and their neurotransmitter content before (A) and after (A’) a reaction with a fourth antibody
against ChAT. Details of the areas demarcated by the boxes are shown in B1-B4, and B1’-B4’. (B1-B4) Single optical sections illustrating
the neurotransmitter content of terminals that were labelled by CTb (shown in red). Immunoreactivity for VGAT is shown in green, and
immunoreactivity for VGLUT1 and VGLUT2 is in blue. B4 and B4’ show merged images confirming the immunocytochemical
characteristics of the examined terminals. Arrows in B1-B4 indicate CTb labelled excitatory terminals that were positive for VGLUT1/2 but
negative for VGAT. Arrowheads in B1-B4 indicate CTb labelled inhibitory terminals that were positive for VGAT but negative for
VGLUT1/2. The larger arrows in B1-B4 indicate a CTb labelled terminal without immunolabelling for either VGAT or VGLUT. (B1’-B4’)
Single optical sections of the same terminals that were rescanned after sequential incubation with a fourth antibody against ChAT. The extra
green labelling present in B2’ which is absent in B2 corresponds to additional ChAT immunostaining which labels motoneurons. Therefore,
arrows (D) and arrowhead (D) in B4’ indicate excitatory and inhibitory terminals in contact with motoneuron dendrites, respectively. The
arrow (S) in B4’ indicates the terminals making contact with a motoneuron cell body. The unattributed arrows and arrowheads in B4’
indicate excitatory and inhibitory terminals that were not in contact with motoneurons, respectively. Scale bar = 10 um (A, A’); 5 um (B1-
B4, B1’-B4").



Figure 3.13b. Sequential immunocytochemistry for CTb labelled terminals with VGLUT1/2 or VGAT immunoreactivity. (C and C’) A
general overview of CTb labelled terminals and their neurotransmitter content before (C) and after (C’) a reaction with a fourth antibody
against ChAT. Details of the areas demarcated by the boxes are shown in D1-D4, and D1’-D4’. (D1-D4) Single optical sections illustrating
the neurotransmitter content of terminals that were labelled by CTb (shown in red). Immunoreactivity for VGAT is shown in green, and
immunoreactivity for VGLUT1 and VGLUT2 is in blue. D4 and D4’ show merged images confirming the immunocytochemical
characteristics of the examined terminals. Arrows in D1-D4 indicate CTb labelled excitatory terminals that were positive for VGLUT1/2
immunoreactivity but negative for VGAT. Arrowheads in D1-D4 indicate CTb labelled inhibitory terminals that were positive for VGAT but
negative for VGLUT1/2. (D1’-D4’) Single optical sections of the same terminals that were rescanned after sequential incubation with a
fourth antibody against ChAT. The extra green labelling present in D2’ was absent in D2, and this corresponds to additional ChAT
immunostaining which labels motoneurons. Therefore, the arrow (D) in D4’ indicates an excitatory terminal in contact with motoneuron
dendrite. The unattributed arrows and arrowheads in D4’ indicate excitatory and inhibitory terminals that were not in contact with

motoneurons, respectively. Scale bar = 10 um (C, C’); 5 um (D1-D4, D1’-D4’).



Figure 3.15. Single optical sections illustrating neurotransmitter content of CTb labelled terminals. Immunoreactivity for CTb is shown in
red, GAD in green and VGLUTL in blue. The far right column shows merged images confirming the immunocytochemical characteristics of
the examined terminals. Arrows indicate CTb labelled GABAergic terminals that were GAD immunoreactive but negative for VGLUTL.
Arrowheads indicate CTh labelled terminals that were negative for both GAD and VGLUTL1 immunoreactivity. Arrows (*) in C1-C4

indicate a CTb labelled VGLUT1 positive terminal which was negative for GAD. Scale bar =5 pm.



Figure 3.16. Single optical sections illustrating neurotransmitter content of CTb labelled terminals. Immunoreactivity for CTb is shown in
red, GlyT2 in green and VGLUT?2 in blue. The far right column is merged images confirming the immunocytochemical characteristics of the
examined terminals. Arrows indicate CTb labelled glutamatergic terminals that were VGLUT2 immunoreactive but negative for GlyT2.
Arrowheads in A1-A4 and B1-B4 indicate CTb labelled glycinergic terminals that were positive for GlyT2 immunoreactivity. Arrowheads in
C1-C4 indicate CThb labelled terminals that were negative for both GlyT2 and VGLUT2. Arrowheads in D1-D4 indicate CTb labelled
terminals that were immunopositive for both GlyT2 and VGLUT2. Scale bar =5 pm.






Figure 3.14. The proportions of excitatory and inhibitory CIN axon terminals in the lateral
motor nuclei at L5 segmental level for all 7 experiments. (A) The average percentage of
CTb anterogradely labelled terminals with VGLUT immunoreactivity, with VGAT
immunostaining, or without VGLUT/VGAT labelling expressed as a proportion of the total
number of CTb terminals. (B) The average percentage of VGLUT terminals in contact with
motoneuron cell bodies, dendrites or unidentified neurons of the total number of excitatory
terminals, and the average percentage of VGAT terminals in contact with motoneuron cell
bodies, dendrites or unidentified neurons of the total number of inhibitory terminals. Error

bars are standard deviations.
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Figure 3.15. Single optical sections illustrating neurotransmitter content of CTb labelled terminals. Immunoreactivity for CTb is shown in
red, GAD in green and VGLUTL in blue. The far right column shows merged images confirming the immunocytochemical characteristics of
the examined terminals. Arrows indicate CTb labelled GABAergic terminals that were GAD immunoreactive but negative for VGLUTL.
Arrowheads indicate CTh labelled terminals that were negative for both GAD and VGLUTL1 immunoreactivity. Arrows (*) in C1-C4

indicate a CTb labelled VGLUT1 positive terminal which was negative for GAD. Scale bar =5 pm.






Figure 3.16. Single optical sections illustrating neurotransmitter content of CTb labelled terminals. Immunoreactivity for CTb is shown in
red, GlyT2 in green and VGLUT?2 in blue. The far right column is merged images confirming the immunocytochemical characteristics of the
examined terminals. Arrows indicate CTh labelled glutamatergic terminals that were VGLUT2 immunoreactive but negative for GlyT2.
Arrowheads in A1-A4 and B1-B4 indicate CTb labelled glycinergic terminals that were positive for GlyT2 immunoreactivity. Arrowheads in
C1-C4 indicate CThb labelled terminals that were negative for both GlyT2 and VGLUT2. Arrowheads in D1-D4 indicate CTb labelled
terminals that were immunopositive for both GlyT2 and VGLUT2. Scale bar =5 pum.






Figure 3.17. The neurotransmitter content in CIN axon terminals in the lateral motor nuclei
at L5 segmental level for all 7 experiments. (A) The average percentage of CTb
anterogradely labelled terminals without VGLUT1/GAD labelling and with GAD
immunostaining of the total number of CTb terminals examined. (B) The average
percentage of VGLUT2 positive terminals, GlyT2 positive terminals and unidentified

terminals of the total number of CTb terminals examined. Error bars are standard deviations.
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Table 3.2

[-11 -1V V-VI Vi VIii X LSN Total
M-I Contra 5+2.64 —7+1.10 —35+6.24 ~26+3.05 9918.48 J 19+3.09 2+0.93 . 192+21.67
L-I Contra 3+1.58 - 3+1.07 17+4.92 1243.50 65127.24 |:1015.41 3+1.55 |:113i38.46
M-I Ipsi ) 31+£3.70 62+4.97 79+8.64 —3348.25 6+1.34 12+2.47 3+0.63 226+26.79
L-1 Ipsi |:1016.13 —23+7.07 -52+1260 6241228 124527 10+£1.38 3+0.59 169+41.07

The average number of CTb retrogradely labelled cells per 100um of length in different laminae of the LS segment. The counts were goruped according

to the medial motor nuclei injection (M-I) or the lateral motor nuclei injection (L-I). Numbers are average cell counts + standard deviation (SD).
Asterisks indicate significant difference between the contralateral (Contra) side or the ipsilateral (Ipsi) side of the medial and the lateral motor nuclei
injection gorup (Student t-test, p<0.05).
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Table 3.3

111 -1V V-V VI VII| X LSN Total

C-:roorffrla 6+3.74 5+3.58 23+11.47  20+7.58  90+32.68  16+7.56 3t3.35  162+55.65
CB+CTb 4+2.41 2+1.73 4+1.76 2+1.17 5+2.66 1+0.79 2+1.91 20+8.41
Contra (74.2%)  (31.8%) (18.2%) (10.3%) (5.2%) (9.4%) (53.6%) (12.4%)
CR +CTh 0+0.24 0+0.39 1+0.91 1+0.67 13+4.77 1+1.03 0£0.19 17+6.09
Contra (2.4%) (2.6%) (8.3%) (4.2%) (15.2%) (5.0%) (5.0%) (10.5%)
CB+CR+CTh  1+0.85 0+0.00 0+0.39 0+0.24 0+0.38 0£0.19 1+0.65 2+2.26
Contra (9.5%) (0.0%) (0.7%) (1.2%) (0.4%) (0.3%) (10.3%) (1.3%)

Tlgtj' 56+35.63 94+42.81  156+31.52 112+34.69  26t14.26  225.86 5+4.18  474+67.55

CB+CTb 22+9.04  19+8.08 2448 .24 9+5.87 1+1.15 3+1.51 2+¢153  79+18.84
Ipsi (50.8%)  (22.4%) (14.9%) (7.6%) (4.1%) (14.3%) (41.0%) (16.6%)
CR +CTb 2+2.30 3+1.53 13+5.44 6+2.38 2+1.81 3+2.52 1+1.89 30+8.28
Ipsi (3.7%) (3.2%) (8.1%) (5.8%) (8.8%) (12.8%) (6.9%) (6.4%)
CB+CR+CTh  2+1.95 2+1.89 5+2.34 3+2.61 2+2.07 1+0.98 1+0.95 15+6.58
Ipsi (3.0%) (2.4%) (3.2%) (2.8%) (5.6%) (2.8%) (9.7%) (3.2%)

The average numbers and proportions of CTb labelled cells with calbindin (CB) and/or calretinin (CR) immunostaining per 100um within
laminae at L5 segmental level. The counts were based on the 7 experiments. Numbers are average cell counts + SD per 100um, and numbers
in parentheses show the average percentage of the cells within laminae. Total, the total number of CTb cells within the corresponding
laminae; CB+CThb, CTb cells with CB immunostaining, CR+CThb, CTb cells with CR immunoreactivity; CB+CR+CThb, CThb cells with both
CB and CR immunostaining; Contra, contralateral side; Ipsi, ipsilateral side; LSN, lateral spinal nucleus.
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Table 3.4. The percentage of VGLUT- or VGAT-immunopositive CTb terminals in contralateral-lateral motor nuclei of the L5 segment

ExpA ExpB ExpC ExpD ExpE ExpF ExpG Average +SD

Percentage of VGLUT terminalsof 70.3% 70.8% 87.4% 71.5% 65.6% 69.9% 85.1% 74.4% 8.36%
total terminals

Percentage of VGAT terminals of 28.6% 27.5% 12.6% 25.3% 34.4% 28.3% 149% 245% 7.87%
total terminals

Percentage of VGLUT terminals with 8.3% 3.8% 85% 54% 45% 95% 6.1% 6.4% 2.42%
somatic contacts on MN of total
VGLUT terminals

Percentage of VGLUT terminals with 68.9% 75.9% 84.6% 82.7% 93.6% 76.4% 79.8% 80.3% 7.79%
dendritic contacts on MN of total
VGLUT terminals

Percentage of VGLUT terminals with 22.9% 21.3% 6.9% 12.0% 1.9% 14.1% 14.0% 13.3% 7.39%
unidentified contacts of total VGLUT
terminals

Percentage of VGAT terminalswith  55% 6.0% 89% 59% 7.4% 9.9% 0.0% 6.3% 3.21%
somatic contacts on MN of total
VGAT terminals

Percentage of VGAT terminals with 80.8% 54.8% 82.1% 84.2% 92.0% 73.3% 85.0% 78.9% 12.01%
dendritic contacts on MN of total
VGAT terminals

Percentage of VGAT terminals with 13.7% 39.3% 89% 9.9% 0.6% 16.8% 15.0% 14.9% 12.01%
unidentified contacts of total VGAT
terminals
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Table 3.5. The percentage of CThb labelled terminals with different immunoproperties in contralateral-lateral motor nuclei of the L5 segment

ExpA ExpB ExpC ExpD ExpE Exp F Exp G Average +SD
Percentage of terminals negative for both 73.8% 75.3% 84.3% 74.1% 6.39% 744% 88.8% 76.4% 8.05%
VGLUT1 and GAD immunoreactivity of
total CTb terminals
Percentage of GAD terminals of total 26.2% 24.7% 15.7% 25.9% 36.1% 25.6% 11.3% 23.6% 8.05%
CTb terminals
Percentage of VGLUT2 terminals of total 69.3% 74.4% 74.1% 70.8% 64.1% 68.0% 79.6% 71.5%  5.05%
CTb terminals
Percentage of GlyT2 terminals with of  28.1% 17.9% 24.5% 23.9% 34.1% 31.5% 18.9% 25.6% 6.08%
total CTb terminals
Percentage of terminals negative for both  2.6% 7.6% 1.4% 5.3% 1.8% 0.5% 1.5% 2.9% 2.57%

VGLUT2 and GlyT2 immunoreactivity
of total CTb terminals




Chapter 4

Investigation 2:

Input properties of identified spinal interneurons

interposed in different pathways



4.1. Introduction

The actions of primary afferent inputs on motoneurons are mainly mediated by spinal
interneurons. The consequences of these actions are complex but the result in coordinated
behaviours whose basic feature is expressed by the pattern of muscle contractions. Thus,
spinal interneurons interposed in the primary afferent pathways have an important role in
relaying information on muscle strength and length from primary afferents, and some of them
may also be involved in initiation of movements from descending tract fibres. Therefore,
regulation of these interneurons is essential to achieve appropriate reflex and locomotor
movements, such as crossed extension accompanied by ipsilateral flexion, bilateral extension
or bilateral flexion (Aggelopoulos et al., 1996; Armstrong, 1986; Grillner and Dubuc, 1988;
Jankowska et al., 2005; Noga et al., 2003). These regulations are based on both
excitatory/inhibitory actions and central/peripheral feedback loops and also include pre-/post-

synaptic mechanisms; thus, the synaptic connections of interneurons are very complicated.

Firstly, spinal interneurons with inputs from primary afferents are excited not only by muscle
afferents but also by cutaneous and joint afferents (Edgley and Jankowska, 1987a; Jankowska
and Riddell, 1994). Secondly, they may also be interposed in the descending pathways to
motoneurons. For instance, interneurons relaying information from flexor reflex afferent (FRA)
pathways (including group II and III muscle afferents and high threshold muscle, joint and
skin afferents) also mediate actions from supraspinal systems in feline (Davies and Edgley,
1994; Harrison and Jankowska, 1985; Leblond et al., 2001) and primate motoneurons (Iles and
Pisini, 1992; Jankowska et al., 1976; Pauvert et al., 1998). Furthermore, spinal interneurons
receiving monosynaptic input from descending tract fibres could also mediate mono- or poly-
synaptic actions from other primary afferents or descending fibres. For example, a subgroup of
CINs located in lamina VIII of midlumbar segments of cats is known to receive direct inputs
from the MLF in which axons of reticulospinal neurons descend (Bannatyne et al., 2003).
These CINs could also be monosynaptically activated by stimulation of the vestibular nuclei
(VN) or group I muscle afferents (Jankowska et al., 2005; Matsuyama and Jankowska, 2004).
Besides the above direct activations, these CINs are also affected indirectly by group II muscle
afferents via other interneurons, resulting in a facilitation or depression of the original actions
(Cabaj et al., 2006; Jankowska et al., 2005). In addition to these centrally and/or peripherally

evoked excitations, the activities of spinal interneurons are also adjusted by inhibitory control.
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The inhibitory actions on the interneurons are mainly from two sources: (1) postsynaptic
inhibition through disynaptic and polysynaptic pathways evoked by primary afferents and/or
descending tract fibres (Edgley and Jankowska, 1987a; Jankowska and Riddell, 1994); and (2)
presynaptic inhibition of primary afferent terminals forming axoaxonic synapses on their

target cells (Maxwell et al., 1997; Maxwell and Riddell, 1999; Riddell et al., 1995).

The synaptic connections of several groups of interneurons in dorsal horn with inputs from
primary muscle afferent and fibres descending in the MLF have been studied in detail
(Bannatyne et al., 2006; Jankowska et al., 2008; Maxwell et al., 1997). However, given the
considerable number of studies on the axonal projections and target cells of spinal
intermediate zone and ventral horn interneurons in pathways from muscle afferents and
descending tract fibres (Bannatyne et al., 2009; Jankowska et al., 2009), it is surprising that so
few of the synaptic connections formed with these interneurons have been described. The aim
of this study was fourfold: (1) to determine differences in axonal contact patterns on
intermediate zone and ventral horn interneurons with and without monosynaptic primary
afferent input; (2) to investigate if input patterns of the excitatory and inhibitory interneurons
with monosynaptic primary afferent input are different; (3) to determine if there are
differences in the presynaptic inhibitory control of the excitatory and inhibitory cells; and (4)
to examine if there are differences in the input patterns of the lamina VIII CINs and dorsal
horn CINs. The first three aims were achieved by using combinations of intracellular labeling
of electrophysiologically identified cells with confocal microscopic and immunochemical
labeling techniques to examine the contacts with these neurons in the cat spinal cord; the last
investigation was performed in the rat spinal cord by using retrograde labeling and

immunocytochemical methods to identify CINs and the synaptic contacts on them.

4.2. Experimental procedures

Experiments were performed on seven adult cats (weighing 2.5-3.5 kg) obtained from an
accredited supplier to University of Goteborg and three adult male Sprague-Dawley rats (250-
350g; Harlan, Bicester, UK). Cat experiments were approved by the University of Goteborg
Medical Ethics Committee and comply with National Institutes of Health and European Union
guidelines. Rat experiments were conducted according to British Home Office legislation and

were approved by the University of Glasgow Ethics committee.

110



4.2.1 Surgical procedure and labeling of spinal interneurons

Cat experiments

General anaesthesia was induced with sodium pentobarbital (40-44 mg/kg, i.p.) and
maintained with intermittent doses of a-chloralose as required to maintain full anaesthesia
(Rhone-Poulenc Santé, France; doses of 5 mg/kg administered every 1-2 hours, up to 55
mg/kg, 1.v.). The level of anaesthesia was monitored by continuous recording of blood
pressure and heart rate and by observing pupil dilatation. Blood pressure was monitored via a
carotid cannula and maintained at 100-130 mmHg. Additional doses of a-chloralose were
given when increases in the blood pressure or heart rate were evoked by noxious stimulation
or if the pupils dilated. During recordings, neuromuscular transmission was blocked by
pancuronium bromide (Pavulon, Organon, Sweden; about 0.2 mg/kg/h, i.v.) and animals were
artificially ventilated. The end-tidal concentration of CO, was maintained at about 4% by
adjusting the parameters of artificial ventilation and the rate of a continuous infusion of a
bicarbonate buffer solution with 5% glucose (1-2 ml//h/kg). Core body temperature was kept

at about 37.5 °C by servo-controlled infrared lamps.

A laminectomy exposed the fourth to seventh lumbar (L4-L7) and low thoracic (Th11-Th13)
segments of the cat spinal cord. Neurones in the lumbar segments were approached through
small holes (about 1-2 mm?) made in the dura mater. At the Th12-13 level two pairs of
stimulating electrodes were put in contact with the lateral funicule to identify and exclude
neurones with axons ascending either ipsilaterally or contralaterally beyond this level by their
antidromic activation. Two contralateral hindlimb nerves (the quadriceps, Q and Sartorius,
Sart) and a number of ipsilateral nerves were transected and mounted on stimulating
electrodes. The latter included Q, Sart, the posterior biceps and semitendinosus (PBST),
anterior biceps and semimembranosus (ABSM), gastrocnemius and soleus (GS), plantaris (PI)
and deep peroneus (DP) nerves. The nerves were stimulated by constant voltage 0.2 ms long
current pulses, with intensity expressed in multiples of threshold (T) for the most excitable
fibres in the given nerve. In most experiments the caudal part of the cerebellum was exposed
by craniotomy and a tungsten electrode (impedance 40-250 kQ) was placed in the ipsilateral

MLF after having exposed the caudal part of the cerebellum. The electrode was inserted at an
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angle of 30° (with the tip directed rostrally). The initial target was at Horsley-Clarke co-
ordinates P9, L0.6, H-5 but its final position was adjusted on the basis of records of

descending volleys from the surface of the lateral funiculus at the Th11 level.

Interneurons were searched for in the intermediate zone and ventral horn grey matter of L4-

L7 segments at a depth where field potentials evoked by group I and/or group II afferents were

maximal (Edgley and Jankowska, 1987a, b). Cells to be labelled were selected on the basis of
monosynaptic activation either after stimulation of peripheral muscle nerves at sufficient

intensities to recruit group I and/or group II muscle afferent fibres, or after stimulation of MLF.
Peripheral nerves and MLF fibres were stimulated with constant voltage stimuli (0.2 ms

duration, intensity expressed in multiples of threshold for the most sensitive fibres in the nerve)

and constant current stimuli (0.2 ms, 100 pA), respectively.

After identification, cells were labelled intracellularly with a mixture of equal parts of 5%
tetramethylrhodamine-dextran (Molecular Probes, Inc, Eugene, Oregon, USA) and 5%
Neurobiotin (Vector, UK) in saline (pH 6.5). The marker was applied by passing depolarizing
constant current up to 5 nA for 5-8 minutes. New injection sites were a minimum of 100 pm
away from previous sites and the distance between each injected cell and its location was
carefully recorded on a diagram of the lumbar segments. At the conclusion of the experiments,
the animals were given a lethal dose of pentobarbital and perfused initially with physiological
saline and subsequently with paraformaldehyde (4%) in 0.1 M PB (pH 7.4). Lumbar spinal
cord containing labelled cells were removed and placed in the same fixative for 8 hours, and

then were cut into segments (4, 5, 6 and 7).

Rat experiments

Three rats were deeply anesthetized with halothane under strict aseptic conditions. After a
incision of dorsal midline at Th13 vertebra level, a small hole with a diameter of 1mm was
made near the midline to expose the dorsal surface of upper lumbar segments of the spinal
cord. The tip of the injection needle was inserted into the spinal cord and a 0.2ul volume of
1% CTb (Sigma-Aldrich, Co., Poole, UK) in distilled water was microinjected at the target site.
The needle was left in place for 5 min following the injection and then removed. The wound

was sutured closed and all animals recovered uneventfully. Following a 5-day survival period,
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the rats were reanesthetized with pentobarbitone (1 ml i.p.) and perfused through the left
ventricle. The entire spinal cord was removed and post-fixed for 8 hours at 4 °C. The spinal
cord was then dissected into C1 to L6 segments according to the dorsal roots. The detailed

procedures were described in the methods section of Chapter 3.

The L4-L7 segments of cats and the L5 segments of rats were rinsed several times in 0.1 M
PB. All the segments were cut into 50 pm thick transverse sections with a Vibratome (Oxford
instruments, Technical products international Inc. USA) and sections of cat segments were
collected in strict serial order to enable reconstruction of labelled cells. All sections were
placed immediately in an aqueous solution of 50% ethanol for 30 minutes to enhance antibody
penetration. Following this treatment, cat sections were mounted in serial order on glass slides
with Vesctashield (Vector Laboratories, Peterborough, UK) and examined with a fluorescence
microscope. Sections containing labelled interneurons were reacted firstly with avidin-
rhodamine (1:1000; Jackson Immunoresearch, Luton, UK) and rescanned with a fluorescence

microscope.

4.2.2 Immunocytochemical processing of tissue

Sections were incubated in the combinations of primary antibodies listed Table 4.1. All
antibodies were diluted in PBST and incubated for 72 hours. They were rinsed in PBS and
incubated for 3 hours in solutions of secondary antibodies coupled to fluorophores before

mounting with anti-fade medium (see Table 4.1 for details).

Selected cat sections containing axon terminals from each labelled cell were reacted with one
of the following antibodies: mouse anti-gephyrin and guinea pig anti-VGLUT1; or rabbit anti-
GAD and guinea pig anti-VGLUT2 (see Table 4.1, cat sections containing terminals). Cat
sections containing labelled cell bodies and dendrites were reacted with rabbit GAD and
guinea-pig VGLUTI firstly. VGLUT1 and VGLUT?2 terminals should be distinguishable from
each other, but the antibody that was used to label VGLUT2 terminals was also from guinea-
pig. Therefore, a sequential incubation was performed on the sections containing somata and
dendrites. When the reactions of the initial combination of both primary and secondary
antibodies were complete, these sections were re-incubated with VGLUT?2 antibody (Table 4.1,

cat sections containing cell bodies and dendrites). As a result, VGLUT1 terminals were purple
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Table 4.1. Summary of primary and secondary antibody combinations and concentrations used in the current study

Section Primary antibody Primary antibody  Supplier Secondary Sequential Secondary
containing combination concentration antibodies immunoreaction antibodies
cat axon mo. gephyrin 1:100 Connex, Martinsried, Germany Alexa488
terminals gp. VGLUT1 1:5000 Chemicon, Harrow, UK Cy-5
axon rbt GAD 1:2000 Sigma, Poole, UK Alexa488
terminals gp VGLUT2 1:5000 Chemicon, Harrow, UK Cy-5
Soma & rbt GAD 1:2000 Alexa488
dendrite  gp VGLUTL 1:5000 Cy-5 gp VGLUT2 Rh.Red
mo. CTb 1:250 A. Wikstrom, University of Gothenburg  Rh.Red
rat dh/VIII CIN  rbt VGLUT2 1:5000 Chemicon, Harrow, UK Alexa488
gp VGLUT1 1:5000 Cy-5

vTT

All secondary antibodies were raised in donkey and conjugated to Rhodamine Red (Rh. Red; 1:100), or Cyanine 5.18 (Cy-5; 1:100; both
supplied by Jackson ImmunoResearch, West Grove, USA), or Alexa-fluor 488 (Alexa488; 1:500; Molecular Probes, Eugene, USA). CIN,
commissural interneuron; dh, dorsal horn; VII1, lamina VI1I; GAD, glutamic acid decarboxylase; VGLUT vesicular glutamate transporter; CTb,

B-subunit of cholera toxin; mo., mouse; rbt, rabbit; gp, guinea pig.



in colour as a consequence of the extra red labelling on the original blue labelling, while
VGLUT?2 terminals were present in red only. Dorsal horn and lamina V11l CINs obtained from
rat experiments were identified by the contralateral location and the presence of transported
CTb from injection sites (the detailed explanations were discussed in the previous chapter).
Triple immunofluorescence was performed on these sections with rabbit anti-VGLUT2 and

guinea-pig anti-VGLUT1 antibodies (rat sections in Table 4.1).

4.2.3 Confocal microscopy, reconstruction and analysis

All sections from both cats and rats were mounted in a glycerol-based antifade medium and

examined with a Bio-Rad MRC 1024 confocal laser scanning microscope.

Cat sections containing labelled cells and their dendrites were initially imaged at a low
magnification (X10 lens; zoom factor 2). These images were used as a frame of reference for
the location of labelled processes within each section and to make preliminary reconstructions
of the cells. Each cell was then examined systematically at a higher magnification by using a
x40 oil immersion lens at zoom factor of 2. Series of three-colour confocal images were
gathered at intervals of 0.5 um and their locations were determined by using the corresponding
low-power reference image so that a montage was constructed for each section. Usually 10 to
20 series of images were collected from each section and processes of cells were contained
within four or five sections. Sections containing axonal terminals of labelled cells were

scanned by using a 60xoil lens, zoom factor 3 or 4 at 0.5 um intervals.

Cells were reconstructed three-dimensionally and VGLUT1, VGLUT2 and presynaptic GAD
contacts on labelled cells were recorded with appropriate markers by using Neurolucida for
confocal software (MicroBrightField, Colchester, VT, USA), teamed with confocal assistant
software. Reconstructions always started from the stacks of single optical sections containing
the cell body, and then the axon and dendritic processes were systematically added from the
next stacks until reconstruction of the axon or the dendritic tree was complete. To avoid bias,
contacts were viewed in their own individual channels in a single optical section initially, and
counted in merged image stacks showing all three channels and switching through different
channels (if necessary). The Neurolucida program provides information about the distribution

of contacts over the dendritic tree; therefore, a three-dimensional Sholl analysis was
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performed to show absolute numbers of contacts and numbers of contacts/100 um of dendritic
length contained within concentric spheres at standard distances from the centre of the cell
body of each cell. By using this program, the density of contacts per unit area (100 um?) of
cell membrane was estimated. The equivalent diameter of each labelled cell body was
measured from projected confocal images obtained from all seven cats by using Image J
software (National Institutes of Health, USA).

Rat sections from the L5 segment were examined within the dorsal horn (lamina V-VI) and
lamina V111 contralateral to the injection site. Sections containing labelled CINs were scanned
by using a x40 oil immersion lens with a zoom factor of 2 at 0.5 um intervals. The stacks of
images were analyzed with Neurolucida for Confocal software. Cells were reconstructed
three-dimensionally and VGLUT1 as well as VGLUT2 contacts on labelled cells were
recorded with appropriate markers. The analysis of contacts formed with these CINs was

performed in the same way described above for cat material.

Two-group comparisons were made by using a Student’s t-test, and multi-group comparisons
were made by ANOVA followed by a post hoc Tukey’s analysis. A p<0.05 was considered to

be statistically significant.

4.3. Results

4.3.1 Cat experiments

In cat experiments, seventy six spinal interneurons that were monosynaptically excited by
primary afferents or MLF were intracellularly labelled. However, cells that were weakly
labelled, without identifiable terminals, or had burst somata were excluded from the sample.
Therefore, a total of 21 interneurons that were sufficiently well labelled from the 7 adult cats
(2-5 cells from each animal) were reconstructed and the terminals contacting them were

analysed in detail.

According to their electrophysiological properties, the 21 interneurons were classified into two
groups. Figure 4.1 shows a series of electrophysiological records illustrating functional

identification criteria for each of the 21 cells used in the morphological analysis. Group A
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includes 17 interneurons (cell 1 to cell 17) that were monosynaptically activated by
stimulation of peripheral nerves, while the remaining 4 interneurons(cell 18 to cell 21) belong
to group B that were directly excited by stimulation of MLF and do not have any

monosynaptic input from peripheral nerves.

All the cells were located within the L4 to the L7 segments. The location of the cell bodies of
the 17 cells in group A distributed in the intermediate zone (laminae VI-VII), while the cell
bodies of the 4 cells in group B were exclusively concentrated in Lamina VIII (shown in
Figure 4.2). The diameters of the equivalent circle of cell bodies of the 17 cells in group A
had a wider range (from 22 to 64um) than those of the 4 cells in group B (Figure 4.3). The
diameters of the equivalent circle of the 3 cells (cell 19 to cell 21) are similar, which are 33, 34
and 35 um, respectively, while the remaining one (cell 18) had a bigger soma with a diameter
of 53um. In addition, cells in group A included both ipsilateral and contralateral projecting
neurons, whereas all the 4 cells in group B were exclusively lamina VIII CINs projecting to
the contralateral side. Figure 4.4 illustrates the axonal projections of these 21 cells. All the 21
cells had radial dendritic arbors; however, the cells with monosynaptic primary afferent input
had more extensively spread dendrites (up to 1000um from soma) than the cells without
monosynaptic primary afferent input (up to 625 pm). The reconstructions of the 21 cells and
the distribution of the contacts on them are shown in Figures 4.5-4.7, and the morphological

and neurochemical properties are summarised in Table 4.2.

Aim 1: Are there differences in axonal contact patterns on interneurons with and

without monosynaptic primary afferent input?

One of the major findings was that the two groups of interneurons received different VGLUT1
and VGLUT2 axonal contact patterns. Figure 4.5 shows an example of the confocal
microscope images of VGLUT1 and VGLUT2 immunoreactive axon terminals in contact with
the two cells from each group (cell 1 and cell 21). VGLUTL1 contacts were doubled-labelled
with blue and red, while VGLUT2 contacts were red. This is because, in addition to VGLUT1
and VGLUT2, axonal terminals containing GABA were also examined by using GAD
immunocytochemical labelling (in green and will be shown later) and the antibodies to label
VGLUT1 and VGLUT?2 terminals were both from guinea pig. Therefore, VGLUT1 terminals

were not pure blue but displayed a purple colour and VGLUT?2 terminals were red which was
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the same colour used for labelling postsynaptic cells. Figure 4.5 illustrates the reconstructions
of these two cells showing the considerable differences in distribution of VGLUT1 and

VGLUT?2 contacts on these two cells (cell 1 and cell 21) from each group.

Confocal microscope analysis revealed that the majority terminals contacting the cells in
group A which had monosynaptic primary afferent input were VGLUT1 positive, and the
density of VGLUT1 terminals per 100 um? was significantly higher than VGLUT2 terminals
(Student t-test, p<0.001). The average number (£ SD) of VGLUT1 and VGLUT2 contacts per
100um? of these 17 cells was 1.04 + 0.66 and 0.09 + 0.16, respectively. The reconstructions in
Figure 4.6A and Figure 4.7 show the distribution of contacts on these cells. In contrast to the
cells in group A, those cells in group B received strikingly less VGLUTL1 input but much more
VGLUT2 input and all these differences were significant (Student t-test, p=0.01). The average
density (x SD) of VGLUTL1 and VGLUT?2 contacts on the group B cells were 0.10 + 0.06 and
0.39 *= 0.18, respectively. Moreover, group B cells were further divided into two
subpopulations. The densities of VGLUT1 terminals contacting cell 18 and cell 19 (the first
subgroup) were higher than those contacting cell 20 and cell 21 (the second subgroup). In
contrast, the densities of VGLUT?2 contacts on the cells in the first subgroup were lower than
those on the cells in the second subgroup. The average densities (£ SD) of VGLUT1 and
VGLUT2 contacts per 100pm? were 0.16 + 0.01 and 0.23 + 0.04 for the first subgroup,
respectively; but were 0.05 £ 0.03 and 0.54 + 0.02 for the second subgroup, respectively.
However, because of the small sample number, no statistical comparison was performed
between these two subgroups. Figure 4.6B and Figure 4.8 illustrate the distribution of the
contacts on group B cells. The detailed data about the density of VGLUT1 and VGLUT?2

contacts per 100 um? and the total surface (um?) for each of these cells are shown in Table 4.3.

In addition, the general distribution patterns of VGLUT1 and VGLUT2 axonal terminals
contacting the two groups of interneurons are also different. Firstly, the distribution of
VGLUT1 terminals on the cells in group A decreased with the distance from cell body. This
was confirmed by performing a Sholl analysis for numbers of contacts per unit (100-pum)
dendritic length contained within concentric shells with radii which increase in 25um units
from the centre of the cell body for all 17 cells and taking average number of contacts in each
unit length (Figure 4.9A). The average number of VGLUT1 contacts per 100um of dendritic
length contained in the first two 25um concentric units was higher than 20 contacts (24.1 and
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24.8 contacts/100um, respectively), but it decreased significantly to less than 15 contacts and
10 contacts when the radius of concentric shells increased to 100um and to 200um,
respectively. VGLUT?2 terminals were not the majority contact type on the cells in group A
and their frequency was much less than that of VGLUTL1 terminals, therefore their distribution
pattern is not discussed here. However, both VGLUT1 and VGLUT?2 contacts on the cells in
the MLF group (group B) appear to be evenly distributed over the whole dendritic tree on
proximal, intermediate and distal dendrites (Figure 4.9B&C).

Aim 2: Are input patterns of excitatory and inhibitory interneurons with monosynaptic

primary afferent input different?

In the 17 interneurons of group A, the neurotransmitter present in their terminals was
identified by using immunocytochemical analysis. Axon terminals of the seven neurons (cell 1
to cell 7) were VGLUT2 immunoreactive and hence are glutamatergic. Figure 4.10A shows a
series of Neurobiotin-labeled terminals from cell 5 that were immunoreactive for VGLUT2
but not for GAD. The remaining ten cells (cell 8 to cell 17) possessed axon terminals that were
apposed to gephyrin and were therefore glycinergic. Figure 4.10B illustrates gephyrin
labelling associated with terminals from cell 10 and there is no immunoreactivity for
VGLUT1 in their terminals.

Although there was no statistical difference between the input patterns of excitatory and
inhibitory interneurons with monosynaptic primary afferent input, confocal microscopic
analysis revealed that glutamatergic cells tended to receive more VGLUTL1 contacts than
glycinergic cells. The average number (£ SD) of VGLUT1 contacts on the excitatory and
inhibitory cells were 729 + 442.4 and 262 + 185.8, respectively, and the average packing
densities of VGLUT1 terminals in contact with the excitatory and inhibitory cells were 1.24 +
0.70/100pm? and 0.85 + 0.57/100um?, respectively. In addition, the distribution of VGLUT1
contacts on each individual dendritic branch within an interneuron with monosynaptic primary
afferent input was not always even. Table 4.4 shows the highest and lowest density of
VGLUT1 contacts on individual dendritic branches within a cell and the mean density of
VGLUT1 contacts on the cell.
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Aim 3: Are there differences in presynaptic inhibitory control of the interneurons with

monosynaptic group I/11 afferent input?

Some of the VGLUTL1 terminals forming synaptic contacts with labelled interneurons were
themselves postsynaptic to other axon terminals immunopositive for GAD. This type of
axoaxonic arrangement was found on dendrites of all 17 interneurons with monosynaptic input
from primary afferents. In addition, it was very often the case that more than one presynaptic
terminal made contact with the same postsynaptic axon terminal. Figure 4.11 shows an
example of several presynaptic GAD terminals (in green) that were in contact with three
VGLUT1 terminals (in blue) which were also presynaptic to a part of a dendrite of the labelled
neuron. The general distribution pattern of VGLUT1 terminals with (represented by blue open
triangles) and without (represented by blue filled triangles) associated presynaptic GAD
terminals is shown in Figure 4.6A and Figure 4.7. The mean density (£SD) of VGLUT1
contacts associated with presynaptic GAD terminals was 1.01 + 0.70/100um? for
glutamatergic cells and 0.62 + 0.51/100pum? for glycinergic cells. So, the average percentage
(xSD) of the above densities expressed as a proportion of the density of the total number of
VGLUT1 contacts were 74.3% + 12.97% and 68.3% + 8.69% for glutamatergic and
glycinergic cells, respectively. However, there was no statistical difference between the
excitatory and inhibitory neurons. Detailed data are shown in Table 4.3. Furthermore, the
average numbers of total VGLUT1 contacts and VGLUTL1 contacts associated with
presynaptic GAD terminals was calculated for both glutamatergic and glycinergic cells per
100 pm units of the dendritic length on proximal (defined as <100um from the soma),
intermediate (between 100 and 300um) and distal (>300um) dendrites (Jankowska et al.,
1997b). For excitatory neurons, these values were 30.0, 12.9, and 3.6 contacts/100um for all
VGLUTL1 contacts and 26.8, 10.3, and 2.2 contacts/100um for VGLUTL1 contacts associated
with presynaptic GAD terminals on proximal, intermediate and distal dendrites, respectively.
For inhibitory neurons, these values were 12.5, 8.3, and 5.7 contacts/100um for all VGLUT1
contacts and 10.1, 5.5, and 3.9 contacts/100um for VGLUTL1 contacts associated with
presynaptic GAD terminals on proximal, intermediate and distal dendrites, respectively.

4.3.2 Rat experiments
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In rat experiments, CINs were retrogradely labelled by injection of the tracer CTbh into motor
nuclei of three rats. In total, 30 dorsal horn CINs (in lateral laminae V; 10 cells from each rat)
and 60 lamina VIII CINs (20 cells from each rat) located in the contralateral L5 segment were
examined. Detailed information of these CINs, such as soma location and axonal projection, is
described in chapter 3.

Aim 4: Are there differences in the input patterns of CINs located in dorsal horn and

lamina VIII?

By comparing the density of VGLUT1 and VGLUTZ2 immunoreactive terminals contacting the
CINs located in laminae V-VI and lamina V111, two highly significant differences (Student’s t-
test, p<0.01) were found: (1) the density of VGLUT2 contacts was significantly higher than
the density of VGLUT1 contacts on dorsal horn CINs, and this was also true for lamina VIlI
CINs; (2) the density of VGLUT2 contacts on dorsal horn CINs was significant higher than
that on lamina VIII CINs, and this was also the case in the density of VGLUT1 contacts.
Figure 4.12 and 4.13 show an example of the confocal microscope images of VGLUT1 and
VGLUT2 immunoreactive axon terminals in contact with the CINs located in lamina VIII and
lamina VI, respectively. The mean densities of VGLUT2 and VGLUT1 terminals forming
contacts with lamina VIII CINs were 5.04 + 2.62/100um? and 0.15 + 0.16/100pm?
respectively; while those corresponding values for dorsal horn CINs were 10.98 *
4.36/100um? and 2.21 + 1.25/100um? respectively. Moreover, very occasionally, terminals
forming contacts with lamina VIII CINs were immunoreactive for both VGLUT1 and
VGLUT?2 (Figure 4.12).

4.4. Discussion

The present study combined electrophysiological and immunocytochemical methods to
address a specific anatomical question concerning the input patterns of intermediate zone and
lamina VIII interneurons with or without monosynaptic inputs from group I/l muscle
afferents in cat spinal cord. In addition, the study is also focused on CINs because of their
crucial role in coordinating the motor activity on the two sides of the spinal cord during
locomotion. This part of study was restricted to an examination of the input terminals

contacting dorsal horn and lamina V111 CINs in the L5 segment of rat spinal cord.
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4.4.1 Classification of intracellularly labelled interneurons and quantitative

analysis of the synaptic contacts on these interneurons

The intracellularly labelled interneurons were classified into two distinct groups, one with
monosynaptic input from group I/l afferents and the other with monosynaptic input from
MLF but without direct input from group I/Il. The validity of this classification depends
critically on the reliability of the criteria for EPSPs evoked mono- and disynaptically.
Jankowska et al (2005) have discussed these criteria in detail, thus, generally speaking, three
features of EPSPs were used to differentiate monosynaptic from disynaptic EPSPs: (1)
monosynaptic EPSPs had a fixed range of segmental latencies following the first positive peak
of the afferent/descending volleys (0.5-1ms, 1.8-2.8ms, and 0.4-0.9ms for group | afferents,
group Il afferents, and MLF, respectively); (2) monosynaptic EPSPs were evoked successfully
by each single stimulus and were of similar amplitude; (3) there was no or minimal temporal

facilitation of effects of successive stimuli in a train.

There are three issues that must be considered in relation to the validity of the conclusions
presented here. Firstly, because intracellular recording from interneurons deep in the grey
matter is difficult and intracellular labelling of interneurons is required at a high quality, the
samples of neurons on which the analysis is based are relatively small (samples of 17 neurons
with monosynaptic input from primary afferents and a smaller sample of 4 interneurons with
monosynaptic input from MLF). Secondly, the muscle nerves examined are the main source of
group I/11 afferent inputs to laminae VI-VIII interneurons (Edgley and Jankowska, 1987b); but
it can not be ruled out that there might be primary afferent inputs from those muscles that were
not tested. In addition, it is not known whether the interneurons investigated also received
inputs from other peripheral afferents such as skin and joint nerves; thus, these identified
interneurons can not be simply considered to mediate information from only one class of
primary afferent. Thirdly, because of the technical limitations stated in results sections, the
intracellularly labelled interneurons and the VGLUT2 terminals contacting them are both
present in red. This might led to an underestimate of the number of VGLUT2 contacts
especially when the cell was very strongly labelled and VGLUT?2 contacts were in the middle
of dendrite/soma. Nevertheless, the criteria to identify VGLUT2 contacts in all these cells are

consistent, so the potential error is likely also to be consistent.
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4.4.2 Different contact patterns on interneurons with and without monosynaptic

primary afferent input

The most striking observations made in the present study were the significant differences in
axonal contact patterns on interneurons with and without monosynaptic input from primary
afferents. It was shown that the vast majority terminals contacting cells monosynaptically
activated by group I/11 muscle afferents (thereafter referred as group I/11 cells) were VGLUT1
positive, while much fewer or no VGLUT2 contacts were on these cells. In contrast to group
I/11 cells, contacts formed with those interneurons that received monosynaptic input from MLF
but not primary afferents (thereafter referred as MLF cells) were mainly VGLUT2 positive. It
is well established that all of the primary afferent terminals in the grey matter of lumbar spinal
cord except those in lamina | are VGLUT1 immunoreactive, while VGLUT2 immuno-
reactivity is frequently present in axon terminals that are likely to be derived from intrinsic
spinal interneurons (Todd et al., 2003; Varoqui et al., 2002). Therefore, the above findings are
consistent with the electrophysiological properties of these cells; i.e. stimulations of muscle
afferents evoke monosynaptic EPSP in the group I/11 cells but not in the MLF cells (Figure
4.1). In addition, the results obtained from anatomical studies suggest that group /1l
intermediate zone interneurons less frequently receive excitatory inputs from other
interneurons. This indication is supported not only by the electrophysiological features of
these cells but also by a recent anatomical study (Bannatyne et al., 2009). Firstly, the
electrophysiological records show that following the monosynaptic EPSP induced by
stimulation of primary afferents, usually a disynaptic IPSP appeared, but a di-/poly-synaptic
EPSP was seldom recorded. These IPSPs represent the disynaptic actions of the stimulated
afferents which were mediated via monosynaptically excited inhibitory group /1l cells.
Whereas, the absence of a di-/poly-synaptic EPSP represents no excitatory action from other
spinal interneurons that were mono-/poly-evoked by stimulation of muscle afferents.
Moreover, a recent study by Bannatyne (2009) has shown that inhibitory intermediate zone
interneurons in pathways from group | and Il afferents contacted cells with high
concentrations of VGLUT1 terminals on proximal dendrites, indicating these postsynaptic
cells were very likely to be group I/l cells. However, excitatory group I/ll interneurons
formed contacts with unidentified neurons, which were located in regions outside motor nuclei

and had no or very low concentrations of VGLUT1 contacts associated with them (Bannatyne
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et al., 2009); therefore, they were not likely to receive inputs from primary afferents. Taken
together, the two sets of findings strongly suggest that the excitatory drive to group I/11 cells in
the intermediate zone is mainly from primary afferents, while the inhibitory control to these
group I/11 cells is, at least partly, from inhibitory group I/11 cells (Figure 4.14). However, the
present study did not allow a precise identification of the primary muscle afferents
monosynaptically contacting the group I/11 interneurons. Thus it is worth bearing in mind that
these inputs could be from group la, Ib and/or Il afferents, and also, that these afferents may
distributed to several subpopulations of group I/11 cells responsible for distinct functions. For
instance, interneurons receiving monosynaptic inputs from both group | afferents are known to
mediate non-reciprocal inhibition of motoneurons (Jankowska et al., 1981); nonetheless,
interneurons mediating reciprocal inhibition mainly receive primary afferent inputs from

group la (Jankowska, 1992). This issue will be discussed further in section 4.4.3.

A subpopulation of CINs located in lamina VIII has been identified and they mediate
disynaptic actions of reticulospinal neurons on contralateral motoneurons, i.e. they are
monosynaptically activated by stimulation of MLF and in turn monosynaptically excite or
inhibit contralateral motoneurons (e.g. see: Bannatyne et al., 2003; Jankowska et al., 2003;
2005). Although this subgroup of CINs exclusively have no monosynaptic group Il inputs,
some of them were found to receive monosynaptic input from group | muscle afferent
(Jankowska et al., 2005). In the present study, all the MLF cells should belong to this
subgroup because they were CINs located in lamina VIII; however, none of them received
monosynaptic input from either group | or group Il afferents. Since CINs are highly non-
homogeneous interneurons (e.g. see: Bannatyne et al., 2003; Birinyi et al., 2003; Butt and
Kiehn, 2003; Matsuyama et al., 2004; Stokke et al., 2002), this discrepancy may suggest that
even within the same general subgroup of MLF CINs, functional differences may exist. In
addition, the results presented here show that two out of four MLF CINs received more
VGLUT1 contacts than the remaining two CINs. As reported by Jankowska et al. (2005),
some but not all CINs in the MLF subgroup also received monosynaptic input from lateral
vestibulospinal (VS) tract and Cai et al. (2008) have found that some vestibular descending
pathways contain VGLUT1. Therefore, these two MLF CINs with more VGLUTL1 contacts
may mediate monosynaptic actions of VN fibres. Moreover, there are some other potential
sources of VGLUT1 terminals contacting MLF cells. For example, Scheibel and Scheibel

(1966) have illustrated a fan-shaped axonal termination of corticospinal tract in cat spinal cord,
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with a small portion of PT fibres terminating in lamina VIII. A previous study reported that
corticospinal axons contain VGLUT1 (Fremeau et al., 2001), thus some VGLUT1 terminals
contacting MLF CINs could originate from pyramidal tract cells. Besides descending tract
fibres, VGLUT1 (both mRNA and protein) was also found in a small population of spinal
neurons located in the dorsomedial part of the intermediate zone, near the central canal
(Kullander et al., 2003; Oliveira et al., 2003). Accordingly, these VGLUT1-expressing cells
may be another potential source of the VGLUTL1 terminals forming contacts with lamina VIII
MLF CINs.

Most of the previous studies showed that MLF CINs did not have ipsilateral projections in
adult cats (Bannatyne et al., 2003; Jankowska, 2008), although occasional bilateral projections
have been reported by Matsuyama (2006), who showed that of 34 lamina VIII neurons, only
one had a bilateral projecting axon. However, the present study showed that three out of the
four examined MLF CINSs projected bilaterally and one of them has possible bilateral contacts
with motoneurons (Figure 4.4 cell 19-21). This might suggest that this population of CINs
may directly act on motoneurons bilaterally and they may also influence the activity of
motoneurons indirectly by acting through interneurons on both sides of grey matter. Based on
the previous studies of the axonal projections of intermediate zone interneurons relaying
information from muscle afferents and/or reticulospinal tract fibres (Bannatyne et al., 2003;
2009; Jankowska et al., 2005; 2009), and also the combined electrophysiological and
morphological results in the present study, it is possible to summarize that the putative
synaptic connections of interneurons relaying information from group I/11 afferents and from
the MLF to motoneurons (Figure 4.14). The distinct network connections of the MLF CINs
suggest several significant functional differences with group Il CINs. Firstly, direct and
indirect evidence indicate that centrally initiated locomotion by stimulation of the
mesencephalic locomotor region (MLR) is relayed by reticulospinal interneurons (Armstrong,
1988; Deliagina et al., 2002; Matsuyama et al., 2004; Mori et al., 2001; Norga et al., 2003;
Shefchyk and Jordan, 1985). Secondly, MLF CINs also mediate trisynaptic actions from both
ipsilateral and contralateral pyramidal tract (PT) fibres, i.e. they are disynaptically excited by
PT fibres via reticulospinal neurons; thus, they may be also responsible for initiating voluntary
movements (Cabaj et al., 2006; Edgley et al., 2004; Jankowska et al., 2006). Furthermore,
since some of these CINs receive monosynaptic input from VS tract as well, they could be

incorporated in networks for postural adjustments (Krutki et al., 2003). In addition, fastigial
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neurons disynaptically activate MLF CINs via VS tract, indicating these CINs contribute to
motor control and cerebellum initiated-learning processes (Matsuyama and Jankowska, 2004).
Moreover, MLF CINs could also receive inputs from interneurons with monosynaptic primary
afferent input, and thus are interposed in polysynaptic reflex pathways (Cabaj et al., 2006;
Jankowska, 2008).

Among the 21 group I/ll cells, cell 8 was an anomalous neuron because the density of
VGLUT1 and VGLUT2 terminals in contact with it were similar and not significantly
different (Figure 4.8E and Table 4.2). This differs from the finding that the majority contacts
on the group I/11 cells were formed by VGLUT1 terminals. However, this could be explained
by the electrophysiological properties of cell 8. Firstly, as shown in Figure 4.1 (cell 8), when
the strength of stimulus was at 1.7 and 2 times threshold (the intensity ensured to active all
group | afferents; Jankowska et al., 2005), a group | EPSP was evoked with a latency of 1.25
ms. Because the latency of group I monosynaptic EPSPs was defined as 0.5-1.0 ms and
disynaptic EPSPs was 1.4-1.8 ms, then a latency of 1.25 ms was more likely to be a disynaptic
EPSP. This indicates cell 8 might be activated disynaptically by group | afferents via other
group I/11 cells. Secondly, when the strength of stimulus was increased to 5 times threshold
(the intensity ensured to active all group Il afferents; Jankowska et al., 2005), following the
group | EPSP, a group Il monosynaptic EPSP was evoked. This means that cell 8 received
monosynaptic input from group Il afferents. In contrast to cell 8, the electrophysiological
records of the remaining group I/11 cells show that all of the disynaptic PSPs induced by group
I/11 afferents were inhibitory and there was no group | disynaptic EPSP. Taken together, the
electrophysiological and the input properties of cell 8 suggest that this cell may represent a

subpopulation of group I/1l interneurons which also receive input from other group I/11 cells.

4.4.3 Postsynaptic excitation from and presynaptic inhibition of group I/l
afferents monosynaptically contacting excitatory and inhibitory intermediate

zone interneurons

Postsynaptic excitation The results show that in the intermediate zone, the glutamatergic
group /1l interneurons tend to receive more VGLUT1 contacts than glycinergic cells,
although the difference was not significant. This is possibly due to the limited number of cells
examined. If the sample size was increased, then the difference may prove to be significant.
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There are two possible interpretations of this finding. One is that group I and/or 1l muscle
afferents have stronger monosynaptic inputs to excitatory than inhibitory intermediate zone
interneurons. In other words, stimulation of these primary afferent fibres will
monosynaptically activate more excitatory cells than inhibitory cells. At first glance, it seems
that this arrangement may break the balance between excitatory power and inhibitory power.
However, if the whole network connections are taken into account (Figure 4.14), the
recruitment of a larger number of glutamatergic rather than glycinergic interneurons in group |
and Il pathways might actually balance the excitatory and inhibitory actions of the network.
This is because inhibitory group I/11 cells seem to have a wider range of target cells, including
group I/11 cells themselves than excitatory group I/1I cells. In addition, because the VGLUT1
terminals contacting these interneurons could originate from all kinds of proprioceptive
myelinated afferents including group la, Ib, Il and IlI afferents (Todd et al., 2003), these
interneurons could be interposed in different spinal reflex pathways or integrate information
from different sources. Therefore, the alternative possibility is that the convergence of
different classes of primary afferent occurs less frequently on inhibitory rather than on
excitatory interneurons. This arrangement may provide flexibility of neuronal networks, which
allows the same neuron to be interposed in different pathways. Thus, opposite actions from the
same source, such as phase- or state-dependent reversal of spinal reflexes, could be selected to
complete appropriate activities (Figure 4.15A); or information from separate sources, such as

FRA pathways, could be integrated to achieve coordinated actions (Figure 4.15B).

Presynaptic inhibition Several studies have demonstrated that almost all the terminals that
form axoaxonic synapses with group | and Il afferents are GABAergic and some of these
presynaptic boutons could also contain glycine as a co-neurotransmitter (Maxwell et al., 1990;
1997; Maxwell and Riddell, 1999; Watson and Bazzaz, 2001). Only one study found that there
were 5% of presynaptic inhibition terminals immunoreactive for glycine but not GABA
(Watson and Bazzaz, 2001); however, pharmacological evidence suggests that glycine has a
postsynaptic role only and is not responsible for presynaptic afferent modulation because
strychnine (an antagonist of glycine) has no effect on presynaptic inhibition (Watson and
Bazzaz, 2001). Therefore, by using GAD immunoreactivity to identify presynaptic terminals
at axoaxonic contacts, virtually all axoaxonic presynaptic terminals should be labelled.
Quantitative analyses indicates that most VGLUT1 terminals contacting excitatory and

inhibitory group I/11 cells are associated with presynaptic GAD terminals and the targeted
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group I/11 interneurons are potentially subject to strong presynaptic inhibition. An additional
point is that all of the intracellularly labelled cells were glutamatergic or glycinergic and none
of them contained GABA; therefore, it was unlikely that these cells were involved in

presynaptic inhibition.

A previous observation has demonstrated that, in some axoaxonic arrangements, one group Il
afferent terminal was often associated with several GABAergic presynaptic terminals
(Maxwell et al., 1997). More recently, Watson and Bazzaz (2001) reported that the mean
number of axoaxonic contacts received per group la afferent terminal in the ventral horn and
deep dorsal horn was 2.7 and 1.6, respectively. Consistent with these findings, it was quite
often observed in the present study that more than one GABAergic boutons was presynaptic to
the same VGLUT1 terminal forming contacts with intermediate zone interneurons (Figure
4.11). Furthermore, group Il afferent terminals in intermediate zone are subject to stronger
presynaptic inhibition than those within the dorsal horn (Jankowska et al., 2002; Riddell et al.,
1995); thus, it is worth considering whether there is also differential presynaptic inhibition of
the primary muscle afferents contacting excitatory and inhibitory interneurons within the same
region of the grey matter of spinal cord. Immunocytochemical results show that in the
intermediate zone, the proportion of group I/1l terminals associated with GAD presynaptic
terminals of the total group I/1l terminals contacting the excitatory interneurons is not
statistically different from those contacting inhibitory interneurons. Nevertheless, this does not
mean the actions of group I/11 afferents on their targeted excitatory and inhibitory interneurons
are always equally affected by presynaptic inhibition. As discussed above, these group I/II
interneurons may be shared by primary afferents from different nerves and be interposed in
several reflex pathways. It is known that each type of afferent is differentially affected by
presynaptic inhibition and their preferential evoking sources are also various. For example,
presynaptic inhibition of la afferents is strongly present in those from both flexors and
extensors, but is most effectively activated by flexor group | afferents; however, group Ib
afferents from both flexor and extensor can be depolarized by Ib afferents (Rudomin and
Schmidt 1999). Moreover, the degree of presynaptic inhibition is not invariant but changes
according to the task to be performed. Duenas and Rudomin (1988) reported that the level of
presynaptic inhibition of group | afferents was changing during the fictive locomotor cycle
and it reached a maximal degree during the flexor phase. Therefore, the results of this study

suggest that the intermediate zone interneurons that are interposed in group | and Il reflex
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pathways could be selectively activated and produce appropriate actions on motoneurons (an
example see Figure 4.15C, and also see Figure 1.1D,E in chapter 1). Presynaptic inhibition,
consequently, is one of the effective modulatory mechanisms to achieve the flexibility of

neuronal network.

4.4 VGLUT2 contacts form the majority excitatory inputs to both dorsal horn

and lamina VI CINs in rat spinal cord

Similarly to the input pattern of cat lamina VIII CINs, VGLUT2 terminals formed the vast
majority of contacts with CINs in both dorsal horn and lamina VIII of the rat spinal cord,
suggesting that primary afferent fibres have no or very limited monosynaptic actions on these
CINs. Moreover, dorsal horn CINs received significantly larger number of glutamatergic
inputs than lamina VIII CINs. Most previous studies focused on the first and the last order
interneurons in a neuronal network, as second or higher order interneurons are relatively
difficult to identify and investigate. Therefore, the results presented here may provide some
hints to fill the linkage of polysynaptic pathways from primary muscle afferents to
motoneurons. First of all, the explanations should begin with the origin of the VGLUT1/2
terminals contacting these CINs. Although this can not be confirmed purely on the basis of
anatomical labelling, potential sources still could be envisioned. The previous morphological
and electrophysiological studies systematically investigated differential projections of
interneurons with monosynaptic group I/Il muscle afferents located in dorsal horn,
intermediate zone, and ventral horn (Bannatyne et al., 2003; 2006; 2009; Jankowska et al.,
2009). Their results showed that: 1) excitatory group I/1l interneurons located in dorsal horn
only project to ipsilateral dorsal horn and intermediate zone; 2) those located in intermediate
zone project to both sides of grey matter except bilateral dorsal horn; 3) those in ventral horn
lamina VIII exclusively project to contralateral ventral horn. Three conclusions could be
deduced based on these findings: 1) excitatory CINs in dorsal horn are less likely to receive
monosynaptic input from group I/11 afferents, and this is consistent with the result of this study;
2) the VGLUT2 contacts on dorsal horn CINs originate from the ipsilateral dorsal horn
interneurons but not from interneurons in intermediate zone and ventral horn; 3) the VGLUT?2
contacts on lamina VIII CINs may have a wider origin, including bilaterally from intermediate
zone and contralaterally from lamina VIII interneurons but not dorsal horn interneurons. A

summary diagram is shown in Figure 4.16. Accordingly, it seems that group I/1l afferents
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disynaptically activate dorsal horn and lamina VIII CINs through two separate pathways, i.e.
activating dorsal horn CINs is via dorsal horn interneurons, while activating lamina V111 CINs
is via cells in intermediate zone and ventral horn. Tri- and poly-synaptic actions of group 1l
afferents on contralateral motoneurons have been demonstrated in previous studies (Arya et al.,
1991; Edgley et al., 2003; Matsuyama and Mori, 1998) and both dorsal horn CINs and lamina
VIII CINs are involved in these actions (Edgley et al., 2003; Eide et al., 1999; Stokke et al.,
2002). Therefore, it may be suggested that these two subpopulations of CINs mediate different
actions of primary muscle afferents or compose alternative pathways for the same actions.
Nevertheless, these suggestions are confined to the neurons in group I/1l afferent pathways;
thus, it can not be ruled out that other excitatory interneurons which do not receive

monosynaptic input from group I/1l muscle afferents also project to these CINs.

In contrast to VGLUT2 contacts, VGLUT1 immunoreactive terminals were not major
excitatory inputs to these CINs, and this was especially true for lamina VIII CINs. Although
the results suggest that CINs are less likely to have powerful monosynaptic inputs from
primary afferents, it can not be concluded that there are no inputs from these fibres. Group |
and 1l muscle afferent terminals are known to distributed in lamina V-VI but few of them are
found in lamina VIII (Jankowska, 1992); therefore, this may explain the significantly higher
density of VGLUTL1 contacts on dorsal horn CINs when compared with lamina VIII CINs.
Moreover, since the corticospinal axons also contain VGLUT1 (Fremeau et al., 2001), an
alternative explanation might be that, in rat spinal cord, the corticospinal tract is branched
profusely in intermediate regions corresponding to Rexed’s laminae I11-VI and only a small
proportion was observed in lamina VI1II (Brosamle and Schwab, 1997). Besides, low-threshold
cutaneous afferent and proprioceptive myelinated afferent fibres could also be potential
sources of VGLUTL1 terminals forming contacts with these CINs (Todd et al., 2003).
Moreover, as reported by Todd et al. (2003) and Sakata-Haga et al. (2001) that VGLUT1 and
VGLUT?2 are colocalized in some terminals in the spinal cord and forebrain of rat, in this
study, terminals contacting lamina VIII CINs were occasionally found containing both
transporters, also. However, the significance of this coexistence is unclear. In addition, it
should be noticed also that the cells were retrogradely labelled and their distal dendrites were

not revealed. Therefore, these results only apply to the cell bodies and proximal dendrites.
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In conclusion, the present findings are of relevance to understanding the organization of
interneurons involved in different pathways of group 1/11 muscle afferent and descending tract
fibres. This study shows that the majority of excitatory inputs received by interneurons
mediating monosynaptic actions of primary afferents are VGLUT1 immunoreactive, while
those received by interneurons mediating monosynaptic actions of MLF are VGLUT2
immunoreactive. On average, excitatory group I/l interneurons receive more contacts than
inhibitory neurons; however, the difference is not statistically significant. Both of these

excitatory and inhibitory interneurons are strongly subject to presynaptic inhibitory control.
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Figure 4.1. Examples of PSPs used to identify the 21 interneurons analysed
morphologically. In each pair of traces, the upper trace is an intracellular record from the
cell indicated and the lower is from the cord dorsum, (with negativity upward). The stimuli
were applied to the quadriceps (Q), posterior biceps and semitendinosus (PBST) and deep
peroneal (DP) nerves. The intensity of the stimuli is expressed in multiples of the threshold
(T) for the most sensitive afferents in a given nerve. The stimuli were also applied to the
medial longitudinal fasiculus (MLF) at intensity of 100 pA. Arrows indicate monosynaptic
(mono) and disynaptic (disyn) excitatory postsynaptic potentials (EPSPs) and inhibitory
postsynaptic potentials (IPSPs), both on the basis of the threshold and the latency from
incoming volleys (seen in the lower records). Dotted lines indicate the following: (1)
afferent incoming volleys, (2) onset of group | or MLF monosynaptic EPSPs, (3) onset of
group Il monosynaptic EPSPs, (4) afferent incoming volleys, (5) onset of group |
disynaptic IPSPs, and (6) onset of group Il disynaptic IPSPs. Calibration pulses at the

beginning of all microelectrode records are 0.2 mV, time calibration: 2 ms.
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Figure 4.2. Location of identified spinal interneurons. (A) A low-power image showing the location of one of the cells (cell 2) in a
transverse section of the L6 spinal cord. Note the cell body in lamina VII and dendrites which extend dorsally into lamina VI and ventrally
into lamina VIII. (B) A diagram illustrating the locations of somata of all 17 cells with monosynaptic input from primary muscle afferent
(circles). The green and red circles represent excitatory and inhibitory cells, respectively. Note all cells are distributed within laminae V-VII.
(C) A diagram illustrating the locations of somata of all four cells with monosynaptic input from MLF (stars). Note all cells are located in

lamina VIII. Scale bar = 300 pm.






Figure 4.3. Cell body size distribution for the 21 cells examined. The diameters of
equivalent circle were measured in projected confocal images of the 21 cells by using
Image J software. Cells are divided into three groups: (1) excitatory cells in group A are the
excitatory cells with monosynaptic primary afferent input; (2) inhibitory cells in group A
are the inhibitory cells with monosynaptic primary afferent input; and (3) cells in group B

are the cells without monosynaptic primary afferent input.
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Figure 4.4. Axonal projections of glutamatergic and glycinergic interneurons. Cells bodies
of interneurons are indicated by black circles, stem axons are indicated as thick lines, and
the areas in which terminals were visualized are shaded in grey. Symbol @indicates
possible contact with motoneurons. Rostral and caudal projections are indicated by upward
and downward arrows, respectively. The green and red circles indicate the cells are

excitatory and inhibitory respectively.









Figure 4.5. Morphology and immunocytochemical characteristics of VGLUT1 and
VGLUT?2 terminals in contact with postsynaptic interneurons. A series of single optical
sections of confocal microscope images illustrating VGLUT1 and VGLUT2
immunoreactive axon terminals in contact with the cell (A, cell 1) with and (B, cell 21)
without monosynaptic primary afferent input. The dendrite and soma of intracellularly
labelled cells are in red, immunoreactivity for VGLUTL in blue (arrows) and VGLUT2 in
red (arrowheads). Scale bar = 10um.
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Figure 4.6. Reconstructions of cells with (A) and without (B) monosynaptic primary
afferent input showing the distribution of VGLUT1 and VGLUT2 contacts. The
reconstructions were made with Neurolucica for Confocal. The two small images on the left
without contacts plotted in figure A and B show the reconstructions of cell 1 and cell 21,
respectively. Somata and dendrites are shown in grey and main axons in black. The two
reconstructions in the middle show contacts on the two cells. The blue open triangles and
blue filled triangles represent VGLUTL1 terminals with and without associated presynaptic
GAD terminals, respectively. The red triangles represent VGLUT2 terminals. The
histograms are derived form Sholl analysis and show the numbers of contacts per 100 pum

within 25-um shells from the cell body of the two cells for each type. Scale bar = 50 um.
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Figure 4.7. Reconstructions of cells with monosynaptic primary afferent input showing the
distribution of VGLUT1 and VGLUT2 contacts. The reconstruction was made with
Neurolucida for Confocal. Figures A-F show excitatory cells (cells 2 to 7) and G-P show
inhibitory cells (cells 8 to 17). All the small images without contacts plotted show the
reconstructions of the 17 cells. Somata and dendrites are shown in grey and main axons in
black. All the large reconstructions show distributions of contacts on these cells. The blue
open triangles and filled triangles represent VGLUT1 terminals with and without associated
presynaptic GAD terminals, respectively. The red triangles represent VGLUT2 terminals.

Scale bar = 50 pm.
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Figure 4.8. Reconstructions of cells without identified monosynaptic primary afferent input
showing the distribution of VGLUT1 and VGLUT2 contacts. The reconstruction was made
with Neurolucida for Confocal. (A) and (B) show MLF cells with input from PT fibres
(cells18 and 19). (C) shows a MLF cell without input from PT fibres (cell 20). All the small
images on the right without contacts plotted show the reconstructions of the three cells.
Somata and dendrites are shown in grey and main axons in black. All the large
reconstructions on the left show distributions of the contacts on these cells. The blue open
triangles and filled triangles represent VGLUTL terminals with and without associated
presynaptic GAD terminals, respectively. The red triangles represent VGLUT2 terminals.

Scale bar = 50 pm.
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Figure 4.9. Comparison of the mean numbers of VGLUT1 and VGLUT2 terminals in
contact with neurons (A) with or (B,C) without monosynaptic primary afferent inputs. The
histograms show the mean numbers of contacts per 100 um of dendritic length contained
within concentric shells with radii which increase in 25-um units from the centre of the cell
body. (A) Group A cells (cells 10 17) received monosynaptic input from primary afferent
inputs. (B) The first subgroup of cells (cells18 and 19) received monosynaptic input from
MLF. (C) The second subgroup of cells (cells 20 and 21) with monosynaptic input from
MLF. Bars show standard deviations. Note that the scale in A is different with those in B
and C.
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Figure 4.10. Immunocytochemical characteristics of a glutamatergic interneuron and a glycinergic interneuron. (A) A series of confocal
microscope images illustrating neurotransmitter content of boutons originating from an excitatory neuron. The left panel shows projected
images of two terminals of an excitatory neuron. The panels on the right show single optical sections through individual boutons. Axon
terminals are shown in red (arrows), immunoreactivity for VGLUT?2 in blue, and GAD in green. The merged image (far right) confirms that
the terminals are immunoreactivity fro VGLUT2. (B) The large panel on the left shows a projected image through a series of terminals of an
inhibitory neuron. Additional small images are single optical sections through individual terminals (arrows). Axons are shown in red,
immunoreactivity for gephyrin in green, and VGLUTL in blue. The right panel of each series is a merged image confirming the association

between gephyrin and the labelled interneuronal terminals. Scale bars = 10 pm.
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Figure 4.11. A series of confocal microscope images illustrating neurotransmitter content of terminals contacting the labelled interneuron
and their relationship with GABA-containing terminals. The left two panels show single optical sections through individual boutons
(arrowheads and arrows). The dendrite of the postsynaptic interneuron is shown in red, immunoreactivity for GAD in green and VGLUTL1 in
blue. The right two panels are merged images confirming that the VGLUT1 terminals are associated with presynaptic GAD terminals and

are in turn presynaptic to the labelled interneuronal dendrite. Scale bar = 10 pm.
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Figure 4.12. A series of confocal microscope images illustrating CTb retrogradely labelled CINs located in contralateral lamina VIII and
neurotransmitter content of terminals contracting the labelled CINs. (A) A general overview of VGLUT1 and VGLUT2 terminals in contact
with CTb labelled CINs in lamina VIII. Details of the areas demarcated by the boxes are shown in B1-B4, C1-C4 and D1-D4. (B1-B4 and
C1-C4) Single optical sections illustrating the neurotransmitter content of terminals making synapses with the dendrites of the CIN. The
labelled CINs are shown in red, immunoreactivity for VGLUT2 in green and VGLUTL in blue. Arrows indicate VGLUT2 terminals in
contact with the labelled CIN dendrites. The arrowhead indicates a VGLUTL1 terminal contacting a dendrite. Asterisks indicate both
VGLUT1 and VGLUT2 immunoreactive terminals contacting the CIN dendrite. (D1-D4) Single optical sections illustrating the
neurotransmitter content of terminals making synapses with a cell body of a labelled CIN. Arrowhead indicates a VGLUTL1 terminal in
contact with the cell body. Scale bar = 10 um (A), 5 um (B1-B4, C1-C4, D1-DA4).



VGLUT1




Figure 4.13. A series of confocal microscope images illustrating CTb retrogradely labelled CINs located in contralateral laminae V-VI and
neurotransmitter content of terminals contracting the labelled CINs. (A) A general overview of VGLUT1 and VGLUT?2 terminals in contact
with CTb labelled CINs in laminae V-VI. Details of the areas demarcated by the boxes are shown in B1-B4 and C1-C4. (B1-B4 and C1-C4)
Single optical sections illustrating the neurotransmitter content of terminals making synapses with the cell bodies of the CIN. The labelled
CINs are shown in red, immunoreactivity for VGLUT2 in green and VGLUTL in blue. Arrows indicate VGLUT2 terminals in contact with
the cell bodies. Arrowheads indicate VGLUT1 terminals contacting the cell body. Scale bar = 10 um (A), 5 um (B1-B4, C1-C4, D1-D4).
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Figure 4.14. The synapses formed with the intermediate zone interneurons and by their axon collaterals. The axonal projections partly based
on the morphological findings reported by Bannatyne et al., (2003, 2009), and Jankowska et al., (2005, 2009). The big green and red circles
represent excitatory and inhibitory intermediate zone interneurons with monosynaptic group | and Il muscle afferent input, respectively. The
white circle represents lamina VIII commissural interneurons with monosynaptic input from MLF/vestibulospinal tract (VST) but without
monosynaptic primary afferent input. The green, red and black lines with small circles at the end represent the axon projections of the
corresponding cells. The blue, grey and dashed grey lines with small circles at the end represent group I/1l afferents, MLF inputs, and VST
fibres, respectively. The small red triangles indicate presynaptic terminals associated with the primary afferent terminals. INs, interneurons;

MNSs, motoneurons.
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Figure 4.15. Schematic diagrams illustrating postsynaptic excitation and presynaptic inhibition in flexor reflex pathways. Green and red
circles represent excitatory and inhibitory interneurons, respectively. Input lines with different colour (deep blue, light blue and grey)
indicate different classes of primary afferents. White circles represent motoneurons. The small red triangles in image (C) indicate
presynaptic terminals associated with primary afferent terminals. (A) Selection of opposite actions by an additional excitatory input. The
pathway al is selected because of the facilitation from the convergent input b, resulting in the excitatory actions on motoneurons but not
inhibitory actions. (B) Integration of information for coordinated activates. Interneurons interposed in different pathways (d and e,
respectively) are excited by their common input ¢ so that motoneurons innervating different muscles are activated together. (C) Selection of
opposite actions by the modulation of presynaptic inhibition. Transmission of input f2 is depressed by presynaptic inhibition; thus

motoneurons are activated by excitatory actions induced from pathway f1. Mn, motoneurons.






Figure 4.16. Summarized diagram illustrating the excitatory contacts to dorsal horn and
lamina V111 CINs from interneurons with monosynaptic group /1l inputs. The white circles
represent CINs located in dorsal horn (upper) and lamina VIII (lower), with axons (shown
in black lines) projecting to contralateral side. The big green ovals represent excitatory
interneurons with monosynaptic input from group I/1l muscle afferents located in dorsal
horn, intermediate zone and lamina VIII. The green lines with small circles at the end
represent the axon projections to the corresponding cells. The projection areas of dorsal
horn, intermediate zone and lamina VIII interneurons are from Bannatyne et al., (2006);
(2009), and (2003) respectively.
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Table 4.2. Summary of morphological, neurochemical and electrophysiological data

Morphology
Excitatory | Immunocytochemical
Segmental Soma Axonal input identify of terminals
location position projection
Celll L4 Mid VI Bilateral I VGLUT2
Cell 2 L6 Mid VII Ipsilateral | & MLF VGLUT2
Cell 3 L7 Medial VII | Contralateral | & MLF VGLUT2
Cell 4 L5 Vi Bilateral I VGLUT2
Cell 5 L4 Lat VII Bilateral | & MLF VGLUT2
Cell 6 L6 Vi Ipsilateral & MLF VGLUT2
Cell 7 L4 Lat VII Contralateral [ &1l VGLUT2
Cell 8 L4 Medial VII Ipsilateral LIl & MLF gephyrin
Cell 9 L6 Lat VI Ipsilateral I, 1l gephyrin
Cell 10 L6 Mid VII Ipsilateral | & MLF gephyrin
Cell 11 L6 Mid VII Ipsilateral I gephyrin
Cell 12 L5 Medial VIl | Contralateral Il gephyrin
Cell 13 L4 Mid VI Ipsilateral Il gephyrin
Cell 14 L6 Medial VII Ipsilateral Il gephyrin
Cell 15 L6 Mid VII Ipsilateral [ &Il gephyrin
Cell 16 L4 Mid VI Ipsilateral I gephyrin
Cell 17 L4 Mid VII Ipsilateral [ &Il gephyrin
Cell 18 L4 VIlI Bilateral MLF gephyrin
Cell 19 L4 VIII Bilateral MLF gephyrin
Cell 20 L4 VIII Contralateral MLF gephyrin
Cell 21 L6 VI Bilateral MLF VGLUT2

Lat, lateral; Mid, central; I, group | afferent; 1, group Il afferent; MLF, medial longitudinal

fasciculus
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Table 4.3. The density of VGLUT1 and VGLUT2 contacts per 100um? of each cell

Percentage of

Total Density of Density of D\?gill?'/l'gf t\e/?rrl;iLr{aclls
“dendrite | terminals | terminale | associatedwith | 2550ciated with
2 2 2 : GAD terminals
(Um®) per 100 um~ | per 100 pm GAD termmaés of total VGLUT1
per 100 pm terminals
Celll 66628 1.90 0.00 1.56 82.1%
Cell 2 63565 0.86 0.00 0.64 74.4%
Cell 3 35957 0.64 0.00 0.44 68.8%
Cell 4 63263 0.66 0.00 0.55 83.3%
Cell 5 48830 0.74 0.03 0.40 54.1%
Cell 6 68064 1.87 0.00 121 64.7%
Cell 7 41549 2.43 0.18 2.25 92.6%
Cell 8 23975 0.51 0.65 0.33 64.7%
Cell 9 34631 0.89 0.10 0.53 59.6%
Cell 10 42852 0.46 0.05 0.31 67.4%
Cell 11 25751 0.54 0.00 0.33 61.1%
Cell 12 33569 0.55 0.00 0.43 78.2%
Cell 13 35055 0.81 0.10 0.47 58.0%
Cell 14 10413 1.09 0.02 0.77 70.6%
Cell 15 44856 0.38 0.02 0.25 65.8%
Cell 16 31988 2.29 0.26 1.97 86.0%
Cell 17 34204 1.08 0.08 0.77 71.3%
Cell 18 72897 0.15 0.20 N/A N/A
Cell 19 38318 0.16 0.26 N/A N/A
Cell 20 34965 0.07 0.53 N/A N/A
Cell 21 54518 0.03 0.55 N/A N/A
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Table 4.4. Comparison of density of VGLUT1 terminals for each individual cell

6.1

Average The lowest The ratio of

The highest The lowest density of The highest density of the highest

Average density of density of The ratio of VGLUT1 density of VGLUT1 VGLUT1 and lowest

density of VGLUT1 VGLUT1 the highest terminals terminals terminals density of

VGLUT1 terminals on | terminals on | and lowest associated associated with associated with VGLUT1

terminals a single a single density of with presynaptic GAD presynaptic terminals

on the cell dendritic dendritic VGLUT1 presynaptic terminals on a GAD terminals associated
per 100 um2 branch per branch per terminals GAD terminals single dendritic on asingle with

100 pm? 100 pm? on the cell per | branch per 100 pm? | dendritic branch | presynaptic

100 pm? per 100 pm? GAD terminals

Cell 1 1.72 3.36 0.08 42.0 1.56 3.00 0.05 60.0
Cell 2 0.83 2.09 0.10 20.9 0.64 1.80 0.02 90.0
Cell 3 0.63 0.80 0.26 3.1 0.44 0.56 0.15 3.7
Cell 4 0.65 1.08 0.26 4.2 0.55 0.94 0.23 4.1
Cell 5 0.72 0.75 0.59 1.3 0.10 0.14 0.05 2.8
Cell 6 1.7 3.22 0.64 5.0 1.21 2.73 0.2 13.7
Cell 7 241 3.48 1.2 2.9 2.25 3.36 1.15 2.9
Cell 8 0.50 1.62 0.10 16.2 0.33 1.32 0.02 66.0
Cell 9 0.88 1.13 0.59 1.9 0.53 0.67 0.39 1.7
Cell 10 0.45 0.50 0.29 1.7 0.30 0.33 0.09 3.7
Cell 11 0.52 0.64 0.32 2.0 0.33 0.47 0.19 25
Cell 12 0.52 1.24 0.07 17.7 0.43 1.14 0.07 16.3
Cell 13 0.81 2.07 0.11 18.8 0.47 1.57 0.07 22.4
Cell 14 1.09 2.49 0.075 33.2 0.77 0.16 0.075 2.1
Cell 15 0.38 0.51 0.07 7.3 0.07 0.23 0.039 5.9
Cell 16 2.29 4.1 1.66 25 2 3.75 1.48 25
Cell 17 1.08 2.02 0.54 3.7 0.77 1.8 0.17 10.6




Chapter 5

Investigation 3:

Cholinergic terminals in the ventral horn of adult rat and

cat



5.1. Introduction

Since in 1954, Eccles et al. reported that di-hydro-B-erythroidine (DHBE), an antagonist of
nicotinic receptors of acetylcholine (ACh), blocked most of the activation of the Renshaw
cells by ventral root stimulation, ACh is generally accepted as the only neurotransmitter
released at both central and peripheral synapses of somatic motoneurons (e.g. Curtis and Ryall,
1964; Eccles et al., 1954b Windhorst, 1996). However, this assertion has been challenged
recently (Herzog et al., 2004; Mentis et al., 2005; Nishimaru et al., 2005). Firstly, both Eccles
et al. and the following investigators found that cholinergic antagonists could not completely
abolish the activation of Renshaw cells evoked by stimulation of motoneuron axon collaterals
(Dourado et al., 2002; Eccles et al., 1954b Noga et al., 1987; Schneider and Fyffe, 1992). In
addition, pharmacological studies, using in vitro preparations of young (P0-4) mouse spinal
cord, show that this activation can be blocked if both cholinergic and glutamatergic
antagonists were applied (Mentis et al., 2005; Nishimaru et al., 2005). More recently, Lamotte
d’Incamps and Ascher (2008) analyzed the synaptic actions on Renshaw cells in the spinal
cord slices of neonatal mice (P5-10) and they found that the synaptic current of Renshaw cells
was mediated by two nicotinic receptors (responsible for the initial components) and two

glutamate receptors (AMPA and NMDA; contribute to the later components).

Nevertheless, anatomical evidence supporting a role for glutamate as a co-transmitter with
ACh is inconsistent in adult and young animals. Herzog et al. (2004) provided evidence that in
adult rats, mRNA for both vesicular glutamate transporters 1 and 2 (VGLUT1; VGLUT2) was
present in axon terminals in primary cultures of immunopurified motoneurons. In contrast,
Kullander et al. (2003) and Oliveira et al. (2003) could not find mRNA for any of the three
known vesicular glutamate transporters in motoneurons of adult rats (Kullander et al., 2003;
Oliveira, et al., 2003). Similarly, studies in immunocytochemical studies have also produced
conflicting evidence. Nishimaru et al. (2005), were unable to detect the presence of VGLUT1
or VGLUT3 in motoneuron axon collaterals but found some evidence for VGLUT2 co-
localisation, but curiously only three cholinergic terminals (labelled with the vesicular
cholinergic transporter, VAChT) in this region out of a sample of more than a thousand were
positively labelled for VGLUT2. To some extent this is consistent with findings reported by
Herzog et al. (2004) who proposed that VAChT and VGLUT2 were not co-localised in the

same terminals but that individual collateral branches of motoneurons contained either one or
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the other. On the other hand, Mentis et al. (2005) reported the absence of immunoreactity for
any of the vesicular glutamate transporters in motoneuron axon collaterals but nevertheless

concluded that some terminals may be enriched with glutamate.

In summary, it seems that there is good pharmacological evidence to suggest that glutamate
may be co-released along with acetylcholine at synapses formed between motoneurons and
Renshaw cells in very young mice but anatomical evidence supporting this is inconsistent.
Therefore, in order to determine if there was evidence to support the hypothesis that glutamate
is co-localised in axon collaterals of mature animals and operates via an AMPA receptor, a
series of anatomical studies were performed in the adult cat and rat. There were two principal
aims of the study: 1) to determine if axon collaterals of adult motoneurons contain vesicular
glutamate transporters; 2) to determine if axon collaterals of adult motoneurons are apposed to
AMPA receptors. During the course of this study, a group of cholinergic axon terminals was
identified in the ventral horn. These terminals did not originate from motoneurons but

contained VGLUT2 and apposed AMPA receptors.

5.2. Experimental procedures

Experiments were performed on three adult rats (250-350 g; 10- 14 weeks old Harlan, Bicester
UK) and one adult cat (3.6 kg; 6 months old) which was bred at the University of Goteborg.
Rat experiments were conducted according to British Home Office legislation and were
approved by the University of Glasgow Ethics Committee. The cat experiment was conducted

according to NIH guidelines and was approved by the Goteborg University Ethics Committee.

5.2.1 Surgical procedure and labelling of motoneuron terminals

Cat experiements

The cat was deeply anaesthetised with sodium pentobarbital (40-44 mg/kg, i.p.) and
supplemented with intermittent doses of a-chloralose as required to maintain full anaesthesia
(Rhone-Poulenc Santé, France; doses of 5 mg/kg administered every 1-2 hours, up to 55

mg/kg, i.v.). A laminectomy was performed to expose lumbar (L4-L7) segments of the spinal
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cord. Motoneurons were searched for in L6-L7 segments and identified on the basis of
antidromic activation following stimulation of gastrocnemius and soleus nerves. Following
identification, motoneurons were labelled intracellularly with a mixture of equal parts of 2%
tetramethylrhodamine-dextran (Molecular Probes, Inc, Eugene, Oregon, USA) and 2%
Neurobiotin (Vector, UK) in saline (pH 6.5). The marker was injected by passing depolarizing
constant current 100-140 nA for 5-8 minutes. New injection sites were a minimum of 2 mm
away from previous sites. At the conclusion of the experiment, the animal was given a lethal
dose of pentobarbital and perfused, initially with physiological saline, and subsequently with
paraformaldehyde (4%) in 0.1 M PB (pH 7.4). Lumbar segments of the spinal cord containing
labelled cells were removed and placed in the same fixative for 8 hours at 4 °C. Axon
collaterals from an intracellularly labelled excitatory interneuron (see Chapter 4 or Bannatyne
et al., 2009) were obtained from the same animal for control material. For more detailed

procedures, please chapter 4.

Rat experiments

Three Sprague-Dawley rats were deeply anaesthetised with halothane and the left sciatic nerve
was exposed under strict aseptic conditions. A micropipette containing a 1% solution of the
CTb (Sigma-Aldrich Co., Poole, UK) in sterile distilled water was inserted into the
perineurium and 3-4 pl of this solution were pressure injected into the nerve. Following 3-5
days survival, the rats were anesthetized with pentobarbitone (1 ml i.p.) and perfused through
the left ventricle with saline followed by a fixative containing 4% formaldehyde in 0.1 M
phosphate buffer pH 7.4. L3 to LS5 spinal cord segments were removed from each animal and

post-fixed in the same fixative for 2-8 hours at 4 °C. Segments were then cut into two blocks.

The L7 segment of the cat and L3-L5 segments of rats were rinsed several times in 0.1 M PB.
All the segments were cut into 50 um thick transverse sections with a Vibratome (Oxford
instruments, Technical products international Inc. USA) and sections of cat segments were
collected in strict serial order to enable reconstruction of labelled cells. All sections were
treated with an aqueous solution of 50% ethanol for 30 minutes to enhance antibody
penetration. Following this treatment, cat sections were mounted in serial order on glass slides
with Vesctashield (Vector Laboratories, Peterborough, UK) and examined with a fluorescence

microscope. Sections containing labelled motoneurons were reacted firstly with avidin-
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rhodamine (1:1000; Jackson Immunoresearch, Luton, UK) and photographed with a digital
camera attached to a fluorescent microscope. Sections containing labelled motoneuron axon

terminals were then selected for further analysis.

5.2.2 Immunocytochemical processing of tissue

Aim 1: Do adult motoneuron axon collateral terminals contain vesicular glutamate

transporters?

Sections were incubated in the combinations of primary antibodies listed in Table 5.1. They
were then incubated for 3 hours in solutions of secondary antibodies coupled to flourophores
before mounting with anti-fade medium (see Table 5.1 for details). Sections containing axon
terminals from the three labelled cat motoneurons were reacted with guinea pig anti-VGLUT1
and rabbit anti-VGLUT2. Motoneuron terminals obtained from rat experiments were
identified by the presence of transported CTb from sciatic nerve injections (see above) which
was co-localised with immunoreactivity for VAChT. Triple immunofluorescence was
performed initially with VGLUTI, -2 and -3 antibodies (Groups A, B and C in Table 5.1).
Also, as some cholinergic interneurons co-contain nitric oxide synthase (NOS; Miles et al.,
2007), it was attempted to determine if any cholinergic axons that were positive for VGLUT2
(see below) originate from this source by reacting tissue with a combination of anti-NOS, anti-

VAChHT and anti-VGLUT?2 antibodies (Group D in Table 5.1).

As motoneuron axon collaterals are known to form synapses with Renshaw cells and calbindin
is thought to be a reliable marker for Renshaw cells (Alvarez et al., 1999; Carr et al., 1998), rat
sections containing labelled collaterals were reacted with CTb and calbindin antisera along
with one of the following: antibodies: VGLUT1 (Group E), VGLUT2 (Group F), or VAChT
(Group G). Sequential immunocytochemistry on sections from groups F and G were
performed. When analysis of sections with these initial combinations was complete, sections
were re-incubated with a fourth antibody: goat anti-VAChT antibody (for group F) or guinea
pig anti-VGLUT1 (for group G). The sections were remounted and the same field that had
been scanned previously was identified and scanned again. By comparing labelling before and

after the re-incubation in the VGLUT1 or VAChT antiserum, the additional staining could be
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detected, which represents immunoreactivity for VAChT and VGLUT1 in groups F and G,

respectively.

Aim 2: Are axon collaterals of adult motoneurons apposed to AMPA receptors?

An antigen unmasking method was used to reveal whether AMPA receptors subunits are
associated with labelled motoneuron terminals. Sections containing axon collaterals from three
motoneurons and one interneuron were processed. Pepsin treatment was performed by
incubating sections at 37° C for 30 min in PBST, followed by 10 min in 0.2M HCI containing
1 mg/ml pepsin (Dako, Glostrup, Denmark) with continuous agitation. After rinsing, sections
were incubated in a mouse anti-R2 subunit of the AMPA receptor (GluR2) antibody (1:300;
Chemicon, Harlow, UK) for 72 hours at 4° C. Sections were then incubated in a species-
specific donkey secondary antibody conjugated to Alexa488 (1:500; Molecular Probes,
Eugene, Oregon, USA) for 24 hours.

Cholinergic terminals in rat tissue were examined to determine if they form associations with
the GluR2 subunit of AMPA receptors. As GluR2 subunits are present in 98% AMPA-
containing synapses in the rat spinal cord (Nagy et al., 2004), this subunit can be used as a
general marker for this class of receptor. Before applying the antigen unmasking method to
expose GIuR2 subunits as described above, sections from three rats were incubated in goat
anti-VAChT antibody (1:50000) for 72 hours and then subjected to a tyramide signal
amplification (TSA) reaction in order to preserve labelling for VAChT following pepsin
treatment. Sections were initially incubated for 4 hours in anti-goat horseradish peroxidase
(HRP; 1:500; Jackson Immunoresearch, West Grove, PA, USA). The sections were then
rinsed and processed with a tetramethylrhodamine fluorophore (diluted 1:50 in amplification
diluent; PerkinElmer Life Sciences, Boston, MA) for 7 min (see Nagy et al., 2004 for details).
Sections were rinsed, treated with pepsin, and incubated for 72 hours in mouse anti-GluR2
(1:300), followed by 24 hours in a species-specific donkey secondary antibody conjugated to
Alexa488 (1:500). A control experiment was also performed to determine the association
between glutamatergic boutons and GluR2 subunits. Sections from three rats were incubated
for 72 hours in a combination of guinea pig anti-VGLUT1 (1:50000) and guinea pig anti-
VGLUT2 (1:50000) antibodies. The sections were rinsed and placed in anti-guinea pig HRP
(1:500; Jackson ImmunoResearch, West Grove, PA, USA) for 4 hours. They were processed
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according to the TSA and pepsin treatment described above and incubated in mouse anti-

GIuR2 (1:300).

5.2.3 Confocal microscopy and data analysis

All sections were mounted in a glycerol-based antifade medium (Vectashield, Vector
Laboratories, Peterborough, UK) and examined with a BioRad MRC 2100 confocal laser

scanning microscope (BioRad, Hemel Hempstead, UK).

Cat sections with VGLUT markers were scanned by using a X60 oil-immersion lens at a zoom
factor of 3.5 and at 0.5 pm steps in the z axis, while sections with GluR2 staining were
examined with a X60 oil-immersion lens at a zoom factor of 2 and at 0.2 pm steps in the z axis.
Image stacks were analyzed with Neurolucida for Conofocal software (MBF Bioscience,
Colchester, VT, USA). To avoid bias, all labelled motoneuron axon terminals and VGLUT
markers (or GluR2 immunoreactivity) were viewed in individual channels for every single
optical section initially and then examined in merged image stacks showing all three (or two)
channels by switching between different channels. When scanning of immunoreactive boutons
was complete, the sections were retrieved from the slides and rinsed in PBS. These sections
together with the other sections containing soma and axons of labelled motoneurons were
reacted with avidin-biotin-peroxidase complex technique (ABC technique). This involved an
overnight incubation in a fresh solution of avidin-biotin-complex (Vector Laboratories Ltd,
England) followed by a further rinse with PBS then PB. The sections were then placed in a
solution containing hydrogen peroxide plus 3, 3’-diaminobenzidine (DAB; Sigma, Dorset,
England) diluted in phosphate buffer for a period of approximately 4 minutes. During this time,
the reaction was monitored constantly. Following the DAB reaction, sections were dehydrated
in a series of ethanol solutions and mounted in serial order on gelatinised slides for cell
reconstruction. This method provides a permanent record of the cells from which detailed

reconstructions were made using a drawing tube.

Rat sections from the lumbar segments (L3-L5) were examined within the ventral region of
lamina VII, between medial and lateral motoneuron pools, which contains most Renshaw cells
(Carr et al., 1998). Sections reacted with antibodies against CTb, VAChT and VGLUT (i.e.

group A, B, and C) were scanned by using a X60 oil-immersion lens with a zoom factor of 2 at
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0.5 um intervals. The stacks of images were analyzed with Neurolucida for Confocal software.
Two hundred CTb labelled terminals that were also immunoreactive for VAChT were
randomly selected from each rat. To avoid bias, a 100x100 um grid was placed on the image
and the terminal closest to bottom right corner of each grid square was selected. Selected
terminals were then examined in the blue channel (representing the VGLUTS) to determine
whether they were positive for VGLUT immunoreactivity. Sections reacted with antibodies
for CTb, calbindin and VGLUT (i.e. group E and F) or CTb, calbindin and VAChT (i.e. group
G) were scanned with a X40 oil-immersion lens and zoom factor of 2 at 0.5 pm intervals.
Image stacks were analyzed with Neurolucida to investigate the proportion of CTb-labelled
terminals that made contact with Renshaw cells and were also immunolabelled for VGLUT]1,

VGLUT2 or VAChT in each group.

Sections reacted for VAChT and GluR2 were mounted in Vectashield anti-fade medium and
scanned with the confocal microscope. Lamina VII of sections from each of the three rats was
scanned by using a X60 oil-immersion lens with a zoom factor of 2 at 0.2 pm steps in the z-
axis. In each section, two scanning fields were obtained from both sides with a 100x100 pm
scanning area. By using Neurolucida software, image stacks were initially viewed so that only
VAChT immunoreactivity was visible. All VAChT immunoreactive boutons within the
scanning box from each animal were selected for analysis. GluR2 staining was then examined,
and it was determined whether VAChT terminals were apposed to GluR2 puncta. Control
material reacted with a combination of VGLUT1 and 2 and GluR2 was analysed in exactly the

same way.

In order to determine if axon terminals with different immunochemical characteristics
belonged to different populations, a comparison was made between five groups of axon
terminals. The equivalent diameter of axonal swellings that were double labelled for: (1)
VACHKT and GluR2; (2) VAChT and VGLUT2; (3) VAChT and no GIuR2; (4) CTb and
VACHT; and (5) CTb and VGLUT1 were measured from projected confocal images obtained
from all three rats by using Image J software (National Institutes of Health, USA,
http://rsb.info.nih.gov/ij/). A one-way ANOVA was used to determine if there were statically
significant differences in the diameters of these groups (p<0.05). This was followed by a

Tukey’s post hoc pairwise comparison to determine which groups were significantly different
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from each other. Confocal microscope images were prepared by using Adobe Photoshop to

adjust brightness and contrast.

5.3. Results

5.3.1 Aim 1: Do adult motoneuron axon collateral terminals contain vesicular

glutamate transporters?

In total, 63 axon terminals obtained from 3 intracellularly labelled motoneurons from the cat
experiment were analysed. Terminals that could not be traced back to the parent axon were
excluded from the sample. Sections, which contained 11 motoneuron axon terminals, were
reacted with antibodies against VGLUT1 and VGLUT2. Confocal microscope images showed
that none of the 11 terminals were positive for either VGLUT1 or VGLUT2 immunoreactivity
(Figure 5.1). The remaining 52 axon terminals were reacted for the presence of GluR2 (see

below).

In rat experiments, both motoneuron axon terminals and primary afferent axons were labelled
by injection of the tracer CTb. Retrogradely labelled motoneurons were found in lamina IX
ipsilateral to the injection site of the L3 to L5 segments of the spinal cord. Initially, a series of
three triple labelling experiments was performed on each animal to determine if VAChT and
glutamate vesicular transporters were co-localised in motoneuron collateral terminals. Three
groups of sections were reacted: A) CTb +VAChT +VGLUTI1; B) CTb +VAChT +VGLUT?2;
and C) CTb +VAChT +VGLUTS3. In each group, a total of 600 terminals, doubled-labelled for
CTb and VAChHT, were randomly selected from the three rats (200 from each rat). Confocal
microscope images revealed that none of the selected terminals was positive for VGLUT],
VGLUT2 and VGLUT3 immunoreactivity (Figure 5.2A, B, and C). In addition, the equivalent
diameter of 150 axon terminals, which were labelled by both CTb and VAChT but not
VGLUTI, were also measured (50 from each rat), and the equivalent diameter of 150
presumed primary afferent terminals which were labelled by both CTb and VGLUT1 but not
VAChHT (50 from each rat). As predicted, there was a significant difference between these two
types of terminal; the average (+SD) equivalent diameters of the motoneuron terminals and the

primary afferent terminals were 1.99 + 0.51pum and 3.58 + 0.78um, respectively (See below).
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In CTb +VACKT +VGLUT?2 (group B) experiments, it was not only found that there was no
overlap of immunoreactivity for CTb and VGLUT?2, but also a small population of VGLUT2-
labelled axons with VAChHT staining was identified (Figure 5.2B). The equivalent diameter of
VAChT/ VGLUT?2 terminals was 0.89 + 0.23um (50 terminals from each rat). These were
significantly smaller than the CTb/VAChT and the CTb/VGLUT]1 terminals (see below). In
order to determine if theseVAChT/VGLUT?2 terminals originated from the NOS-containing
subgroup of cholinergic interneurons (see Miles et al., 2007), the relationship between these
terminals and NOS was further investigated (Group D). A total of fifty VAChT/VGLUT2
terminals were randomly selected but none of them displayed NOS immunoreactivity (Figure

5.2D).

Terminals which formed contacts with Renshaw cells identified by calbindin labelling
(Alvarez et al., 1999; Carr et al., 1998) were investigated by performing immunoreactions
with two antibody combinations: Group E) CTb +VGLUT1 + calbindin; and Group F) CTb
+VGLUT?2 + calbindin. For each combination, a sample of 15 calbindin labelled Renshaw
cells (five from each of the three animals) located within ventral lamina VII between motor
nuclei was analysed. Each of the scanning areas was 151umx151um and contained at least one
cell body of a Renshaw cell and its proximal dendrites. In group E, a total of 285 CTb-labelled
terminals which contacted Renshaw cells were recorded (average £SD, 19 + 5.6 contacts per
cell). Of these terminals, 99 + 3% (281 out of 285) was found to be negative for VGLUT1
immunoreactivity (Figure 5.3A). Then the size of the remaining 1% (4 out of 285) terminals,
which were immunoreactive for VGLUT1, was measured. Their equivalent diameters ranged
from 3.65um to 6.15 um (average +SD, 4.85 + 1.25um). In group F, a total of 339 CTb-
labelled terminals (average £SD, 23 + 3.5 per cell) which were apposed Renshaw cells was
analyzed. None of the terminals that contacted Renshaw cells were labelled with VGLUT2
immunoreactivity (Figure 5.3B). By performing sequential immunocytochemistry with a
fourth antibody against VAChT, it was able to be confirmed that the CTb-positive VGLUT2-
negative terminals originated from motoneurons as all VGLUT2-negative terminals were
positively labelled for VAChT immunoreactivity (Figure 5.3C). In sequential experiments, it
was also noted that some VGLUT2 positive /CTb negative terminals were positive for VAChT
immunoreactivity but that they did not form contacts with Renshaw cells (not shown). These
results suggest that some cholinergic terminals located in the deep ventral horn which do not

originate from motoneurons contain glutamate.
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To confirm the above findings, a further combination of CTb, VAChHT and calbindin (Group G)
was used. Another sample of 15 calbindin labelled Renshaw cells was examined (five from
each of the three animals). In 151umx151um scanning fields, a total of 364 CTb labelled
terminals which contacted Renshaw cells was analysed (average £SD, 24+5.6 per cell). Of
these terminals, 97+4% (352 out of 364) was found to be positive for VAChT (Figure 5.4A,
C). It was showed by sequential immunocytochemistry with a fourth antibody against
VGLUT] that the 12 VAChT-negative terminals were immunoreactive for VGLUT1. None
of the 352 (out of 364) CTb/VAChT terminals was labelled for VGLUT1 (Figure 5.4B, D).

5.3.2 Aim 2: Are axon collaterals of adult motoneurons apposed to AMPA

receptors?

The remaining 52 collateral terminals from the three cat motoneurons were used to investigate
the relationship between labelled axon collateral swellings and GluR2 subunits in postsynaptic
membrane receptors. Figure 5.5 shows an example of a reconstructed motoneuron and the
organisation of its axon. Collateral axons from this cell were used in the analysis (Figure 5.6).
No evidence of any obvious relationship between GluR2-immunoreactive puncta and
motoneuron axon collaterals was found. However, all axon terminals from an interneuron
which was labelled in the same animal as the motoneurons were apposed to GLUR2-

immunoreactive puncta (Figure 5.7).

Associations between VAChT-labelled terminals and GluR2 immunoreactive puncta were also
investigated in rat tissue. Confocal microscope images showed that although most VAChT
immunoreactive boutons were not apposed to GluR2 puncta (Figure 5.8A-C), a small number
of VAChHT boutons were associated with GluR2 staining (Figure 5.8D-F). The average (+SD)
equivalent diameters of the former group and the latter group were 1.95+0.53um and
0.87+0.23um, respectively. For comparison, the relationship between glutamatergic terminals
(labelled with a combination of VGLUTI1 and -2 antibodies) and GluR2 immunoreactive
puncta in deep lamina VII was examined. Despite an intensive search, it was hard to detect
any VGLUT immunoreactive axon terminal which was not apposed to GluR2-immunoreactive

puncta (Figure 5.8G-I).
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5.3.3 Comparison of equivalent diameters of populations of cholinergic and

glutamatergic terminals in the rat

The equivalent diameters of five groups of terminals investigated in this study were compared.
These five groups were: A) those that were labelled with VAChT and were associated with
GluR2; B) those that were labelled with VAChT and VGLUT2; C) those that were labelled
with VAChT but were not associated with GluR2; D) those that were labelled with VAChT
and CTb; and E) those that were labelled with CTb and VGLUTT1 (see Figure 5.9). Each group
consisted of 50 randomly selected terminals obtained from each of the three rats. By using
ANOVA analysis, it was found that there was a highly significant difference between these
groups (P<0.0005). A post hoc Tukey’s pairwise comparison showed that there was no
statistical difference between groups A and B or between groups C and D but that all other

comparisons were significantly different.

5.4. Discussion

In the series of experiments reported here, it has been shown: 1) that axon collateral swellings
of adult cat motoneurons do not contain the vesicular glutamate transporters VGLUTI1 or
VGLUT?2 and have no obvious association with the GluR2 subunit of the AMPA receptor; 2)
that axon collateral swellings of adult rat motoneurons also do not contain vesicular glutamate
transporters VGLUT1, VGLUT2 or VGLUT3 and have no obvious association with the
GluR2 subunit of the AMPA receptor; 3) that a group of cholinergic axon terminals within
lamina VII of the rat spinal cord, contain VGLUT2 and form associations with the GluR2
subunit of the AMPA receptor.

5.4.1 Identification of labelled terminals

In the cat experiment, the analysis was confined to terminals which could be traced back to the
parent axon and hence could be identified unequivocally as motoneuron collaterals. In rat
experiments, terminals were classified into three distinct populations according to their
immunocytochemical characteristics and equivalent diameters. Although there was some

overlap in the distribution of terminal sizes between the three populations, statistical analysis
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indicates that they form three distinct populations. (1) The first group of terminals are CTb
labelled VAChT-immunoreactive terminals. The immunostaining of VAChT has been
generally accepted as a reliable marker for cholinergic terminals (Alvarez et al., 1999);
therefore, this group of terminals were identified as motoneuron axon collateral terminals.
Their axons had intermediate-sized terminals (approximately 2um in diameter) and made
numerous contacts with Renshaw cells which were labelled with calbindin (Alvarez et al.,
1999; Carr et al., 1998). Alvarez et al. (1999) also measured size of motoneurons terminals
which were labelled by VAChT and made contacts with Renshaw cells and the size of other
VACHhT immunoreactive terminals scattered in the ventral horn, including C-boutons. Their
results, which showed the mean diameter of motoneuron terminals (2.26 £ 0.94um) as
significantly different to other cholinergic terminals in the ventral horn, were similar to those
described here. (2) The second group comprises CTb labelled non-cholinergic terminals that
were immunopositive for VGLUT1. VGLUTI is generally present in terminals of myelinated
primary afferent axons but not in spinal interneurons (Todd et al., 2003; Varoqui, et al., 2002).
Consequently, this group of terminals were classified as primary afferent terminals. These
terminals were the largest of the three groups and had an average diameter of approximately
3.52um. This is consistent with previous reports of the sizes of Group la afferent terminals
(Watson and Bazzaz, 2001) which are likely to constitute the majority of primary afferents
terminating in lamina VII (Brown, 1981). These terminals made occasional contacts with
Renshaw cells (Figure 4C, D). (3) The third group of terminals was the most intriguing of all.
This group comprised small cholinergic terminals (approximately 0.92um in diameter) and
were immunoreactive for VGLUT2 immunoreactivity. However, none of them were labelled
with CTb and their axons apparently made no contacts with Renshaw cells. In addition, as
reported by Alvarez et al. (1999), the average diameter of cholinergic terminals contacting
Renshaw cells was larger than those of cholinergic terminals which did not form synapses
with Renshaw cells in the ventral horn. Therefore, the third group of terminals are unlikely to

be the recurrent collaterals of motor axons.

5.4.2 Motoneuron axon collateral terminals neither contain VGLUTSs nor

associate with AMPA receptors

Firstly, the results of the current study clearly demonstrate that cat and rat motoneuron axon

collaterals do not contain VGLUTs. During the previous decade, the question about whether
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glutamate is released from motoneuron terminals as a co-neurotransmitter with ACh has
become controversial. For example, Herzog et al. (2004) and Nishimaru et al. (2005) shared
the same opinion that VGLUTs were present in the central axon collaterals of motoneurons.
However, Herzog et al. (2004) reported that both VGLUT1 and VGLUT2 were expressed only
in the non-cholinergic motoneuron terminals of adult rats (i.e. glutamate and ACh were
contained in separate populations of motoneuron terminals); while Nishimaru et al. (2005)
found that glutamate and ACh were colocalized in the same population of motoneuron
terminals in neonatal mice. In contrast to both of these studies, Mentis et al. (2005) could not
detect immunoreactivity for any of the three VGLUTs in the central synapses of motoneuron
terminals in young mice. Kullander et al. (2003) and Oliveira et al. (2003) also reported that
the mRNAs for all three VGLUTs was absent in motoneurons and all the varicosities
containing VGLUT1, VGLUT2 and VAChHT in lamina IX were corresponding to distinct
subgroups. Moreover, no evidence was found to show the arrangement suggested by Herzog et
al. (2004) that motoneuron collaterals gave rise to axon branches which contained
acetylcholine but not glutamate and vice versa. In fact, any CTb labelled terminals that were
not immunoreactive for VAChT were invariably immunoreactive for VGLUT1 and were most

probably terminals of primary afferent proprioceptors (see above).

Secondly, no obvious relationship was detected between cat or rat motoneuron terminals and
immunoreactivity for the GluR2 subunit of the AMPA receptor. The GluR2 subunit is one of
the four subunits of AMPA receptor and exists in almost all AMPA containing synapses (98%)
in the rat spinal grey matter (Nagy et al., 2004). In addition, Poglar et al. (2008) investigated
the relationship between AMPA receptors and PSD-95 (a major constituent of glutamatergic
synapses) in rat spinal dorsal horn and their results suggested that AMPA receptors are present
at nearly all glutamatergic synapses. Therefore, GluR2 can be considered to be a good marker
for glutamatergic receptors, or at least, it marks virtually all AMPA receptors. In theory, there
remains a small probability that synapses formed by motoneuron collaterals appose AMPA
receptors that do not possess GluR2 subunit. However, both the present and previous studies
provided evidence that suggests this hypothesis is an improbable explanation for the negative
findings. In the present study, the control experiments showed that GluR2 subunits were
abundant in deep lamina VII in rat and cat tissue and that, in the rat, VGLUT immunoreactive
terminals were invariably associated with these subunits. In a previous study, Lamotte

d’Inchamps and Ascher (2008) provided evidence that AMPA and NMDA receptors were
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responsible for the later components of the current recorded between motoneurons and
Renshaw cells in young mice. They also distinguished between AMPA and NMDA mediated
components based on permeability to calcium. Therefore, it would be expected that GluR2
subunits are present at the synapses between motoneurons and Renshaw cells. Anatomical
investigation of NMDA receptors is very limited because of the difficulties in
immunocytochemical detection of them. Nevertheless, as discussed above, it might be true
that AMPA receptors exist in practically all glutamatergic synapses; thus, absence of AMPA
receptors may indicate absence of glutamatergic synapses. In the cat experiment, all axon
terminals were incontrovertible motoneuron terminals because they could be traced to the
parent motoneuron axon. In the rat experiment, it had to be confirmed by statistical analysis
that the population of VAChT terminals which did not appose GluR2 puncta belonged to the
same population that were labelled for VAChT and CTb (Group 1 discussed above), and
belonged to a different population than those which appose GluR2 puncta did not belong to.
The antigen retrieval method combined with TSA only enables two antibodies to be used on
the same tissue and, for this reason, it was no possible to label these terminals for CTb in
addition to VAChT and GIuR2. Also a previous study showed that motoneuron terminals
could be distinguished from other populations of terminals in the ventral horn by statistical
analysis of the terminal sizes (Alvarez et al., 1999). Therefore, taken together, the two sets of
observations presented above suggest that glutamate is not co-localised with acetylcholine at

central synapses of adult motoneurons and does not act through an AMPA receptor.

The pharmacological evidence which showed glutamate is co-released along with
acetylcholine at motoneuron/ Renshaw cell synapses were obtained from neonatal mice (P0-10)
by Mentis et al. (2005), Nishimaru et al. (2005) and Lamotte d’Inchamps and Ascher (2008).
Therefore, a possible reason for differences in the findings of their studies and our anatomical
observations may be related to the maturity of the experimental animals they used. For
example, it has been suggested that glutamate is involved in a number of cerebral functions
which are altered with age, such as learning, memory and motor functions (e.g. Segovia et al.,
2001). On the other hand, the original observations of Eccles et al. (1954b) on adult cats
indicated that cholinergic antagonists do not completely block transmission at
motoneuron/Renshaw cell synapses and therefore it remains possible that another transmitter
is co-released along with acetylcholine. The results of this study suggest that if glutamate is

this transmitter, then it is not stored conventionally in vesicles and it does not act via AMPA
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receptors. Mentis et al. (2005) reported that motoneuron central terminals did not contain
vesicular glutamate transporters but that glutamate was enriched in them and argued that this
was tentative evidence for a transmitter pool of glutamate. However, glutamate may be
enriched in structures for a variety of reasons which are unrelated to transmitter function. For
instance, a number of previous studies have found that in both brain and spinal cord, glutamate
not only acts as an excitatory neurotransmitter, but also serves metabolic or other non-
transmitter roles (e.g. Ji et al., 1991; Todd et al., 1994; Yingcharone et al., 1989). This point
could be further supported by the finding that a considerable level of glutamate-like
immunoreactivity was found in cell bodies of populations of GABAergic and glycinergic
neurons (Ottersen and Storm-Mathisen 1985; Yingcharone et al., 1989). In addition, since
GluR2 subunits directly represent AMPA receptors only, it is also possible that glutamate acts
via kainate or activated NMDA receptors in the adult. However, the antagonist, 6-cyano-7-
nitroquinoxaline-2, 3-dione (CNQX), used by Mentis et al. (2005) and Nishimaru et al. (2005)
and the 2, 3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2, 3-dione (NBQX), used by
Lamotte d’Inchamps and Ascher (2008) demonstrated a specific AMPA component of the
current. Therefore, the most likely explanation of this discrepancy with the present findings is
that the expression of AMPA receptors decreases during development to adulthood but further

studies on young animals will be required to establish this.

5.4.3 Primary afferents contacting Renshaw cells and small cholinergic terminals

containing VGLUT?2 in deep ventral horn

Two further observations arose from this study. Firstly, we found evidence that a small
number of primary afferent axons form contacts with Renshaw cells in adult rats. The classical
view of Renshaw cells is that they are not monosynaptically activated by primary afferent
axons (Eccles et al., 1954b; Renshaw 1946). However according to a recent report by Mentis
et al. (2006), the density of primary afferent contacts on Renshaw cells decreases during
development but the overall numbers of contacts remains approximately the same as a
consequence of the enlargement of the cell. They suggest that there is a ‘functional
deselection’ of such contacts during development and although such synapses are still present,
they become less effective and have a limited influence on Renshaw cells in adulthood.

Although, we did not attempt to quantify the numbers of CTb/VGLUTI contacts on Renshaw
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cells, our impression was that they were sparse in comparison to cholinergic contacts which

would be consistent with a limited influence in adulthood.

The second observation was perhaps the most novel of all. It was found that a population of
cholinergic axons in lamina VII were immunoreactive for VGLUT2 and also formed
associations with GluR2 subunit immunoreactivity. These axon terminals were considerably
smaller than those originating from motoneurons and were not seen to make contacts onto
Renshaw cells. At present it is not possible to determine the origin of these axons but it seems
very unlikely that they originate from descending systems or primary afferents as neither of
these groups of neuron uses acetylcholine as a neurotransmitter (e.g. Rustioni and Weinberg,
1989). However, it is highly likely that this group of terminals originates from local
interneurons (Barber et al., 1984) or propriospinal neurons (Sheriff and Henderson, 1994)
which are known to be cholinergic. Previous studies showed that spinal cholinergic
interneurons are mainly composed of three populations in the spinal cord: partition cells in
lamina VII, central canal cells in lamina X, and small dorsal horn cells in lamina III-V (Barber
et al., 1984; Sheriff and Henderson, 1994). Although it is difficult to confirm the precise origin
of these VAChT/VGLUT?2 terminals at present, they are not likely to come from the small
dorsal horn cells. This is because most of cholinergic dorsal horn cells contain NOS and/or
GABA (Laing et al., 1994; Miles et al., 2007; Todd, 1991), while the VAChT/VGLUT2
terminals are lack of NOS. In addition, anatomical evidence reported by Miles et al. (2007)
suggested that some of medial partition cells without NOS were the origin of the large ‘C-
terminals’ on motoneurons; therefore, these partition neurons could also be excluded as the
source of the small terminals observed in the present study. Consequently, the small
cholinergic terminals containing VGLUT2 may be from subpopulations of the central canal
cells and/or the remaining partition cells. Besides the above three groups of spinal
interneurons, preganglionic neurons form a large proportion of the total population of
cholinergic neurons in the spinal cord (Sheriff and Henderson, 1994). Immunohistochemical
evidence produced by Ito et al. (2005) demonstrated that VGLUT2-immunoreactivity was
present in some of the cholinergic terminals originating from preganglionic neurons; however,
they also found all these VGLUT2/VACHT terminals were immunopositive for NOS.
Therefore, the small VGLUT2/VAChKT terminals found in this study do not likely originate

from these preganglionic neurons.
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In conclusion, the results of this study does not provide any evidence to support the
proposition that glutamate is co-localised in central synapses of adult motoneurons and acts
via an AMPA receptor. However, some small cholinergic terminals which probably originate

from interneurons are likely to use glutamate as a co-transmitter and act via AMPA receptors.
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All secondary antibodies were raised in donkey and Rhodamine Red (Rh. Red; 1:100), or Cyanine 5.18 (Cy-5; 1:100; all three supplied by Jackson
ImmunoResearch, West Grove, USA), and Alexa-fluor 488 (Alexa488; 1:500; Molecular Probes, Eugene, USA). CB, calbindin; CThb, B-subunit of
cholera toxin; VGLUT vesicular glutamate transporter; mo., mouse; rbt, rabbit; gt, goat; gp, guinea pig; shp, sheep.
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Table 5.1. Summary of primary and secondary antibody combinations and concentrations used in the current study

Primary antibody  Primary antibody  Supplier Secondary  Sequential Secondary
Group L7 . o ; . D
combination concentration antibodies immuno-reaction  antibodies
Cat gp VGLUT1 1:5000 Chemicon Alexa488
rbt VGLUT2 1:5000 Chemicon Cy-5
Rat A mo. CTb 1:250 A. Wikstrom, University of Gothenburg Rh.Red
gt VAChT 1:5000 Millipore, USA Alexa488
gp VGLUT1 1:5000 Cy-5
B mo. CTb 1:250 Rh.Red
gt VAChT 1:5000 Alexa488
gp VGLUT2 1:5000 Chemicon Cy-5
C mo. CTb 1:250 Rh.Red
gt VAChT 1:5000 Chemicon Alexa488
gp VGLUT3 1:5000 ' Cy-5
D shp NOS 1:200 P.Emson, University of Cambridge Rh.Red
gp VAChT 1:5000 Alexa488
rbt VGLUT2 1:5000 Cy-5
E mo. CTb 1:250 Rh.Red
gp VGLUT1 1:5000 Alexa488
rbt CB 1:2000 Swant, Bellizona, Switzerland Cy-5
F mo. CTb 1:250 Rh.Red
gp VGLUT2 1:5000 Alexa488 gt. ChAT Cy-5
rbt CB 1:2000 Cy-5
G mo. CTb 1:250 Rh.Red
gt VAChT 1:1000 Alexa488 gp VGLUT1 Cy-5
rbt CB 1:5000 Cy-5




Figure 5.1. A reconstruction of a cat motoneuron and its axon collaterals that was
intracellularly labelled with Neurobiotin (A) and a series of confocal microscope images
illustrating the absence of VGLUTL1 and -2 immunoreactivity within the motoneuron axon
terminals (B-D). (A) The soma and axonal arborisation are shown in black and dendrites in
grey. The thinner grey line represents the outline of the grey matter and the central canal;
the thicker grey line represents the border of the spinal cord. The axon terminals illustrated
in B-D are taken from the area outlined by the box in A. (B) A projected image through a
series of terminals originating from a motoneuron shown in A. (C1-C4) Single optical
sections and (D1-D4) projected images of two individual terminals (arrows). (C4 and D4)
Merged images confirming the absence of overlap of immunoreactivity for VGLUT1 and
VGLUT?2 and labelled motoneuron terminals. Scale bars= 200um (large panel in A); 10 um
(small panel in A and B); 5 um (C1-C4 and D1-D4).
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Figure 5.2A, B. Three colour confocal images showing CTb labelled rat motoneuron terminals that are positive for VAChT-
immunoreactivity but are negatively labelled for both VGLUT1 and VGLUT2. (A1-A4 and B1-B4) Projected images of three single optical
sections. Arrows indicate CTb labelled motoneuron terminals that were VAChT immunoreactive. Arrowheads in A indicate VGLUT1
immunoreactive terminals also labelled by CTb that are likely to originate from proprioceptive primary afferent fibres. Arrowheads in B
indicate VGLUT2 immunoreactive terminals that also contain VAChT staining but are not labelled with CTh. (A4 and B4) Merged images.

Scale bar =5 pum






Figure 5.2C, D. Three colour confocal images showing CTb labelled rat motoneuron terminals that are positive for VAChT-
immunoreactivity but are negatively labelled for VGLUT3 (C) and the relationship of VAChT/VGLUT2 double labelled terminals with
NOS immunoreactivity (D). (C1-C4 and D1-D4) are single optical sections. Arrows in C indicate CTh-labelled motoneuron terminals that
were VAChT immunoreactive, and arrows in D indicate terminals that were immunopositive for both VAChT and VGLUT2. Arrowheads in
C indicate VGLUT3 terminals. Arrowheads in D indicate NOS immunopositive terminals that were also labelled by VAChT. (C4 and D4)

are merged images. Scale bar =5 um.
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Figure 5.3. Single optical sections illustrating CTB-labelled rat motoneuron terminals in contact with Renshaw cells. (A1-A4 and B1-B4)
All of the CTb-labelled motoneuron terminals making contact with two calbindin-labelled cells were negative for VGLUT1- and VGLUT2-
immunoreactivity, respectively. Arrows indicate selected motoneuron terminals which contact the calbindin-labelled cells. Arrowheads
indicate VGLUT1 and VGLUT?2 terminals in A and B, respectively. (C1-C4) Single optical sections of the same area shown in B1-B4 that
have been rescanned after sequential incubation with a fourth antibody for VAChT. The extra labelling present in C3 (indicated by arrows),
which was absent in B3, corresponds to the additional VAChT-immunostaining. Note that all CTb terminals that form contacts with the
Renshaw cell are immunoreactive for VAChT (profiles indicated by arrows in C4, merged image on the right) and hence can be confirmed

to be motoneuron axon terminals. (A4, B4 and C4) Merged images. Scale bar = 10 pm.
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Figure 5.4. Sequential immunocytochemistry for CTb-labelled terminals in contact with a Renshaw cell in rat. (A, B) A general overview of
CTb-labelled terminals in contact with a calbindin-labelled cell before and after a reaction with a fourth antibody against VGLUT1. Details
of the areas demarcated by the boxes are shown in C1-C4 and D1-D4. (C1-C4) Single optical sections illustrating that most of the CTb-
labelled terminals in contact with the calbindin cell were positive for VAChT. Arrows indicate double-labelled CTb axon terminals with
VAChT staining. The arrowhead indicates a single CTb-labelled terminal on the Renshaw cell that was negative for VAChT. (D1-D4)
Single optical sections of the same terminals that were rescanned after sequential incubation with a fourth antibody against VGLUT1. The
extra labelling present in D3 (indicated by arrowhead), which was absent in C3, corresponds to additional VGLUT1-immunostaining (see
D4). Note that this VGLUTL1 positive terminal, which forms an apposition with the Renshaw cell, is bigger than CTh-labelled motoneuron

terminals, and is likely to be a primary afferent terminal. A, B, C4 and D4 are merged images. Scale bar = 10um.
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Figure 5.5. Reconstruction of a cat motoneuron and its axon collaterals that was
intracellularly labelled with neurobiotin. The soma and axonal arborisation are shown in
black and dendrites in grey. The thinner grey line represents the outline of the grey matter
and the central canal; the thicker grey line represents the border of the spinal cord. The
axon terminals illustrated in Figure 5.6 are taken from the area outlined by the box. Scale

bar = 200 um (in big panel), 10 um (in small panel).






Figure 5.6. Relationship between intracellularly labelled cat motoneuron axon terminals and immunoreactivity for the GIuR2 subunit of the
AMPA receptor following antigen unmasking with pepsin. The large panel on the left (A) shows a projected image of a series of terminals
originating from a motoneuron. (B-C) There is no obvious association between motoneuron axon terminals and GIuR2 immunoreactivity.
Details of the areas demarcated by the boxes in A are shown in B1-B3 and C1-C7. (B1-B3) Motoneuron axon terminals (B1), GIuR2 (B2),
and a merged image (B3) of the same single optical section. (C1-C7) A series of merged single optical sections through the motoneuron

terminals taken at intervals of 0.3 um. scale bar =5 pm (A, B1-B3), 1 um (C1-C7).






Figure 5.7. Relationship between intracellularly labelled cat interneuron axon terminals and immunoreactivity for the GIuR2 subunit of the
AMPA receptor following antigen unmasking with pepsin. The large panel on the left (A) shows a projected image of a series of terminals
originating from an excitatory interneuron. (B-C) Associations between interneuronal axon terminals and GIuR2 immunoreactivity. Details
of the areas demarcated by the boxes in A are shown in B1-B3, C1-C7 and D1-D7. (B1-B3) Interneuron axon terminals (B1), GIuR2 (B2),
and a merged image (B3) of the same single optical section. (C1-C7 and D1-D7) Series of merged single optical sections through the
interneuron terminals taken at intervals of 0.2 um. scale bar =5 um (A, B1-B3), 2 um (C1-C7, D1-D7).






Figure 5.8. Relationships between VAChT-labelled terminals and VGLUT-labelled terminals and immunoreactivity for the GIuR2 subunit
of the AMPA receptor following antigen unmasking with pepsin in rat. (A, D) General overviews of groups of VAChT-immunostained
terminals (red) and their relationships with GluR2-immunoreactive puncta (green). (G) A general overview of a group of VGLUT1 and
VGLUT2 immunoreactive terminals in lamina VII and their relationship with GluR2-immunoreactive puncta. Details of the areas
demarcated by the boxes are shown in B1-B3, C1-C4, E1-E3, F1-F4, H1-H3, and I11-14. (B1-B3, E1-E3, H1-H3) VAChT terminals (B1, E1),
VGLUT1 and VGLUT?2 terminals (H1), GIuR2 puncta (B2, E2, H2), and merged images (B3, E3, H3) of the same single optical sections.
(C1-C4, F1-F4 and 11-14) Series of merged single optical sections through the selected terminals taken at intervals of 0.2 um. Note that the
VAChHT terminals which lack any association with GIuR2 puncta (B, C), are bigger than the terminals which form appositions with GIuR2
puncta (E, F). Scale bar =5 um (A, D, and G); 1 um (B, C, E, F, H, I).






Figure 5.9. Comparison of the average equivalent diameters of five groups of terminals. (A,
B) The average equivalent diameters of VAChT terminals with GIuR2 association and with
VGLUT?2 labelling, respectively. (C, D) The average equivalent diameters of VAChT
terminals without association with GIuR2 and with CTb labelling, respectively. (E) The
average equivalent diameters of CTb terminals with VGLUT1 immunoreactivity. One way
ANOVA showed that there was a significant difference between these groups and a post
hoc comparison showed no difference between groups A and B and between groups C and

D. all other comparisons were significantly different. Bars show standard deviations.
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Chapter 6

General Discussion



Neurons in the locomotor CPG are activated by inputs from descending locomotor commands
and generate the rhythm and pattern of muscle contraction; however, CPG activity is subject
to adaptation by a variety of sensory control mechanisms, which are likely to be an inherent
part of CPGs and affect the overall motor output. Therefore, the current studies are focused on
those spinal interneurons involved in sensorimotor integration, and in summary, three
conclusions can be derived. (1) The first investigation shows that propriospinal interneurons in
the L5 segment extensively project both contralaterally and ipsilaterally to rostral lumbar
segments (L1/L3) and some of these ascending neurons are cholinergic or express calcium-
binding proteins. On the other hand, in rostral lumbar segments (L1/L3), there is a population
of CINs descending to the motor nuclei in the L5 segments and the majority of terminals
originating from these CINs are glutamatergic. (2) The second study demonstrates that spinal
interneurons with and without monosynaptic primary afferent inputs receive distinct contacts.
The neurons with monosynaptic inputs from primary afferents were mainly contacted by
VGLUT1-positive terminals, while the majority contacts on the cells with monosynaptic
inputs from MLF but not primary afferents were VGLUT2 immunoreactive. In addition, the
excitatory and inhibitory interneurons with monosynaptic input from primary afferents receive
a similar proportion of excitatory drive and both types are subject to strong presynaptic
inhibitory control of their primary afferent input. (3) The third investigation shows that a
group of small cholinergic terminals located in the deep ventral horn contains glutamate as a

co-neurotransmitter. However, these terminals do not originate from motoneurons.

If we synthesise and reorganize the above results, all the identified interneurons could be
classified as either CINs or ipsilaterally projecting interneurons, both of which include
excitatory and inhibitory cells. It has been proposed that ipsilateral excitatory networks are
involved in the rhythm generation during locomotion, while ipsilateral inhibitory networks are
responsible for the alternation between flexor and extensor motoneurons on the same side
(Kiehn, 2006). The evidence to support these suggestions is that rhythmic activity still can be
generated by hemi-sected spinal cord in the absence of inhibition (e.g., with application of
strychnine or bicuculline); however, flexor and extensor motoneurons on the same side are
activated in synchrony rather than alternation (Kiehn, 2006). The coordination between left-
right sides is achieved by the CIN networks. Descending CINs (dCINs) are suggested to
synchronize the left-right motoneurons innervating antagonist muscles (Butt and Kiehn, 2003;
Kiehn and Butt, 2003); ascending CINs (aCINs) are activated to alternate the left-right
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motoneurons innervating synergist muscles (Kiehn, 2006; Lanuza et al., 2004). Based on these
suggestions, the spinal interneurons examined in the present studies could be accommodated

into the neuron circuits involved in locomotion (Figure 6.1).

Since the concept of CPGs was first proposed by Graham Brown, and hypotheses about how
they are organized have been developed from the first generation (i.e. a “single-layer” model:
rhythm and pattern of extensor and flexor are generated by two excitatory interneuron
populations with mutual inhibitory interconnections) to the third generation (i.e. a more
advanced “three-layers” model: rhythm and pattern are generated by separate excitatory
interneuron populations rather than by the same population; see McCrea and Rybak, 2008).
The significant effect of sensory inputs on motor output is another major alteration presented
in the advanced CPG models. Interneurons with monosynaptic primary afferent inputs
included both excitatory and inhibitory cells, and both ipsilaterally and contralaterally
projecting neurons. In other words, sensory information may act on at least two functional
units of CPG (as shown in Figure 6.1). These populations of interneurons were found mainly
to have inhibitory rather than excitatory actions on themselves; consequently, this arrangement
may provide a mechanism of how sensory information adjusts the pattern and/or rhythm of
motor outputs. For example, during swing phase of forward walking, if the dorsum of the paw
contacts an obstacle, then the stumbling correction reaction is evoked (Quevedo et al., 2005a;
b). The reaction includes a hyper-flexion of the limb and a brief activation of the ankle
extensors to lift the paw over and move away from the obstacle. That is, sensory information
excites the extensors which were originally inhibited in swing phase. The mutual inhibition
between inhibitory flexor-interneurons and extensor-interneurons (see Figure 6.1) may be
responsible for this short-duration mixed synergy. If the stumbling correction happens in the
transition of swing-stance phase, then in order to keep the body in balance, those “stance-
phase” limbs should not transit into swing phase before the correction is complete. Therefore,
the CIN population, which is responsible for left-right alternation, should be inhibited to stop
the transition. This inhibition may arise from ipsilaterally projecting interneuron population

(see Figure 6.1).

In addition, a subgroup of CINs located in lamina VIII were found to receive monosynaptic
input from MLF only, while some interneurons with monosynaptic primary afferent input
were found to be activated by MLF also. Recent studies by Berkowitz (2002; 2007; 2008)
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have shown that in turtles, swimming and scratching shared a spinal interneuron network but
there was another group of interneurons that were selectively activated during scratching only.
Therefore, it might be reasonable to hypothesize that those interneurons with only one type of
identified input (such as primary afferents or MLF) are relatively specialized for a subset of
hindlimb movement types which may or may not be locomotor activities. On the other hand,
those interneurons which were co-activated by more than one type of input (such as both
primary afferents and MLF) may be involved in the interneuron circuits shared by different

movements.

To summarize, the present project revealed a number of interesting aspects of spinal
interneurons responsible for the integration of descending motor commands and sensory
information. However, in order to fully understand functional flexibility of neuron circuits,
considerably more work will need to be done to determine the network organizations of these
interneurons and their underlying events. The studies also provided clear evidence showing
that glutamate is neither colocalized in central synapses of adult motoneurons nor acts via an
APMA receptor, although glutamate was observed in a population of small cholinergic
terminals and acts via AMPA receptor. Therefore, it would be interesting to investigate the

origin of these terminals.
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Figure 6.1. Schematic diagram illustrating putative organizations of interneurons in sensory-motor circuit assembly. The larger “light grey”
circles on each side represent CPGs. The inside smaller “dark grey” ovals and circles represent ipsilaterally projecting interneuron
population and CIN population, respectively. Green and red circles represent excitatory and inhibitory interneurons, respectively. Excitatory
and inhibitory connections are shown by green and red lines ending with small green and red circles, respectively. f-IN indicates the
population of interneurons activating flexor motoneurons and inhibiting extensor motoneurons. e-IN indicates the population of interneurons
activating extensor motoneurons and inhibiting flexor and motoneurons. The excitatory interneuron populations are suggested to generate
rhythmic activities and the inhibitory interneuron populations are involved in alteration between flexor-extensor motoneurons. These
ipsilaterally projecting neuron populations also provide inhibitory control on CIN populations. f-CIN and e-CIN indicate the CIN
populations that are activated during ipsilateral extensor and flexor motoneurons firing phase, respectively. They excite corresponding
antagonist motoneurons and inhibit corresponding agonist motoneurons on the contralateral side; therefore, they contribute to left-right
coordination. They also mutually inhibit contralateral CPG. Blue and grey input lines indicate sensory inputs and descending tract fibres,
respectively. The small red triangles indicate presynaptic terminals associated with sensory afferent terminals. f-Mn, flexor motoneurons; e-

Mn, extensor motoneurons. The same network connections are assumed contralaterally but not illustrated for the sake of simplicity.
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CHOLINERGIC TERMINALS IN THE VENTRAL HORN OF ADULT RAT
AND CAT: EVIDENCE THAT GLUTAMATE IS A COTRANSMITTER AT
PUTATIVE INTERNEURON SYNAPSES BUT NOT AT CENTRAL

SYNAPSES OF MOTONEURONS
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Abstract—Until recently it was generally accepted that the
only neurotransmitter to be released at central synapses of
somatic motoneurons was acetylcholine. However, studies
on young mice (P0-10) have provided pharmacological evi-
dence indicating that glutamate may act as a cotransmitter
with acetylcholine at synapses between motoneurons and
Renshaw cells. We performed a series of anatomical experi-
ments on axon collaterals obtained from intracellularly la-
beled motoneurons from an adult cat and labeled by retro-
grade transport in adult rats to determine if glutamate is
co-localized with acetylcholine by these terminals. We could
find no evidence for the presence of vesicular glutamate
transporters in motoneuron axon terminals of either species.
In addition, we were unable to establish any obvious relation-
ship between motoneuron terminals and the R2 subunit of
the AMPA receptor (GluR2). However we did observe a pop-
ulation of cholinergic terminals in lamina VII which did not
originate from motoneurons but were immunoreactive for the
vesicular glutamate transporter 2 and formed appositions to
GluR2 subunits. These were smaller than motoneuron termi-
nals and, unlike them, formed no relationship with Renshaw
cells. The evidence suggests that glutamate does not act as
a cotransmitter with acetylcholine at central synapses of
motoneurons in the adult cat and rat. However, glutamate is
present in a population of cholinergic terminals which prob-
ably originate from interneurons where its action is via an
AMPA receptor. © 2009 IBRO. Published by Elsevier Ltd. All
rights reserved.

Key words: spinal cord, motor control, Renshaw cell, acetyl-

choline, immunocytochemistry.

The assertion that acetylcholine (ACh) is the only neuro-
transmitter released at both central and peripheral syn-

*Corresponding author. Tel: +44-0141-330-6455; fax: +44-141-330-
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Abbreviations: ACh, acetylcholine; CTb, B-subunit of cholera toxin;
DAB, 3,3’-diaminobenzidine; GIuR2, R2 subunit of the AMPA recep-
tor; HRP, horseradish peroxidase; NOS, nitric oxide synthase; PB,
phosphate buffer; PBS, phosphate-buffered saline; PBST, phosphate-
buffered saline Triton; TSA, tyramide signal amplification; VAChT,
vesicular acetylcholine transporter; VGLUT, vesicular glutamate trans-
porter.

apses of somatic motoneurons (e.g. Eccles et al., 1954;
Curtis and Ryall, 1964; Windhorst, 1996) has been chal-
lenged recently (Herzog et al., 2004; Mentis et al., 2005;
Nishimaru et al., 2005). It has been known for many years
that the activation of Renshaw cells evoked by stimulation
of motoneuron axon collaterals could not be totally blocked
by cholinergic antagonists (Eccles et al., 1954; Noga et al.,
1987; Schneider et al., 1992; Dourado et al., 2002) and
pharmacological studies, using in vitro preparations of
young (P0-4) mouse spinal cord, show that this activation
can be abolished by application of both cholinergic and
glutamatergic antagonists (Mentis et al., 2005; Nishimaru
et al., 2005). Recently, Lamotte d’Incamps and Ascher
(2008) confirmed that the glutamatergic component of this
response is mediated by AMPA and NMDA receptors in
P5-10 mice. However anatomical evidence supporting a
role for glutamate as a cotransmitter with ACh is inconsis-
tent in adult and young animals. Herzog et al. (2004)
provided evidence that in adult rats, motoneurons express
mRNA for both vesicular glutamate transporters 1 and 2
(VGLUT1; VGLUT2), a finding that is in conflict with pre-
vious reports of absence of mRNA for any of the three
known VGLUTs in motoneurons (Kullander et al., 2003;
Oliveira et al., 2003). Immunocytochemical studies have
also produced conflicting evidence. Nishimaru et al.
(2005), were unable to detect the presence of VGLUT1 or
VGLUT3 in motoneuron axon collaterals but found some
evidence for VGLUT2 co-localization, but curiously only
three cholinergic terminals (labeled with the vesicular cho-
linergic transporter, VAChT) in this region out of a sample
of more than a thousand were positively labeled for
VGLUT2. To some extent this is consistent with findings
reported by Herzog et al. (2004) who proposed that VAChT
and VGLUT2 were not co-localized in the same terminals
but that individual collateral branches of motoneurons con-
tained either one or the other. Conversely, Mentis et al.
(2005) reported the absence of immunoreactivity for any of
the VGLUTSs in motoneuron axon collaterals but neverthe-
less concluded that some terminals may be enriched with
glutamate.

In summary, it seems that there is good pharmacolog-
ical evidence to suggest that glutamate may be coreleased
along with ACh at synapses formed between motoneurons
and Renshaw cells in very young mice but anatomical
evidence supporting this is inconsistent. We performed a
series of anatomical studies in the adult cat and rat to
determine if there was evidence to support the hypothesis
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that glutamate is co-localized in axon collaterals of mature
animals and operates via an AMPA receptor. There were
two principal aims of the study: (1) to determine if axon
collaterals of adult motoneurons contain VGLUTSs; (2) to
determine if axon collaterals of adult motoneurons are
apposed to AMPA receptors. During the course of this
study we identified a group of cholinergic axon terminals in
the ventral horn that did not originate from motoneurons
but contained VGLUT2 and apposed AMPA receptors.

EXPERIMENTAL PROCEDURES

Experiments were performed on three adult rats (250-350 g;
10-14 weeks old Harlan, Bicester, UK) and one adult cat (3.6 kg;
6 months old) which was bred at the University of Géteborg. Rat
experiments were conducted according to British Home Office
legislation and were approved by the University of Glasgow Ethics
Committee. The cat experiment was conducted according to NIH
guidelines and was approved by the Goteborg University Ethics
Committee. All necessary steps were taken to minimize suffering
and the number of animals used.

Cat experiment

The cat was deeply anaesthetized with sodium pentobarbital
(40—44 mg/kg i.p.) and supplemented with intermittent doses of
a-chloralose as required to maintain full anesthesia (Rhéne-Pou-
lenc, Santé, France; doses of 5 mg/kg administered every 1-2 h,
up to 55 mg/kg i.v.). A laminectomy was performed to expose
lumbar (L4-L7) segments of the spinal cord. Motoneurons were
searched for in L6—-L7 segments and identified on the basis of
antidromic activation following stimulation of gastrocnemius and
soleus nerves. Following identification, motoneurons were labeled
intracellularly with a mixture of equal parts of 2% tetramethylrho-
damine—dextran (Molecular Probes, Inc., Eugene, OR, USA) and
2% neurobiotin (Vector, UK) in saline (pH 6.5). The marker was
injected by passing depolarizing constant current 100—140 nA for
5-8 min. New injection sites were a minimum of 2 mm away from
previous sites. At the conclusion of the experiment, the animal was
given a lethal dose of pentobarbital and perfused, initially with phys-
iological saline, and subsequently with paraformaldehyde (4%) in 0.1
M phosphate buffer (PB) (pH 7.4). Lumbar segments of the spinal
cord containing labeled cells were removed and placed in the same
fixative for 8 h at 4 °C. Axon collaterals from an intracellularly labeled
excitatory interneuron (e.g. see Bannatyne et al., 2006) were ob-
tained from the same animal for control material.

Rat experiments

Three Sprague—Dawley rats were deeply anaesthetized with halo-
thane and the left sciatic nerve was exposed under strict aseptic
conditions. A micropipette containing a 1% solution of the B-
subunit of cholera toxin (CTb; Sigma-Aldrich, Co., Poole, UK) in
sterile distilled water was inserted into the perineurium and 3—4 pul
of this solution were pressure injected into the nerve. Following
3-5 days of survival, the rats were anesthetized with pentobarbi-
tone (I ml i.p.) and perfused through the left ventricle with saline
followed by a fixative containing 4% formaldehyde in 0.1 M PB pH
7.4. L3 to L5 spinal cord segments were removed from each
animal and post-fixed in the same fixative for 2—-8 h at 4 °C.
Segments were then cut into two blocks.

The L7 segment of the cat and L3-L5 segments of rats were
rinsed several times in 0.1 M PB. All the segments were cut into
50 um thick transverse sections with a vibratome (Oxford Instru-
ments, Technical Products International, Inc., USA) and sections
of cat segments were collected in strict serial order to enable
reconstruction of labeled cells. All sections were treated with an

aqueous solution of 50% ethanol for 30 min to enhance antibody
penetration. Following this treatment, cat sections were mounted
in serial order on glass slides with Vectashield (Vector Laborato-
ries, Peterborough, UK) and examined with a fluorescence micro-
scope. Sections containing labeled motoneurons were reacted
firstly with avidin—rhodamine (1:1000; Jackson ImmunoResearch,
Luton, UK) and photographed with a digital camera attached to a
fluorescent microscope. Sections containing labeled motoneuron
axon terminals were then selected for further analysis.

Aim 1: do adult motoneuron axon collateral
terminals contain VGLUTs?

Sections were incubated in the combinations of primary antibodies
listed in Table 1. All antibodies were diluted in phosphate-buffered
saline containing 0.3% Triton X-100 (PBST) and incubated for
48 h. They were rinsed in phosphate-buffered saline (PBS) and
incubated for 3 h in solutions of secondary antibodies coupled to
fluorophores before mounting with anti-fade medium (see Table 1
for details).

Sections containing axon terminals from the three labeled cat
motoneurons were reacted with guinea-pig anti-VGLUT1 and rab-
bit anti-VGLUT2. Motoneuron terminals obtained from rat experi-
ments were identified by the presence of transported CTb from
sciatic nerve injections (see above) which was co-localized with
immunoreactivity for VAChT. Triple immunofluorescence was per-
formed initially with VGLUT1, -2 and -3 antibodies (groups A, B
and C in Table 1). Also, as some cholinergic interneurons co-
contain nitric oxide synthase (NOS: Miles et al., 2007), we at-
tempted to determine if any cholinergic axons that were positive
for VGLUT2 (see below) originate from this source by reacting
tissue with a combination of anti-NOS, anti-VAChT and anti-
VGLUT2 antibodies (group D in Table 1).

As motoneuron axon collaterals are known to form synapses
with Renshaw cells and calbindin is thought to be a reliable marker
for Renshaw cells (Carr et al., 1998; Alvarez et al., 1999), rat
sections containing labeled collaterals were reacted with CTb and
calbindin antisera along with one of the following: antibodies:
VGLUT1 (group E), VGLUT2 (group F), or VAChT (group G). We
performed sequential immunocytochemistry on sections from
groups F and G. When analysis of sections with these initial
combinations was complete, sections were re-incubated with a
fourth antibody: goat anti-VAChT antibody (for group F) or guinea-
pig anti-VGLUT1 (for group G). The sections were remounted and
the same field that had been scanned previously was identified
and scanned again. By comparing labeling before and after the
re-incubation in the VGLUT1 or VAChT antiserum, we could de-
tect the additional staining, which represents immunoreactivity for
VAChHT and VGLUT1 in groups F and G, respectively.

Aim 2: are axon collaterals of adult motoneurons
apposed to AMPA receptors?

An antigen unmasking method was used to reveal whether AMPA
receptors subunits are associated with labeled motoneuron termi-
nals. Sections containing axon collaterals from three motoneurons
and one interneuron were processed. Pepsin treatment was per-
formed by incubating sections at 37 °C for 30 min in PBST,
followed by 10 min in 0.2 M HCI containing 1 mg/ml pepsin (Dako,
Glostrup, Denmark) with continuous agitation. After rinsing, sec-
tions were incubated in a mouse anti—-R2 subunit of the AMPA
receptor (GluR2) antibody (1:300; Chemicon, Harlow, UK) for 72 h
at4 °C. Sections were then incubated in a species-specific donkey
secondary antibody conjugated to Alexa488 (1:500; Molecular
Probes) for 24 h.

Cholinergic terminals in rat tissue were examined to deter-
mine if they form associations with the GIuR2 subunit of AMPA
receptors. As GIuR2 subunits are present in 98% AMPA-contain-
ing synapses in the rat spinal cord (Nagy et al., 2004), this subunit
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Table 1. Summary of primary and secondary antibody combinations and concentrations used in the current study

Primary antibody Primary antibody Supplier Secondary Sequential Secondary
combination concentration antibodies immuno-reaction antibodies
Cat gp VGLUT1 1:5000 Chemicon Cy-5
rbt VGLUT2 1:5000 Chemicon Alexa488
Rat mo. CTb 1:250 A. Wikstrém, University of Gothenburg Rh. Red
A gt. VAChT 1:5000 Millipore, USA Alexa488
gp VGLUT1 1:5000 Cy-5
mo. CTb 1:250 Rh. Red
B gt. VAChT 1:5000 Alexa488
gp VGLUT2 1:5000 Chemicon Cy-5
mo. CTb 1:250 Rh. Red
(¢} gt. VAChT 1:5000 Alexa488
gp VGLUT3 1:5000 Chemicon Cy-5
shp NOS 1:2000 P. Emson, University of Cambridge Rh. Red
D gp VAChT 1:5000 Millipore Alexa488
rbt VGLUT2 1:5000 Chemicon Cy-5
mo. CTb 1:250 Rh. Red
E gp VGLUT1 1:5000 Alexa488
rbt CB 1:2000 Swant, Bellizona, Switzerland Cy-5
mo. CTb 1:250 Rh. Red
F gp VGLUT2 1:5000 Alexa488 gt. VAChT Cy-5
rbt CB 1:2000 Cy-5
mo. CTb 1:250 Rh. Red
G gt. VAChT 1:5000 Alexa488 gp VGLUT1 Cy-5
rbt CB 1:2000 Cy-5

All secondary antibodies were raised in donkey and conjugated to Rhodamine Red (Rh. Red; 1:100), Cyanine 5.18 (Cy-5; 1:100; both supplied by
Jackson ImmunoResearch) and Alexa-fluor 488 (Alexa488; 1:500; Molecular Probes). CB; calbindin, gp, guinea pig; gt., goat; mo, mouse; rbt, rabbit;

shp, sheep.

can be used as a general marker for this class of receptor. Before
applying the antigen unmasking method to expose GIuR2 sub-
units as described above, sections from three rats were incubated
in goat anti-VAChT antibody (1:50,000) for 72 h and then sub-
jected to a tyramide signal amplification (TSA) reaction in order to
preserve labeling for VAChT following pepsin treatment. Sections
were initially incubated for 4 h in anti-goat horseradish peroxidase
(HRP; 1:500; Jackson ImmunoResearch, West Grove, PA, USA).
The sections were then rinsed and processed with a tetramethyl-
rhodamine fluorophore (diluted 1:50 in amplification diluent;
PerkinElmer Life Sciences, Boston, MA, USA) for 7 min (see Nagy
et al., 2004 for details). Sections were rinsed, treated with pepsin,
and incubated for 72 h in mouse anti-GluR2 (1:300), followed by
24 h in a species-specific donkey secondary antibody conjugated
to Alexa 488 (1:500). We also performed a control experiment to
determine the association between glutamatergic boutons and
GIuR2 subunits. Sections from three rats were incubated for 72 h
in a combination of guinea pig anti-VGLUT1 (1:50,000) and
guinea pig anti-VGLUT2 (1:50,000) antibodies. The sections
were rinsed and placed in anti-guinea pig HRP (1:500; Jackson
ImmunoResearch, West Grove, PA, USA) for 4 h. They were
processed according to the TSA and pepsin treatment described
above and incubated in mouse anti-GluR2 (1:300).

Confocal microscopy and analysis

All sections were mounted in a glycerol-based antifade medium
(Vectashield, Vector Laboratories) and examined with a Bio-Rad
MRC 1024 confocal laser scanning microscope (Bio-Rad, Hemel
Hempstead, UK).

Cat sections with VGLUT markers were scanned by using
a X60 oil-immersion lens at a zoom factor of 3.5 and at 0.5 um
steps in the z-axis, while sections with GIuR2 staining were ex-
amined with a X60 oil-immersion lens at a zoom factor of 2 and at
0.2 um steps in the z-axis. Image stacks were analyzed with

Neurolucida for Conofocal software (MBF Bioscience, Colchester,
VT, USA). To avoid bias, all labeled motoneuron axon terminals
and VGLUT markers (or GIuR2 immunoreactivity) were viewed in
individual channels for every single optical section initially and
then examined in merged image stacks showing all three (or two)
channels by switching between different channels. When scan-
ning of immunoreactive boutons was complete, the sections were
retrieved from the slides and rinsed in PBS. These sections to-
gether with the other sections containing soma and axons of
labeled motoneurons were reacted with avidin—biotin—peroxidase
complex technique (ABC technique). This involved an overnight
incubation in a fresh solution of avidin—biotin—complex (Vector
Laboratories, Ltd.) followed by a further rinse with PBS then PB.
The sections were then placed in a solution containing hydrogen
peroxide plus 3,3’-diaminobenzidine (DAB; Sigma, Dorset, UK)
diluted in PB for a period of approximately 4 min. During this time,
the reaction was monitored constantly. Following the DAB reac-
tion, sections were dehydrated in a series of ethanol solutions and
mounted in serial order on gelatinized slides for cell reconstruc-
tion. This method provides a permanent record of the cells from
which detailed reconstructions were made using a drawing tube.

Rat sections from the lumbar segments (L3—L5) were exam-
ined within the ventral region of lamina VII, between medial and
lateral motoneuron pools, which contains most Renshaw cells
(Carr et al., 1998). Sections reacted with antibodies against CTb,
VAChT and VGLUT (i.e. groups A, B and C) were scanned by
using a X60 oil-immersion lens with a zoom factor of 2 at 0.5 um
intervals. The stacks of images were analyzed with Neurolucida
for Confocal software. Two hundred CTb labeled terminals that
were also immunoreactive for VAChT were randomly selected
from each rat. To avoid bias, a 100X 100 um grid was placed on
the image and the terminal closest to bottom right corner of each
grid square was selected. Selected terminals were then examined
in the blue channel (representing the VGLUTSs) to determine



114 T. T. Liu et al. / Neuroscience 161 (2009) 111-122

whether they were positive for VGLUT immunoreactivity. Sections
reacted with antibodies for CTb, calbindin and VGLUT (i.e. group
E and F) or CTb, calbindin and VAChT (i.e. group G) were
scanned with a x40 oil-immersion lens and zoom factor of 2 at 0.5
um intervals. Image stacks were analyzed with Neurolucida to
investigate the proportion of CTb-labeled terminals that made
contact with Renshaw cells and were also immunolabeled for
VGLUT1, VGLUT2 or VAChHT in each group.

Sections reacted for VAChT and GluR2 were mounted in
Vectashield anti-fade medium and scanned with the confocal
microscope. Lamina VIl of sections from each of the three rats
was scanned by using a X60 oil-immersion lens with a zoom
factor of 2 at 0.2 um steps in the z-axis. In each section, two
scanning fields were obtained from both sides with a 100100 um
scanning area. By using Neurolucida software, image stacks were
initially viewed so that only VAChT immunoreactivity was visible.
All VAChT immunoreactive boutons within the scanning box from
each animal were selected for analysis. GIuR2 staining was then
examined, and it was determined whether VAChT terminals were
apposed to GIuR2 puncta. Control material reacted with a combi-
nation of VGLUT1 and -2 and GIuR2 was analyzed in exactly the
same way.

In order to determine if axon terminals with different immuno-
chemical characteristics belonged to different populations, we
made a comparison between five groups of axon terminals. The
equivalent diameter of axonal swellings that were double labeled
for: (1) VAChT and GIuR2; (2) VAChT and VGLUT2; (3) VAChT
and no GIuR2; (4) CTb and VAChT and (5) CTb and VGLUT1 was
measured from projected confocal images obtained from all three
rats by using Image J software (National Institutes of Health, USA,
http://rsb.info.nih.govl/ij/). A one-way ANOVA was used to deter-
mine if there were statistically significant differences in the diam-
eters of these groups (P<0.05). This was followed by a Tukey’s
post hoc pairwise comparison to determine which groups were
significantly different from each other.

Confocal microscope images for publication were prepared by
using Adobe Photoshop to adjust brightness and contrast.

RESULTS

Do adult motoneuron axon collateral terminals
contain VGLUTs?

In total, 63 axon terminals obtained from three intracellu-
larly labeled motoneurons from the cat experiment were
analyzed. Terminals that could not be traced back to the
parent axon were excluded from the sample. Sections,
which contained 11 motoneuron axon terminals, were re-
acted with antibodies against VGLUT1 and VGLUT2. Con-
focal microscope analysis showed that none of the 11
terminals were positive for either VGLUT1 or VGLUT2
immunoreactivity (Fig. 1). The remaining 55 axon terminals
were reacted for the presence of GIuR2 (see below).

In rat experiments, both motoneuron axon terminals
and primary afferent axons were labeled by injection of the
tracer CTb. Retrogradely labeled motoneurons were found
in lamina IX ipsilateral to the injection site of the L3 to L5
segments of the spinal cord. Initially, we performed a se-
ries of three triple labeling experiments on each animal to
determine if VAChT and glutamate vesicular transporters
were co-localized in motoneuron collateral terminals.
Three groups of sections were reacted: (A) CTb+VAChT+
VGLUT1; (B) CTb+VAChT+VGLUT2; and (C) CTb+
VAChT+VGLUTS3. In each group, a total of 600 terminals,

doubled-labeled for CTb and VAChT, were randomly se-
lected from the three rats (200 from each rat). Confocal
microscope images revealed that none of the selected
terminals was positive for VGLUT1, VGLUT2 and VGLUT3
immunoreactivity (Fig. 2). In addition, we also measured
the equivalent diameter of 150 axon terminals which were
labeled by both CTb and VAChT but not VGLUT1 (50 from
each rat), and the equivalent diameter of 150 presumed
primary afferent terminals which were labeled by both CTb
and VGLUT1 but not VAChT (50 from each rat). As pre-
dicted, there was a significant difference between these
two types of terminal; the average (+SD) equivalent diam-
eters of the motoneuron terminals and the primary afferent
terminals were 1.99+0.51 um and 3.58+0.78 um, respec-
tively (see below). In CTb+VAChT+VGLUT2 (group B) ex-
periments, we not only found that there was no overlap of
immunoreactivity for CTb and VGLUT2, but we also iden-
tified a small population of VGLUT2-labeled axons with
VACHhT staining (Fig. 2B). The equivalent diameter of
VAChT/VGLUT2 terminals was 0.89+0.23 um (50 termi-
nals from each rat). These were significantly smaller than
the CTb/VACHT and the CTb/VGLUT1 terminals (see be-
low). We further investigated the relationship between
VAChT/VGLUT2 terminals and NOS (group D) to deter-
mine if they originated from the NOS-containing subgroup
of cholinergic interneurons (see Miles et al., 2007). A total
of 50 VAChT/VGLUT2 terminals was randomly selec-
ted but none of them displayed NOS immunoreactivity
(Fig. 2D).

Terminals which formed contacts with Renshaw cells
identified by calbindin labeling (Carr et al., 1998; Alvarez et
al., 1999) were investigated by performing immunoreac-
tions with two antibody combinations: group E CTb+
VGLUT1+calbindin; and group F CTb+VGLUT2+calbindin.
For each combination, a sample of 15 calbindin-labeled
Renshaw cells (five from each of the three animals) lo-
cated within ventral lamina VIl between motor nuclei was
analyzed. Each of the scanning areas was 151umx
151um and contained at least one cell body of a Renshaw
cell and its proximal dendrites. In group E, a total of 285
CTb-labeled terminals which contacted Renshaw cells
were recorded (mean=SD, 19+5.6 contacts per cell). Of
these terminals, 99%*+3% (281 out of 285) was found to
be negative for VGLUT1 immunoreactivity (Fig. 3A). We
then measured the size of the remaining 1% (four out of
285) terminals which were immunoreactive for VGLUT1.
Their equivalent diameters ranged from 3.65 to 6.15 um
(mean=SD, 4.85+1.25 um). In group F, a total of 339
CTb-labeled terminals (mean+SD, 23=*3.5/cell) which
were apposed Renshaw cells were analyzed. None of the
terminals that contacted Renshaw cells were labeled with
VGLUT2 immunoreactivity (Fig. 3B). Sequential immuno-
cytochemistry with a fourth antibody against VAChT en-
abled us to confirm that the CTb-positive VGLUT2-nega-
tive terminals originated from motoneurons as all VGLUT2-
negative terminals were positively labeled for VAChT
immunoreactivity (Fig. 3C). In sequential experiments, we
also noted that some VGLUT2 positive/CTb negative ter-
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Fig. 1. A reconstruction of a cat motoneuron and its axon collaterals that was intracellularly labeled with neurobiotin (A) and a series of confocal
microscope images illustrating the absence of VGLUT1 and -2 immunoreactivity within the motoneuron axon terminals (B-D). (A) The soma and
axonal arborization are shown in black and dendrites in grey. The thinner grey line represents the outline of the grey matter and the central canal; the
thicker grey line represents the border of the spinal cord. The axon terminals illustrated in B-D are taken from the area outlined by the box in A.
(B) A projected image through a series of terminals. (C1-C4) Single optical sections and (D1-D4) projected images of two individual terminals
(arrows). (C4, D4) Merged images confirming the absence of overlap of immunoreactivity for VGLUT1 and VGLUT2 and labeled motoneuron
terminals. Scale bars=200 um (large panel in A); 10 um (small panel in A and B); 5 um (C1-C4 and D1-D4).

minals were positive for VAChT immunoreactivity but that
they did not form contacts with Renshaw cells (not shown).
These results suggest that some cholinergic terminals lo-
cated in the deep ventral horn which do not originate from
motoneurons contain glutamate.

To confirm the above findings, we used a further com-
bination of CTb, VAChT and calbindin (group G). Another
sample of 15 calbindin-labeled Renshaw cells was exam-
ined (five from each of the three animals). In 151umX
151um scanning fields, a total of 364 CTb-labeled termi-
nals which contacted Renshaw cells were analyzed
(mean=SD, 24=5.6/cell). Of these terminals, 97%=*=4%
(352 out of 364) was found to be positive for VAChT (Fig.
4A, C). Sequential immunocytochemistry with a fourth
antibody against VGLUT1 enabled us to show that the
12 VAChT-negative terminals were immunoreactive for
VGLUT1. None of the 352 (out of 364) CTb/VAChT termi-
nals was labeled for VGLUT1 (Fig. 4B, D).

Are axon collaterals of adult motoneurons apposed
to AMPA receptors?

The remaining 52 collateral terminals from the three cat
motoneurons were used to investigate the relationship
between labeled axon collateral swellings and GIuR2 sub-
units in postsynaptic membrane receptors. Fig. 5 shows an
example of a reconstructed motoneuron and the organiza-
tion of its axon. Collateral axons from this cell were used in
the analysis (Fig. 6A—-C). We could find no evidence of
any obvious relationship between GluR2-immunoreactive
puncta and motoneuron axon collaterals. However, all
axon terminals from an interneuron which was labeled in
the same animal as the motoneurons were apposed to
GLUR2-immunoreactive puncta (Fig. 6D-G).
Associations between VAChT-labeled terminals and
GIluR2 immunoreactive puncta were also investigated in
rat tissue. Confocal microscope images showed that al-
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Fig. 2. Three color confocal images showing CTb-labeled motoneuron terminals that are positive for VAChT-immunoreactivity but are negatively
labeled for all three VGLUTs (A—C) and the relationship of VAChT/VGLUT2 double-labeled terminals with NOS immunoreactivity (D). (A1-A4, B1-B4)
Projected images of three single optical sections. C1-C4 and D1-D4 are single optical sections. Arrows in A—C indicate CTb-labeled motoneuron
terminals that were VAChT immunoreactive. Arrows in D indicate terminals that were immunopositive for both VAChT and VGLUT2. Arrowheads in
A indicate VGLUT1 immunoreactive terminals also labeled by CTb that are likely to originate from proprioceptive primary afferent fibers. Arrowheads
in B indicate VGLUT2 immunoreactive terminals that also contain VAChT staining but are not labeled with CTb. Arrowheads in C indicate VGLUT3
terminals. Arrowheads in D indicate NOS immunopositive terminals that were also labeled by VAChT. (A4, B4, C4, D4) Merged images. Scale

bar=5 um.

though most VAChT immunoreactive boutons were not
apposed to GIuR2 puncta (Fig. 7A—-C), a small number of
VAChHT boutons were associated with GIuR2 staining (Fig.
7D—F). The average (£SD) equivalent diameters of the
former group and the latter group were 1.95+0.53 um and
0.87+0.23 um, respectively. For comparison, we exam-

ined the relationship between glutamatergic terminals (la-
beled with a combination of VGLUT1 and -2 antibodies)
and GIuR2 immunoreactive puncta in deep lamina VII.
Despite an intensive search, we only detected an occa-
sional VGLUT immunoreactive axon terminal which was
not apposed to GluR2-immunoreactive puncta (Fig. 7G-I).
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VGLUT1

Calbindin

Fig. 3. Single optical sections illustrating CTb-labeled motoneuron terminals in contact with Renshaw cells. (A1-A4, B1-B4) All of the CTb-labeled
motoneuron terminals making contact with two calbindin-labeled cells were negative for VGLUT1- and VGLUT2-immunoreactivity, respectively.
Arrows indicate selected motoneuron terminals which contact the calbindin-labeled cells. Arrowheads indicate VGLUT1 and VGLUT2 terminals in A
and B, respectively. (C1-C4) Single optical sections of the same area shown in B1-B4 that have been rescanned after sequential incubation with a
fourth antibody for VAChT. The extra labeling present in C3 (indicated by arrows), which was absent in B3, corresponds to the additional
VAChT-immunostaining. Note that all CTb terminals that form contacts with the Renshaw cell are immunoreactive for VAChT (profiles indicated by
arrows in C4, merged image on the right) and hence can be confirmed to be motoneuron axon terminals. (A4, B4, C4) Merged images. Scale

bar=10 um.

Comparison of equivalent diameters of populations
of cholinergic and glutamatergic terminals in the rat

We made a comparison of the equivalent diameters of five
groups of terminals investigated in this study: (A) those
that were labeled with VAChT and were associated with
GluR2; (B) those that were labeled with VAChT and
VGLUTZ; (C) those that were labeled with VAChT but were
not associated with GIuR2; (D) those that were labeled
with VAChT and CTb; and (E) those that were labeled with
CTb and VGLUT1 (see Fig. 8). Each group consisted of 50
randomly selected terminals obtained from each of the
three rats. By using ANOVA analysis, we found that there
was a highly significant difference between these groups
(P<0.0005). A post hoc Tukey's pairwise comparison
showed that there was no statistical difference between
groups A and B or between groups C and D but that all
other comparisons were significantly different.

DISCUSSION

In the series of experiments reported here we have shown:
(1) that axon collateral swellings of adult cat motoneurons
do not contain the VGLUTs VGLUT1 or VGLUT2 and have
no obvious association with the GIuR2 subunit of the
AMPA receptor; (2) that axon collateral swellings of adult
rat motoneurons also do not contain VGLUTs VGLUT1,
VGLUT2 or VGLUT3 and have no obvious association with
the GIuR2 subunit of the AMPA receptor; (3) that a group
of cholinergic axon terminals within lamina VII of the rat
spinal cord, contains VGLUT2 and forms associations with
the GIluR2 subunit of the AMPA receptor.

In the cat experiment, our analysis was confined to
terminals which could be traced back to the parent axon
and hence could be identified unequivocally as motoneu-
ron collaterals. In rat experiments, terminals were classi-
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Fig. 4. Sequential immunocytochemistry for CTb-labeled terminals in contact with a Renshaw cell. (A, B) A general overview of CTb-labeled
terminals in contact with a calbindin-labeled cell before and after a reaction with a fourth antibody against VGLUT1. Details of the areas
demarcated by the boxes are shown in C1-C4 and D1-D4. (C1-C4) Single optical sections illustrating that most of the CTb-labeled terminals
in contact with the calbindin cell were positive for VAChT. Arrows indicate double-labeled CTb axon terminals with VAChT staining. The
arrowhead indicates a single CTb-labeled terminal on the Renshaw cell that was negative for VAChT. (D1-D4) Single optical sections of the
same terminals that were rescanned after sequential incubation with a fourth antibody against VGLUT1. The extra labeling present in D3
(indicated by arrowhead), which was absent in C3, corresponds to additional VGLUT1-immunostaining (see D4). Note that this VGLUT1 positive
terminal, which forms an apposition with the Renshaw cell, is bigger than CTb-labeled motoneuron terminals, and is likely to be a primary afferent

terminal. A, B, C4 and D4 are merged images. Scale bar=10 um.

fied into three distinct populations according to their immu-
nocytochemical characteristics and equivalent diameters:
(1) CTb-labeled cholinergic terminals were identified as
motoneuron axon collateral terminals. This group of axons
had intermediate-sized terminals (approximately 2 um in
diameter) and made numerous contacts with Renshaw
cells which were labeled with calbindin (Carr et al., 1998;
Alvarez et al., 1999). Alvarez et al. (1999) also measured
size of VAChT terminals contacting Renshaw cells and the
mean diameter (2.26+0.94 um) was similar to that de-
scribed here. (2) CTb labeled noncholinergic terminals that
were immunopositive for VGLUT1 which were classified as
primary afferent terminals because VGLUT1 is generally
present in terminals of myelinated primary afferent axons
but not in spinal interneurons (Varoqui et al., 2002; Todd et
al.,, 2003). These terminals were the largest of the three

groups and had an average diameter of 3.52 um. This is
consistent with previous reports of the sizes of Group la
afferent terminals (Watson and Bazzaz, 2001) which are
likely to constitute the majority of primary afferents termi-
nating in lamina VIl (Brown, 1981). These terminals made
occasional contacts with Renshaw cells. (3) The third
group of terminals was the most intriguing of all. This group
was composed of small cholinergic terminals (approxi-
mately 0.92 um in diameter), that were never labeled with
CTb but were immunoreactive for VGLUT2 immunoreac-
tivity. These axons apparently made no contacts with Ren-
shaw cells.

Our observation that adult cat and rat motoneuron
axon collaterals do not contain VGLUT 2 is at variance with
findings from previous studies where this vesicular trans-
porter was reported to be present in axon collaterals of
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Fig. 5. Reconstruction of a motoneuron and its axon collaterals that
was intracellularly labeled with neurobiotin. The soma and axonal
arborization are shown in black and dendrites in grey. The thinner grey
line represents the outline of the grey matter and the central canal; the
thicker grey line represents the border of the spinal cord. The axon
terminals illustrated in Fig. 6 are taken from the area outlined by the
box. Scale bar=200 um (in big panel), 10 um (in small panel).

adult rat (Herzog et al., 2004) and neonatal mouse (Nishi-
maru et al., 2005). However they are consistent with the
findings of Mentis et al. (2005) who also noted absence
of immunoreactivity for all three VGLUTs in collaterals of
young mice. In addition, it is also consistent with reports of
absence of mRNAs for all three VGLUTs in motoneurons
(Kullander et al., 2003; Oliveira et al., 2003; but cf Herzog
et al., 2004). Herzog et al. (2004) suggested that motoneu-
ron collaterals gave rise to axon branches which contained
ACh but not glutamate and vice versa. We could find no
evidence for this arrangement and, in fact, any CTb-la-
beled terminals that were not immunoreactive for VAChT
were invariably immunoreactive for VGLUT1 and were
most probably terminals of primary afferent proprioceptors
(see above). We also could detect no obvious relationship
between cat or rat motoneuron terminals and immunore-
activity for the GIuR2 subunit of the AMPA receptor. Ac-
cording to Nagy et al. (2004), 98% of AMPA receptors in
the rat spinal grey matter contain this subunit and therefore
it can be considered to be a marker for almost all AMPA
receptors. In theory, there is a small probability that syn-
apses formed by motoneuron collaterals appose AMPA
receptors that do not possess this subunit. However, this
seems an improbable explanation for our negative find-
ings. Firstly, our control experiments showed that GluR2
subunits were abundant in deep lamina VIl in rat and cat
tissue and that, in the rat, VGLUT immunoreactive termi-
nals were invariably associated with them. Secondly, Lam-
otte d’Incamps and Ascher (2008) provided evidence that
the AMPA receptor-mediated current recorded between
motoneurons and Renshaw cells in young mice has a low
permeability to calcium ions and therefore it would be pre-

dicted that the receptors present at this synapse possess
GIuR2 subunits. In the cat experiment, all axon terminals
could be traced to the parent motoneuron axon but in the rat
we had to confirm by statistical analysis that the population
of VAChT terminals which did not appose GIuR2 puncta
belonged to the same population that was labeled for
VAChT and CTb (group 1 discussed above) because the
antigen retrieval method combined with TSA only en-
ables two antibodies to be used on the same tissue and,
for this reason, we were unable to label these terminals
for CTb also. Taken together, the two sets of observa-
tions presented above suggest that glutamate is not
co-localized with ACh at central synapses of adult mo-
toneurons and does not act through an AMPA receptor.

Mentis et al. (2005); Nishimaru et al. (2005) and Lam-
otte d’Incamps and Ascher (2008) produced pharmacolog-
ical evidence that glutamate is coreleased along with ACh
at motoneuron/Renshaw cell synapses in young mice (PO-
10) and therefore a possible reason for differences in the
findings of these studies and our anatomical observations
may be related to the maturity of the experimental animals
they used. The original observations of Eccles et al. (1954)
on adult cats indicated that cholinergic antagonists do not
completely block transmission at motoneuron/Renshaw
cell synapses and therefore it remains possible that an-
other transmitter is coreleased along with ACh. Our data
suggest that if glutamate is this transmitter, then it is not
stored conventionally in vesicles and it does not act via
AMPA receptors. Mentis et al. (2005) reported that mo-
toneuron central terminals did not contain VGLUTSs but that
glutamate was enriched in them and argued that this was
tentative evidence for a transmitter pool of glutamate.
However, glutamate may be enriched in structures for a
variety of reasons which are unrelated to transmitter func-
tion. It is also possible that glutamate acts via kainate or
activated NMDA receptors in the adult. However, the an-
tagonist, CNQX, used by Mentis et al. (2005) and Nishi-
maru et al. (2005) and the NBQX, used by Lamotte
d’'Incamps and Ascher (2008) demonstrated a specific
AMPA component of the current. The most likely explana-
tion of this discrepancy with our findings is that the expres-
sion of AMPA receptors decreases during development to
adulthood but further studies on young animals will be
required to establish this.

Two further observations arose from this study. Firstly,
we found evidence that a small number of primary afferent
axons form contacts with Renshaw cells in adult rats. The
classic view of Renshaw cells is that they are not mono-
synaptically activated by primary afferent axons (Ren-
shaw, 1946; Eccles et al., 1954). However according to a
recent report by Mentis et al. (2006), the density of primary
afferent contacts on Renshaw cells decreases during de-
velopment but the overall numbers of contacts remains
approximately the same as a consequence of the enlarge-
ment of the cell. They suggest that there is a “functional
deselection” of such contacts during development and al-
though such synapses are still present, they become less
effective and have a limited influence on Renshaw cells in
adulthood. Although, we did not attempt to quantify the
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Fig. 6. Relationships between intracellularly labeled axon terminals and immunoreactivity for the GIuR2 subunit of the AMPA receptor following
antigen unmasking with pepsin. (A—C) There is no obvious association between motoneuron axon terminals and GIuR2 immunoreactivity. (D-F) As-
sociations between interneuronal axon terminals and immunoreactivity for GIuR2. The large panels on the top left (A) and on the bottom left (D) show
projected images of a series of terminals originating from a motoneuron and an excitatory interneuron, respectively. Details of the areas demarcated
by the boxes are shown in B1-B3, C1-C6, E1-E3, F1-F6, and G1-G6. (B1-B3) Motoneuron axon terminals (B1), GluR2 (B2), and a merged image
(B3) of the same single optical sections. (C1-C6) A series of merged single optical sections through the motoneuron terminals taken at intervals of
0.3 um. (E1-E3) Interneuron axon terminals (E1), GluR2 (E2), and a merged image (E3) of the same single optical section. (F1-F6, G1-G6) Series
of merged single optical sections through the interneuron terminals taken at intervals of 0.2 um. Scale bar=5 um (A, B1-B3, D, E1-E3); 1 um

(C1-CB); 2 um (F1-F6, and G1-GB6).

numbers of CTb/VGLUT1 contacts on Renshaw cells, our
impression was that that they were sparse in comparison
to cholinergic contacts which would be consistent with their
limited influence in adulthood.

The second observation was perhaps the most novel
of all. We found a population of cholinergic axons in lamina
VII which were immunoreactive for VGLUT2 and also
formed associations with GIuR2 subunit immunoreactivity.
These axon terminals were considerably smaller than

those originating from motoneurons and were not seen to
make contacts onto Renshaw cells. At present we are
unable to determine the origin of these axons but it is very
unlikely that they originate from descending systems or
primary afferents as neither of these groups of neuron
uses ACh as a neurotransmitter (e.g. Rustioni and Wein-
berg, 1989). However, it is highly likely that they origi-
nate from local interneurons (Barber et al., 1984) or
propriospinal neurons (Sherriff and Henderson, 1994)
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Fig. 7. Relationships between VAChT-labeled terminals and VGLUT-labeled terminals and immunoreactivity for the GIuR2 subunit of the AMPA
receptor following antigen unmasking with pepsin. (A, D) General overviews of groups of VAChT-immunostained terminals (red) and their relationships
with GluR2-immunoreactive puncta (green). (G) A general overview of a group of VGLUT1 and VGLUT2 immunoreactive terminals in lamina VIl and
their relationship with GluR2-immunoreactivie puncta. Details of the areas demarcated by the boxes are shown in B1-B3, C1-C4, E1-E3, F1-F4,
H1-H3, and [1-14. (B1-B3, E1-E3, H1-H3) VAChT terminals (B1, E1), VGLUT1 and VGLUT2 terminals (H1), GIuR2 puncta (B2, E2, H2), and merged
images (B3, E3, H3) of the same single optical sections. C1-C4, F1—F4 and 11-I4. Series of merged single optical sections through the selected
terminals taken at intervals of 0.2 um. Note that the VAChT terminals which lack any association with GIuR2 puncta (B, C), are bigger than the
terminals which form appositions with GIuR2 puncta (E, F). Scale bar=5um A, D and G; 1um (B, C, E, F, H, I.

which are known to be cholinergic. In the intermediate
grey matter of the lumbar spinal cord there is a concen-
tration of cholinergic neurons in lamina X and lateral to
the central canal in lamina VII (Barber et al., 1984).
There are two principal types of cholinergic cell in this
region which are characterized by the presence or ab-
sence of NOS in their cell bodies (Miles et al., 2007). Our
findings indicate that VAChT/VGLUT2 terminals do not
originate from the NOS-containing group and so, at
present, their precise origin remains uncertain. Some
cholinergic interneurons which lack NOS are located

principally in lamina VII lateral to the central canal and
are likely to be the origin of the large “C-terminals” on
motoneurons. These cells therefore are also unlikely to
be the source of the small terminals we observed.

CONCLUSION

We have not found any evidence to support the proposition
that glutamate is co-localized in central synapses of adult
motoneurons and acts via an AMPA receptor. However,
some cholinergic terminals which probably originate from
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Fig. 8. Comparison of the average equivalent diameters of five groups
of terminals. (A, B) The average equivalent diameters of VAChT
terminals with GIuR2 association and with VGLUT2 labeling, respec-
tively. (C, D) The average equivalent diameters of VAChT terminals
without association with GIuR2 and with CTb labeling, respectively. (E)
The average equivalent diameters of CTb terminals with VGLUT1
immunoreactivity. One way ANOVA showed that there was a signifi-
cant difference between these groups and a post hoc comparison
showed no difference between groups A and B and between groups C
and D. All other comparisons were significantly different. Bars show
standard deviations.

interneurons are likely to use glutamate as a cotransmitter
and act via AMPA receptors.
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Excitatory and inhibitory intermediate zone interneurons
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The aim of the present study was to compare properties of excitatory and inhibitory spinal
intermediate zone interneurons in pathways from group I and II muscle afferents in the cat.
Interneurons were labelled intracellularly and their transmitter phenotypes were defined by
using immunocytochemistry. In total 14 glutamatergic, 22 glycinergic and 2 GABAergic/
glycinergic interneurons were retrieved. All interneurons were located in laminae V-VII of
the L3-L7 segments. No consistent differences were found in the location, the soma sizes or
the extent of the dendritic trees of excitatory and inhibitory interneurons. However, major
differences were found in their axonal projections; excitatory interneurons projected either
ipsilaterally, bilaterally or contralaterally, while inhibitory interneurons projected exclusively
ipsilaterally. Terminal projections of glycinergic and glutamatergic cells were found within
motor nuclei as well as other regions of the grey matter which include the intermediate
region, laminae VII and VIII. Cells containing GABA/glycine had more restricted projections,
principally within the intermediate zone where they formed appositions with glutamatergic
axon terminals and unidentified cells and therefore are likely to be involved in presynaptic as
well as postsynaptic inhibition. The majority of excitatory and inhibitory interneurons were
found to be coexcited by group I and II afferents (monosynaptically) and by reticulospinal
neurons (mono- or disynaptically) and to integrate information from several muscles. Taken
together the morphological and electrophysiological data show that individual excitatory and
inhibitory intermediate zone interneurons may operate in a highly differentiated way and
thereby contribute to a variety of motor synergies.

(Received 4 July 2008; accepted after revision 25 November 2008; first published online 1 December 2008)
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It haslong been established that interneurons in excitatory
and inhibitory reflex pathways from muscle afferents
are under the control of different supraspinal systems
(Holmgqvist & Lundberg, 1959; Holmqvist & Lundberg,
1961; Lundberg, 1982; Aggelopoulos et al. 1996) and
recent studies show that activation of excitatory and
inhibitory interneurons is regulated differentially in
some behavioural contexts. For instance, inhibition of
motoneurons dominates under resting conditions but is
depressed duringlocomotion (Gossard et al. 1994; McCrea
et al. 1995; Perreault et al. 1995, 1999; Quevedo et al.
2000) or following spinal cord injury, when excitation is
released (Arya et al. 1991; Aggelopoulos & Edgley, 1995;
Aggelopoulos et al. 1996). However, the extent to which
this differential regulation might depend on properties of
premotor interneurons mediating excitation or inhibition

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

of motoneurons, or on neurons that provide input to
premotor interneurons, has not been established.
Excitatory and inhibitory interneurons that are
activated by primary afferents clearly play different roles
in motor behaviour and it is of fundamental importance
that we know what differences exist between them in
terms of input properties, morphology and, especially,
axonal projections and target cells. However, until recently,
possibilities to compare properties of excitatory and
inhibitory premotor interneurons have been limited. In
the cat, a number of extracellularly recorded interneurons
inducing EPSPs or IPSPs in motoneurons were identified
by using spike-triggered averaging (Brink er al. 1981,
1983; Cavallari et al. 1987), but as these interneurons
could only be penetrated in exceptional circumstances
(see Fig. 1 in Cavallari et al. 1987), this precluded a
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Figure 1. An ipsilaterally projecting glutamatergic interneuron

A, a reconstruction of the soma, dendrites and initial course of the axon of interneuron C in Fig. 6. B and C, series
of confocal microscope images showing terminals of this interneuron and their relationships with immunoreactivity
for neurotransmitter markers. Ba and Ca show projected images of the axon (red) through a number of optical
sections; panels b—d show single optical sections illustrating axon terminals (red, arrowheads) and neurotransmitter
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Table 1. Association of terminals of GABAergic/glycinergic
interneurons with VGLUT1-immunoreactive axons

Cell Ref. No. of terminals  No. associated with
in Fig. 8 analysed VGLUT1 terminals
A 110 60
B 105 10

systematic comparison of excitatory and inhibitory inter-
neurons according to input, morphology and immuno-
histochemistry. Recently, spike-triggered averaging has
been used to analyse actions of premotor interneurons
on motoneurons in lamprey (see, e.g. Biro et al. 2008),
frog tadpole (see, e.g. Li et al. 2007), zebra fish (see,
e.g. Ritter et al. 2001) and neonatal rats and mice
in vitro (Butt et al. 2002; Butt & Kiehn, 2003; Kiehn
& Butt, 2003; Kiehn, 2006; Quinlan & Kiehn, 2007).
Records from these interneurons were obtained by using
whole-cell-tight-seal recording that also permitted the use
of intracellular markers and subsequent visualization of
recorded cells. Comparison of morphology of excitatory
and inhibitory subpopulations of these neurons involved
mapping cell locations and projections of stem axons.
The pharmacology of their actions on motoneurons
was analysed by using antagonists to putative neuro-
transmitters and examining firing patterns during fictive
locomotion or other forms of rhythmic activity. However
in vitro preparations provide limited opportunities to
analyse input to neurons and to differentiate between
input—output related functional subpopulations. In the
present study we used immunohistochemistry to identify
excitatory and inhibitory intermediate zone interneurons
in reflex pathways from group I and II muscle afferents
which were labelled intracellularly (Bannatyne et al. 2003,
2006; Stecina et al. 2008).

Methods
Preparation

The experiments were performed on a total of 13
young adult cats under deep anaesthesia. All procedures
were approved by the Goteborg University Ethics
Committee and complied with US National Institutes
of Health and European Union guidelines. General
anaesthesia was induced with sodium pentobarbital

Excitatory and inhibitory intermediate zone interneurons 381

(4044 mgkg™!, 1.p.) and maintained with intermittent
doses of «-chloralose as required to maintain full
anaesthesia (Rhone-Poulenc Santé, France; doses of
5mgkg~! administered every 1-2h, up to 55mgkg™’,
1.v.) after cannulation of the trachea, one carotid artery
and both cephalic veins. Blood pressure and heart
rate were monitored continuously. Additional doses of
a-chloralose were given when increases in blood pressure
or heart rate were evoked by noxious stimulation, or
if the pupils dilated. During recordings, neuromuscular
transmission was blocked by pancuronium bromide
(Pavulon, Organon, Sweden; about 0.2 mgkg™' h™! L.v.)
and the animals were artificially ventilated. Mean blood
pressure was kept at 100-130 mmHg and the end-tidal
concentration of CO, at about 4% by adjusting the
parameters of artificial ventilation and the rate of
continuous infusion of a bicarbonate buffer solution with
5% glucose (1-2mlh~'kg™'). Core body temperature
was kept at about 37.5°C by servo-controlled infrared
lamps. Experiments were terminated by a lethal dose of
pentobarbital followed by perfusion with a solution of
paraformaldehyde.

The third to seventh lumbar (L3-L7), and low thoracic
(Th11-Th13) segments were exposed by laminectomy.
Neurons in the lumbar segments were approached
through small holes (about 1-2 mm?) made in the
dura mater. Two pairs of stimulating electrodes were
placed in contact with the left and right lateral funiculi
at low thoracic levels to allow detection of neurons
with axons ascending beyond this level by antidromic
activation using stimulus intensities of 1mA. Two
contralateral hindlimb nerves (the quadriceps, Q and
sartorius, Sart) and a number of ipsilateral nerves
were transected and mounted on stimulating electrodes.
The latter included Q, Sart, the posterior biceps and
semitendinosus (PBST), anterior biceps and semi-
membranosus (ABSM), gastrocnemius and soleus (GS),
plantaris (Pl) and deep peroneal (DP) nerves. The
nerves were stimulated by constant voltage 0.2 ms long
current pulses, with the intensity expressed in multiples
of threshold (T) for the most excitable fibres in a
given nerve. In most experiments a tungsten electrode
(impedance 40-250kS2) was placed in the ipsilateral
medial longitudinal fascicle (MLF) after having exposed
the caudal part of the cerebellum. The electrode was
inserted at an angle of 30deg (with the tip directed
rostrally). The initial target was at Horsley—Clarke

markers: the sequence in Bb—d shows that the terminals are immunoreactive for VGLUT2 (blue) but not GAD
(green). Cb—d, no association was found with either VGLUT1 (shown in blue) or gephyrin (shown in green). Da—d,
a series of single optical sections showing contacts between the terminals of this axon (red, arrows) and the soma
(@ and b) and dendrites (c and d) of motoneurons labelled with antibodies raised against ChAT (green) in the
lateral motor nucleus of the L6 segment. VGLUT2 immunoreactivity is shown in blue. Scale bars: A 100 um; Ba-d

5um Ca5um; Cb—d 2 um; Da, Dc 5 um; Db, Dd 2 um.
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co-ordinates P9, L0.6, H-5 but its final position was
adjusted on the basis of records of descending volleys from
the surface of the lateral funiculus at the Th11 level. The
site of the tip of the electrode was marked by an electro-
lytic lesion (0.4 mA constant current passed for 10s) and
subsequently verified on 100 um thick frontal sections
of the brainstem, cut in the plane of insertion of the
electrodes using a freezing microtome.

Cells to be labelled were selected on the basis of
input from group II or both group I and II afferents
and axonal projections restricted to the lumbosacral
enlargement (cells antidromically activated form the last
thoracic segment were not included in the sample).
A search was made in the L3-L7 segments, within
regions 1-2mm apart, where distinct field potentials
were evoked from both group I and II afferents
(Edgley & Jankowska, 1987a,b). The sample was
intentionally non-homogeneous and included inter-
neurons projecting ipsilaterally as well as contralaterally
(i.e. intermediate zone commissural interneurons). Short
distance projections (ipsilateral and/or contralateral)
were defined by reconstructing the trajectories of the
axons. Longer distance projections were established by
antidromic activation of some of the interneurons
from the area between the gastrocnemius—soleus and
posterior semitendinosus motor nuclei where stimuli
(0.2ms, 5-100 tA) were applied via a thin tungsten
electrode (100-300 kS2).

Electrophysiological analysis of the labelled
interneurons and their classification

Micropipettes with tips broken to about 2 um,
filled with a mixture of tetramethylrhodamine-dextran
and Neurobiotin in saline (see next section) with
impedances of 12-20 MQ were used. Recording from
neurons commenced prior to penetration, provided that
extracellular spike potentials were sufficiently distinct. At
this stage it was verified that the neurons were (1) activated
by stimulation of the Q nerve and/or other muscle nerves
at 5T and at latencies compatible with oligosynaptic
input, (2) that they were activated antidromically from
the contralateral G-S motor nuclei (when tested), and
(3) that they were not activated antidromically by stimuli
applied to the lateral funiculi at the low thoracic level. A
collision test with synaptically evoked spikes was used in
order to evaluate whether the neurons were activated anti-
dromically. After penetration, effects of the same stimuli
were rapidly scanned to ensure that we had penetrated the
same neuron; thereafter the ejection of the marker was
started by passing a depolarizing current. More detailed
analysis of the peripheral and descending input to the
labelled neurons was made while the depolarizing current
was passed. To this end, PSPs evoked by stimulation of all
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of the dissected nerves were first recorded while using 5T
stimuli and graded stimuli were subsequently applied only
to the effective nerves. If the condition of a neuron allowed,
recording was repeated after labelling had been completed
but the best quality records were usually obtained just
after the penetration (when the injury discharges stopped)
and at the beginning of the injection. Unless stated
otherwise, all of the records illustrated were obtained at the
beginning of depolarization. In cases where the electrode
penetrated an interneuron which had not been analysed
extracellularly, characterization of the neuron was made
intracellularly and the beginning of the ejection of the
marker was delayed. Both original records and averages of
10-20 records made on-line were stored using a sampling
and analysis system of E. Eide, T. Holmstrom and N.
Pihlgren, Goteborg University.

The aim of the study was to compare excitatory and
inhibitory intermediate zone interneurons. However, in
order to achieve this, it was necessary to differentiate these
cells from two other populations of interneurons that have
been previously described: (1) dorsal horn interneurons
located more dorsally and (2) lamina VIII interneurons
located more ventrally (Edgley & Jankowska, 1987b;
Jankowska et al. 2005) both of which have input from
group IT but not from group I afferent fibres. When somata
of labelled interneurons were located within laminae
VI-VII, IV-V or VIII, classification was straightforward.
However, additional criteria were required to establish
the identity of neurons located within the border zones
between laminae V and VI and between laminae VII and
VIII where different cell categories may be intermixed.
In such cases additional criteria based on established
properties of larger samples of interneurons at various
locations were used. ‘Typical’ dorsal horn or lamina VIII
interneurons were not found to be coexcited by group I
afferents and those which were coexcited were classified
as intermediate zone interneurons even if their somata
were located in the most ventral part of lamina V or the
most dorsal part of lamina VIII. Conversely, interneurons
located within the same border zones but not coexcited
by group I afferents or showing typical properties of
lamina VIII interneurons were classified as belonging to
that class. Such properties included selective input from
either MLF or group II afferents to lamina VIII inter-
neurons (Jankowska et al. 2003, 2005). After applying
these principles, only one inhibitory interneuron located
within the lamina VII-VIII border zone was classified as
not belonging to the group of intermediate zone inter-
neurons (see interneuron no. 14 in the companion paper:
Jankowska et al. 2009) and three excitatory interneurons
were classified as belonging to the group of intermediate
zone interneurons because they were coexcited by group I
and II afferents (interneurons B and D in Fig. 6 and G
in Fig. 7) or by group II afferents and from the MLF
(interneuron P in Fig. 7).

© 2009 The Authors. Journal compilation © 2009 The Physiological Society
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Labelling and morphological and
immunocytochemical analysis of the interneurons

Commissural interneurons were labelled intracellularly
with a mixture of equal parts of 5% tetramethyl-

A
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rhodamine-dextran  (Molecular  Probes,  Eugene,
OR, USA) and 5%  Neurobiotin  (Vector
Laboratories, Peterborough, UK) in saline (pH 6.5). The
marker was applied by passing 5nA positive constant
current for 5-8 min. At the end of the experiment the

Figure 2. An ipsilaterally projecting glycinergic interneuron

A, reconstruction of the soma, dendrites and initial course of the axon of interneuron M in Fig. 7. B-C, series of
confocal microscope images showing terminals of this interneuron and their relationship with immunoreactivity
for neurotransmitter markers. Panel a in each case shows a projected image of the axon (red) through a number
of optical sections; panels b—d show single optical sections illustrating axon terminals (red, arrowheads) and
neurotransmitter markers. The sequence in Bb—d shows that the terminals are apposed to gephyrin puncta (green)
but do not contain VGLUT1 (blue) and the images in Cb—d confirm that there is no association with either VGLUT2
(shown in blue) or GAD (shown in green). Scale bars: A 100 um; Ba, Ca 10 um; Bb—d 5 um; Cb—d 2 um.
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Figure 3. Postsynaptic targets of inhibitory interneurons

Series of images showing contacts formed by terminals of inhibitory interneurons J, D and M in Fig. 7 with ventral
horn neurons. Note that all of the putative contacts are associated with gephyrin immunoreactivity, thus confirming
that they are synaptic in nature. A, a motoneuron which is labelled positively for ChAT (blue). B, a gephyrin rich cell
at the border between lamina VIl and IX. C, a lamina VII cell with a high density of VGLUT1 terminals on proximal
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animals were perfused through the descending aorta
with a solution containing 4% paraformaldehyde in
phosphate buffer. Sections containing labelled inter-
neurons were reacted firstly with avidin—rhodamine
(1:1000, Jackson Immunoresearch, Luton, UK) and
the transmitter content of terminals was identified by
incubating sections containing axonal processes in a
combination of antibodies for either vesicular glutamate
transporter 1 (VGLUT1, 1:5000; Chemicon, Harlow,
UK) and gephyrin (1: 100, Synaptic Systems, Gottingen,
Germany), or a second combination containing
antibodies for glutamic acid decarboxylase (GAD;
recognizing both 65 and 67 isoforms, 1:2000; Sigma,
Poole, UK) and vesicular glutamate transporter 2
(VGLUT?2, 1:5000; Chemicon) as previously described
(Bannatyne et al. 2006). Axonal contacts formed with
motoneurons were revealed by using antibodies for
choline acetyltransferase (ChAT 1: 100, Chemicon). The
sections were scanned with a confocal laser scanning
microscope (Biorad 1024, Zeiss, Hemel Hempstead, UK)
and reconstructions of somata and dendritic trees were
drawn using Neurolucida for Confocal (MBF Bioscience,
Williston, Vermont, USA). Axonal projections, including
terminal branches and/or terminals, were mapped for the
total sample of 38 labelled neurons (see Table 1).

Results

Identification of excitatory and inhibitory
interneurons

Transmitter content could be defined for terminals of
38 labelled interneurons analysed in this study. VGLUT2
was found in terminals of 14 interneurons and therefore
these cells were glutamatergic and excitatory. Twenty-two
interneurons had terminals that apposed gephyrin puncta
but were not immunoreactive for GAD and hence were
glycinergic. Terminals from the remaining two inter-
neurons were immunolabelled for GAD and apposed
gephyrin puncta and thus were likely to contain a mixture
of GABA and glycine.

Glutamatergic interneurons

The sample of glutamatergic interneurons included five
ipsilaterally projecting, six bilaterally projecting and three
contralaterally projecting interneurons. Interneurons with
contra- or bilateral projections are described in more detail
in the accompanying publication (Jankowska et al. 2009).

Excitatory and inhibitory intermediate zone interneurons 385

Figure 1 shows details of a typical ipsilaterally projecting
glutamatergic interneuron.

Glycinergic interneurons

All 22 glycinergic cells had ipsilateral projections (see
below). Axon terminals of these cells apposed gephyrin
puncta but were not immunoreactive for VGLUTI,
VGLUT?2 or GAD. Properties of a typical glycinergic inter-
neuron are shown in Fig. 2.

Target cells of glutamatergic and glycinergic
interneurons

The majority (4/5) of glutamatergic cells with ipsilateral
terminations within motor nuclei formed contacts with
cell bodies and dendrites of motoneurons which were
identified by using ChAT immunoreactivity (Fig. 1D).
In addition, many terminals were located in regions
outside motor nuclei where they formed contacts with
unidentified neurons. However, none of the contralaterally
projecting interneurons could be shown to form contacts
with motoneurons, although one out of the three cells
labelled had terminations within motor nuclei. Finally,
only one of the six bilaterally projecting interneurons
made contacts with ipsilateral motoneurons. Findings
from electrophysiological studies to investigate target cells
of group I and II activated commissural interneurons are
discussed in the accompanying paper (Jankowska et al.
2009).

Glycinergic interneurons (9/22) also made contacts
with cell bodies and dendrites of motoneurons within
ipsilateral motor nuclei and with cells in areas surrounding
them (Fig. 3A). Motoneurons could readily be identified
by the presence of ChAT immunoreactivity and, as
gephyrin is found at postsynaptic densities (e.g. see Todd
et al. 1995), this confirms that such contacts are synaptic.
On a limited number of occasions we were able to discern
characteristics of other target cells of the labelled inter-
neurons in addition to motoneurons. Firstly, they formed
contacts with gephyrin-rich cells located at the border of
laminae VII and IX (Fig.3B). They also contacted cells
with concentrations of VGLUTI terminals on proximal
dendrites (Fig. 3C).

GABAergic/glycinergic interneurons

Two of the cells in the sample had axon terminals that
apposed gephyrin puncta but were also immunoreactive

areas of the dendritic tree. Left hand panels (a) show images projected from several sections; small panels (b—d,
e—g) show details of the axon (red), apposed gephyrin puncta (green) and either ChAT (A, blue) or VGLUT1
(C, blue). Insets Ba and Ca show projected images of the axon collaterals present in each section. Scale bars: Aa,

Ba, Ca 5 um; panels b-d and e-g 2 um.
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Figure 5. Location of excitatory and inhibitory interneurons

Location of cell bodies of labelled interneurons. Circles, squares and stars represent cells with ipsilateral, contra-
lateral and bilateral projections, respectively; open symbols denote glutamatergic, filled black symbols glycinergic
and filled grey symbols GABAergic cells.

for GAD. Properties of one of these cells are shown in
Fig. 4. Neither cell had terminals that were immuno-
reactive for VGLUT1 or VGLUT2. However, their
terminals formed associations with other axon terminals
that were immunoreactive for VGLUT1, which is localized
principally within large myelinated primary afferent fibres
(Varoqui et al. 2002; Todd et al. 2003). Approximately 50%
of the terminals of the first cell and 10% of the second
formed close appositions with VGLUT1 immunoreactive
terminals (Table 1) but no appositions were formed with
VGLUT2-containing axons. Gephyrin immunoreactivity
was not present at the site of contact between interneuron
and VGLUT1 terminals but was present at other locations
(Fig. 4D), on the same interneuron terminals which were
probably sites of contact with dendrites or cell bodies of
other cells.

Comparison of location, somata and dendritic trees
of excitatory and inhibitory interneurons

A search was made for interneurons to be labelled
primarily in the L4-L6 segments but some were penetrated
in the L3 and L7 segments. In all of these segments,
cell bodies of the current sample of interneurons were
located within laminae VI-VII. No obvious differences
were observed between the locations of inhibitory versus
excitatory interneurons, which were intermixed in all
laminae (Fig. 5), or in the organization of their dendritic

trees, which ramified within laminae IV to IX but rarely
extended into the white matter; cf. e.g. dendritic trees of
interneuronsillustrated in Fig. 1A and Fig. 2A and of inter-
neurons illustrated in Figs 1A and 2A in the companion
paper. Cell bodies of glycinergic interneurons tended
to be smaller than those of glutamatergic interneurons,
with diameters 39.4+11.9 um and 48.1 £ 14.3 um,
respectively (mean =+ standard deviation; glycinergic
n= 13, glutamatergic n=8) but this difference was not
statistically significant (Student’s ftest; P < 0.05). The
diameters were measured as diameters of equivalent circles
from projected images using Image] software (available
from NIH, USA).

Comparison of axonal projections and terminal
projection areas of glutamatergic and glycinergic
interneurons

In contrast to the similarities in location of cell bodies
and morphology of dendritic trees, major differences
were found in axonal projections of glutamatergic and
glycinergic intermediate zone interneurons. As stated
above, excitatory interneurons were found to project
ipsilaterally, bilaterally or contralaterally while axonal
projections of inhibitory interneurons were exclusively
ipsilateral. Projections of individual excitatory and
inhibitory interneurons are shown in Figs6 and 7. For
further details of projections of commissural interneurons

Figure 4. Immunocytochemistry of a GABAergic/glycinergic interneuron

A, reconstruction of the soma, dendrites and initial course of the stem axon (arrow) of one of the interneurons
(A in Fig. 8). The axon of this cell entered the dorsal column (border indicated by grey line and arrowheads on
right). B-D, series of confocal microscope images showing terminals of the interneuron and their relationships
with immunoreactivity for neurotransmitter markers. Panel a in each case shows a projected image of the axon
(red) through a number of optical sections; panels b—d show single optical sections illustrating axon terminals (red,
arrowheads). Terminals of this interneuron were immunoreactive for GAD (B and C; green) and associated with
gephyrin puncta (D; green). Terminals were frequently observed apposed to profiles that were immunoreactive for
VGLUT1 (Bd, Cd; blue). Scale bars: A 100 um; Ba, Ca 10 um; Bb—d 5 um; Cb—d 2 um.
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Figure 6. Projection areas of excitatory interneurons

A-N Circles represent somata and thick lines stem axons, and shading summarizes locations of terminals for all
rostrocaudal levels where terminals were observed. Arrows indicate rostral and/or caudal projections where the
axon could be followed more than 250 um in either direction from the soma. ‘m’ indicates presence of synaptic
contacts with interneurons. Cells are grouped depending on whether the axonal projections were ipsilateral (A-E),
bilateral (-, M, N) or contralateral (J-L) and also on the basis of their dominant excitatory input from group | or
from group Il afferents. gr 1 < gr Il and gr | > gr Il at the bottom of each frame indicate that in neurons depicted
in this frame monosynaptic EPSPs evoked from group | afferents were smaller or larger than EPSPs from group |I
afferents.
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of our sample as well as of more ventrally located inter-
neurons, see the accompanying paper (Jankowska er al.
2009).

Figure 6 shows that stem axons of ipsilaterally projecting
interneurons run towards the white matter within a short
distance from the soma and enter either the middle
or the ventral part of the lateral funiculus, or the
ventral funiculus, after giving off a number of initial
axon collaterals. A similar pattern of projection was
found for ipsilaterally projecting glycinergic interneurons
(Fig. 7). Both figures show also that on entering the
white matter the stem axons commonly bifurcated and
projected both rostrally and caudally. Axonal projections
of all contralaterally projecting glutamatergic inter-
neurons were similar; their stem axons were directed
towards the ventral commissure where they crossed the
midline within about 0.5 mm distance from the soma
and entered the contralateral ventral funiculus. The most
strongly labelled axons could be followed both caudally
and rostrally (see arrows in Fig. 6) for up to 1-2 mm total
distances and gave rise to axon collaterals that ramified
within the contralateral ventral horn. Stem axons of
bilaterally projecting glutamatergic interneurons behaved
in the same way as the contralaterally projecting ones.
Their ipsilateral projections were found exclusively within
the grey matter and none entered the ipsilateral lateral
or ventral funiculi, which indicates that they might have
affected contralaterally located neurons over a length of
spinal cord but act fairly locally ipsilaterally.

Although stem axons of ipsilateral glycinergic and
glutamatergic cells had different trajectories, their
terminal projection areas were similar. These included
motor nuclei as well as other regions of the grey
matter, principally the intermediate region and lamina VII
and VIII. The distribution of terminal projection areas
appeared in part to be related to the location of inter-
neurons as there was a tendency for interneurons located
in the L3 and 4 segments to terminate primarily in
laminae VI-VIII and for interneurons located in the L5
and L6 segments to extend their projection areas to lamina
IX. However, only the terminal branches of the earliest
axon collaterals could be reconstructed and therefore we
cannot exclude the possibility that more caudally located
motoneurons are the main targets of these interneurons.

Axonal projections of GABAergic/glycinergic
interneurons

Projection areas of the two cells that had
GAD-immunoreactive axons and apposed gephyrin
puncta are shown in Fig. 8. The cell body of the first
interneuron was located in the central part of lamina
VI with the major dendritic fields confined laterally and
ventrally in the grey matter of laminae V-VII (Fig. 4A).
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The axon gave rise to several collaterals before entering the
ipsilateral dorsal column. The axon collaterals terminated
within the envelope of the dendritic tree and deeper
within lamina VII and IX. The soma and dendrites of the
second cell were also located within lamina VI and its axon
could be followed to the dorsal part of the lateral funiculus
where it bifurcated to run both rostrally and caudally.
Collateral axons were observed in the intermediate grey
matter and also more ventrally. Records show that neuron
A was excited by group I afferents of gastrocnemius soleus
but not by group II afferents because the amplitude of the
EPSPs evoked by near maximal stimulation of group I
afferents did not increase when the intensity of the stimuli
was increased from 27T to 57T to include group II afferents.
In contrast EPSPs evoked in neuron B appeared only
when the intensity of the stimuli was increased from 2T
to 5T. However, in both neurons IPSPs were apparently
evoked from both group I and II afferents as indicated
both by threshold and latency. Axonal projections of these
neurons were located in regions that would be predicted
for interneurons mediating presynaptic inhibition of
group Ia, Ib and IT afferents (for references see Jankowska,
1992 and Rudomin & Schmidt, 1999).

Comparison of input to excitatory and inhibitory
interneurons

Figure9 and Table 2 show that group I and group
II afferents provided input to all three subgroups of
excitatory interneurons as well as to inhibitory inter-
neurons. Peripheral nerves were stimulated with different
stimulus intensities to allow differentiation of synaptic
actions from group Ia muscle afferents and group Ib
tendon organ afferents (pooled as group I afferents) and
from group II muscle spindle afferents. PSPs evoked by
stimuli not exceeding 2T (at latencies not exceeding 1.1 ms
for monosynaptic EPSPs and 1.8 ms for disynaptic EPSPs
or IPSPs) were classified as evoked by group I afferents
whereas PSPs evoked at thresholds between 2T and 4T (at
latencies ranging between 2 and 4.5 ms) were classified as
evoked from group II afferents.

For the majority of neurons, quantitative estimates of
the relationships between excitatory input from group I
and II afferents to individual neurons were approximate
because comparisons of amplitudes of EPSPs evoked from
these afferents were hampered by several factors. There
was overlap between EPSPs and IPSPs that either followed
monosynaptic EPSPs from group I afferents or both
preceded and followed EPSPs from group II afferents.
Another factor was rapidly progressive deterioration of
the majority of the neurons caused by penetration and the
resulting depolarization (with frequent injury discharges)
which was exacerbated by the passage of current needed
to inject the marker and an increase in the volume of
the neurones. However, the passage of 5 nA depolarizing
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current would not have interfered with detection of EPSPs
by itself. This was indicated by records from neurones
that were only moderately affected by the penetration
(as judged by their membrane potential and amplitudes
of action potentials) where amplitudes of monosynaptic
EPSPs decreased by only some 20-30% during 5-10 min
of passage of 5nA. This interpretation is supported by
previous studies where considerably stronger depolarizing
current was needed to bring the neurones to the reversal
potential of EPSPs (see, e.g. Flatman et al. 1982) or where
amplitudes of EPSPs remained substantially unchanged
during passage of 20—40 nA under similar experimental

Figure 7. Projection areas of inhibitory interneurons
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conditions (see, e.g. Fetz et al. 1979). For these reasons
we were only able to estimate whether input from group I
afferents appeared stronger or weaker than input from
group II afferents. In addition, we could not exclude the
possibility that small EPSPs evoked from group I and II
afferents were undetectable with the recording methods
described or that there was input from group I and II
afferents in untested peripheral nerves. Therefore, the
numbers of neurons with inputs from these groups of
afferents may be underestimated in Table 2.
Notwithstanding these limitations, excitatory input
from group I afferents was generally stronger to excitatory
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A-V, projection areas of 22 interneurons grouped depending on their dominant excitatory input from group |
(A-K) or Il afferents (L-V). Circles represent somata and thick lines stem axons, and shading summarizes locations
of terminals for all rostrocaudal levels where terminals were observed as in Fig. 6. Arrows indicate rostral and/or
caudal projections where the axon could be followed more than 250 um in either direction from the soma.
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interneurons, especially those projecting contralaterally,
since monosynaptic EPSPs evoked from group I afferents
were larger in amplitude than those from group II
afferents in a greater proportion of excitatory interneurons
(Table 2).

The presence of IPSPs following EPSPs was estimated
from the extent of the declining slope of the EPSPs. As
illustrated in the first and third columns in Fig. 9, IPSPs
might have been minimal in the top records but the larger
IPSPs could not only increase the declining slope of the
EPSPs but also start during the rising slope of these EPSPs
and prevent the full development of the EPSP (Fig. 10C).
EPSPs evoked from group II afferents not only could be
cut short by IPSPs that followed them, but were also often
preceded by IPSPs; examples of this are shown in the
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middle column in Fig. 9, where the approximate onset
of the IPSPs is indicated by the second dotted line and of
the EPSPs by the third dotted line.

In previous studies, evidence for IPSPs associated with
faster decays was provided by reversal following Cl~
injection or hyperpolarization of the neurons. Such tests
could not be made duringlabelling associated with passage
of the depolarizing current, but reversal was occasionally
seen when the cells remained in a relatively good state after
the injection of Neurobiotin had been terminated.

Table 3 shows that no obvious differences occurred
between sources of peripheral input to inhibitory and
to ipsilaterally and contralaterally projecting excitatory
neurons, as in all these subpopulations EPSPs and IPSPs
were evoked from the same muscle nerves. In individual

Figure 7. continued
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interneurons both EPSPs and IPSPs were most often
evoked from several nerves (1-3 nerves and 1-5 nerves,
respectively). In some cases both excitation and inhibition
could be evoked from the same nerve while only IPSPs
were evoked from other nerves.

Reticulospinal fibres likewise were found to provide
input to all three subgroups of excitatory interneurons
as well as to inhibitory interneurons. The proportions
of interneurons in which monosynaptic and disynaptic
EPSPs and disynaptic IPSPs were evoked are given in
Table 2 and an example of this is shown in Fig. 9D. These
observations suggest that monosynaptic input from the
MLF was strongest to ipsilaterally projecting excitatory
interneurons but MLF fibres did not appear either to
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favour or to counteract any particular subpopulations of
intermediate zone interneurons which might assist the
selection of excitatory interneurons during locomotion or
after spinal cord lesions.

Discussion

Properties of intermediate zone interneurons

The most striking observations made in the present study
were the major differences in axonal projections of the
three classes of interneuron (defined according to their
transmitter content), with direct input from group I
and II muscle afferents. They show that excitatory
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Figure 8. Axonal projection areas of GABAergic/glycinergic interneurons

A and B, location and reconstruction of axonal projections of two interneurons. Circles represent somata and thick
lines stem axons, and shading summarizes locations of terminals for all rostrocaudal levels where terminals were
observed. Arrows indicate rostral and/or caudal projections where the axon could be followed more than 250 um
in either direction from the soma of interneuron B. C and D, intracellular records from these interneurons obtained
at the beginning of the injection of the marker by passing 5 nA depolarizing current (upper traces) and records
from the cord dorsum of the afferent volleys (lower traces). They show that the first interneuron was excited by
group | afferents of gastrocnemius-soleus (GS) and posterior biceps—semitendinosus (PBST) and the second by
group Il afferents of quadriceps (Q) and sartorius (Sart) and that they were inhibited by group | and Il afferents
of DP and by group Il afferents of anterior biceps—semimembranosus (ABSM), respectively. The latencies of the
EPSPs were 0.9 ms in C and 2.7 and 2.9 ms in D, in both cases from group | afferent volleys, and compatible with
monosynaptically evoked actions of group I and group Il afferents, respectively. 5T, 2T and 1.4T, stimulus intensity
expressed in multiples of threshold intensities. In this and in the following figures all the records are averages of
10 or 20 consecutive single sweeps. Negativity is downwards in intracellular records and upwards in records of
afferent volleys. Rectangular pulses at the beginning of the records are calibration pulses (0.2 mV). Time calibration

(2 ms) in D is for all of the records.
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intermediate zone interneurons not only target cells
ipsilaterally or contralaterally but also bilaterally in the
spinal grey matter. In contrast, inhibitory intermediate
zone interneurons were found to project exclusively to
ipsilateral target cells. This statement is valid for all cells
classified as intermediate zone interneurons according to
the criteria outlined in Methods. It should nevertheless be
noted that we encountered one inhibitory interneuron
with crossed projections that was located within the
border zone between laminae VII and VIII (see inter-
neuron no. 14 in the companion paper) which therefore
could be considered as either an intermediate zone or
a borderline lamina VIII interneuron. However, as its
properties conformed with those of lamina VIII inter-
neurons (Jankowska et al. 2003, 2005; see Methods), it
was classified as lamina VIII rather than an aberrant inter-
mediate zone interneuron.

The majority of glutamatergic interneurons that had
projections which were exclusively ipsilateral formed
direct contacts with motoneurons. It is therefore likely
that most ipsilaterally projecting excitatory interneurons

Excitatory

| PBST 2T :
J‘IWLU/\\A«_W TSN
K

__,_,__\P\, _—

L IO TR

5 s\~

RN, ; P =

Excitatory and inhibitory intermediate zone interneurons 393

activated monosynaptically by group I and II primary
afferent axons have direct actions on motoneurons,
thus corroborating conclusions from previous electro-
physiological experiments (Edgley & Jankowska, 1987b;
Cavallari et al. 1987). However, it is likely that the numbers
of cells making such contacts and the numbers of contacts
themselves were underestimated because labelling of the
finest and most distal axon branches and terminals was
incomplete even though stem axons were well labelled and
could often be traced over several hundred micrometres.

The extent of terminal projection areas of glutamatergic
interneurons of our sample shows that these interneurons
formed terminations not only within motor nuclei but also
within surrounding regions of the ventral horn and in the
intermediate zone. Therefore, in addition to their actions
on motoneurons, individual interneurons should provide
excitatory input to other interneuronal or projection
systems.

Axonal projections and target cells of bilaterally and
contralaterally projecting glutamatergic interneurons are
discussed in detail in the accompanying paper (Jankowska
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Figure 9. Examples of PSPs evoked in four excitatory interneurons and four inhibitory interneurons
Upper and lower traces in each panel are averaged intracellular records (negativity downwards; obtained during
passage of 5nA of depolarizing current) and records from the cord dorsum (negativity upwards), respectively.
Intracellular records from the top to bottom are from excitatory interneurons labelled K, B, H and E in Fig. 6 and
from inhibitory interneurons labelled G, E, K and T in Fig. 7, as indicated in each panel. Amplitudes of these records
have been normalized to make it easier to compare the declining phases of EPSPs in the left and right columns.
In the three top rows, amplitudes of EPSPs evoked from group | afferents exceeded those from group Il afferents;
they were evoked in excitatory interneurons projecting contralaterally, ipsilaterally and bilaterally, respectively, and
in three ipsilaterally projecting inhibitory interneurons. In contrast, in the bottom row EPSPs evoked from group |
afferents were smaller than those from group Il afferents; they were evoked in ipsilaterally projecting excitatory
and inhibitory interneurons. First dotted lines indicate the arrival of afferent volleys from group | afferents. Second
and third dotted lines indicate the approximate onset of EPSPs from group | and from group Il afferents in the left
and right columns and of IPSPs of group | origin and EPSPs of group Il origin in the middle row. Rectangular pulses
at the beginning of records are voltage calibration pulses (0.2 mV). Time calibration (4 ms) is for all records.
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Table 2. Distribution of monosynaptic excitatory and inhibitory input from group | and Il afferents and

from the ipsilateral MLF to excitatory and inhibitory interneurons

Glutamatergic

Glycinergic GABA/glycine
Ipsilateral Bilateral Contralateral Ipsilateral Ipsilateral

n 5 6 3 22 2
Excitatory input

Group I> Il 3 4 3 1 1

Group I<lIl 2 2 0 11 1

MLF mono 40f4 10of4 10f3 8 of 18

MLF disyn 30f4 50f 18

No MLF 0 0 2of3 50f 18 2
Inhibitory input

Group | and Il 5 6 2 18 2

No IPSPs 0 0 1 4

MLF disyn 20f4 30f4 20of3 7 of 18

No MLF 0 0 10f3 11 0f 18 2

The subgroups of interneurons are those illustrated in Figs 6-8. Excitatory input is classified as stronger
either from group | (I > 1) or from group Il (I <Il) afferents on the basis of comparison of amplitudes
of monosynaptic EPSPs evoked by these afferents. Interneurons with input apparently from only group |
afferents were included in the first group and interneurons with input apparently from only group I
afferents were included in the second group. Input from the MLF was classified as monosynaptic when
EPSPs were evoked at latencies not exceeding 0.9 ms from the first component of descending volleys
evoked by stimulation of the MLF and did not show temporal facilitation when 2 or 3 as opposed to single
stimuli were used (see Jankowska et al. 2003). EPSPs and IPSPs were classified as evoked disynaptically if

they appeared at latencies 1-2 ms from descending volleys.

et al. 2009). Briefly, one out of the sample of six bilaterally ~ projections that were exclusively contralateral formed
projecting interneurons was found to form contacts  direct contacts with motoneurons. However, all these cells
with ipsilateral but not contralateral motoneurons and  had terminations within the ipsilateral intermediate zone,
none of the three glutamatergic interneurons that had  and contralaterally in a region that ‘mirrored’ ipsilateral

D
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Figure 10. Examples of reversal of IPSPs at
the end of labelling

A and B-D, upper traces: averaged intracellular
records from two interneurons (A in Fig. 7 and
H in Fig. 6); lowest traces in each panel are
from the cord dorsum. Black records were
taken during ejection of the marker by passage
of 5 nA depolarizing current and grey records
after the current was reduced to 0.5 or 0 nA
and the cells repolarized. Dotted lines in A, B
and C indicate afferent volleys and the onset of
monosynaptic EPSPs and disynaptic IPSPs from
group | afferents. Note large IPSPs following
EPSPs during the depolarization and their
subsequent reversal. Note also that IPSPs were
evoked not only from group | afferents (B and
C) and group Il afferents (A and B) but also
from the MLF (D).
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Table 3. Proportions of glutamatergic and glycinergic interneurons in which monosynaptic EPSPs and oligosynaptic IPSPs were evoked

by stimulation of group | and Il afferents of various nerves

Group | Group Il
Excitatory Inhibitory Excitatory Inhibitory
Ipsilateral  Bilateral Contralateral Ipsilateral Ipsilateral Bilateral Contralateral Ipsilateral

n 5 6 3 22 5 6 3 22
EPSPs from nerves:

Q 2 5 1 7 4 2 0 13

Sart 1 1 1 1 2 1 1 7

PBST 2 1 1 3 0 0 0 0

ABSM 2 1 0 3 0 0 0 0

GS 2 4 1 1 0 0 0 0

DP 0 1 1 2 3 1 2 10
IPSPs from nerves:

Q 4 4 2 14 1 5 0 9

Sart 5 2 0 2 1 4 0 4

PBST 2 0 0 3 0 0 0 1

ABSM 1 0 0 2 0 1 0 0

GS 2 1 0 1 1 1 0 0

DP 1 3 2 2 4 5 2 6

From same nerve as EPSP 4 4 2 10 3 5 1 10

From other nerves 11 6 2 14 4 11 1 10

PSPs evoked by stimuli not exceeding 2T were classified as being evoked from group | afferents, and as monosynaptic or disynaptic
if the latencies were less than 1.1 ms (EPSPs) or 1.8 ms (EPSPs and IPSPs), respectively. PSPs evoked at thresholds 2-4T and latencies
ranging from 2 to 4.5 ms were classified as being evoked from group Il afferents.

terminations suggesting that these interneurons target
similar types of neuron on both sides of the spinal cord
and hence are well suited to be involved in left-right
co-ordination of activity at a premotor level.

If contralaterally and bilaterally projecting intermediate
zone interneurons form only sparse synaptic contacts with
contralateral motoneurons, this would explain why inter-
neurons located in laminae VI-VII were not labelled,
or were labelled only occasionally, in experiments where
retrograde transport (of either WGA-HRP or latex micro-
spheres) from within contralateral motor nuclei led
to labelling of interneurons located in lamina VIII
(Alstermark & Kummel, 1986; Harrison et al. 1986;
Jankowska & Skoog, 1986; Hoover & Durkovic, 1992).

All of the glycinergic interneurons in our sample gave
rise to axonal projections that were exclusively ipsilateral
but the termination regions of individual neurons varied.
Some projected to motor nuclei and regions of lamina VII
surrounding them whereas others were found to project
only to regions outside motor nuclei, in particular
within the intermediate zone itself. This observation is in
good agreement with previous descriptions of terminal
projection areas of intermediate zone interneurons of
unknown transmitter phenotype that were labelled with
HRP (Czarkowska et al. 1976; Bras et al. 1989) and
of IPSPs recorded from the ventral roots by using
spike-triggered averaging of population PSPs evoked by

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

single interneurons (Brink et al. 1981, 1983; Cavallari et al.
1987).

Although we did not specifically search for other target
cells of glycinergic interneurons, we noted that some of
them made contact with cells that were rich in gephyrin
and were located at the border of laminae VII and IX. These
cellsareinasimilar location to Renshaw cells which are also
rich in gephyrin (Alvarez et al. 1997). However, the pattern
of gephyrin labelling associated with cells described here
appears to differ from that described by Alvarez et al. who
showed that Renshaw cells are associated with intense rings
of immunoreactivity (see their Fig. 1B). Furthermore,
according to Gonzalez-Forero et al. (2005) most of the
inhibitory cells that form synaptic contacts with Renshaw
cells release a mixture of GABA and glycine. None of the
terminals that formed contacts with gephyrin-rich cells
contained GAD and therefore these cells are unlikely to be
Renshaw cells. We also saw inhibitory contacts on a type of
cell that has large numbers of VGLUT1-immunoreactive
axons on proximal dendrites, and this will form the
basis of a future report. We know that this type of cell
receives powerful monosynaptic input from group I and
II muscle afferents but that some of them are inhibitory
whereas others are excitatory. The fact that they also
have input from glycinergic cells that are activated by
the same classes of afferent, provides an anatomical basis
for the primary afferent-evoked disynaptic IPSPs that

Downloaded from J Physiol (jp.physoc.org) at unknown institution on July 6, 2009


http://jp.physoc.org/

396 B. A. Bannatyne and others

are frequently observed to follow monosynaptic EPSPs
recorded from intermediate zone interneurons in the
present and other studies (see, e.g. Brink et al. 1983; Edgley
& Jankowska, 1987b0).

Consistent differences were not found between
termination patterns of excitatory and inhibitory inter-
neurons, or between termination patterns of interneurons
with dominating input from group I or from group II
afferents, but considerable variability was found in each
of these interneuronal subpopulations. The variability of
both input and output in these subpopulations appears
to be an intrinsic property of intermediate zone inter-
neurons and is essential for them to fulfil their integrative
roles in sensorimotor networks. This would be in keeping
with previous electrophysiological evidence that subsets of
excitatory and inhibitory interneurons in reflex pathways
from group I and/or II afferents contribute to different
motor synergies and may be either coexcited or counter-
act each other’s actions depending on the behavioural
context (see, e.g. Lundberg et al. 1987; Jankowska,
1992).

The final group of interneurons provided perhaps the
most novel information. These two cells had axons which
were immunoreactive for GAD and apposed gephyrin
puncta. They are therefore likely to contain a mixture of
GABA and glycine (e.g. see Todd & Spike, 1993). These
are the first two examples of GABAergic interneurons that
we have seen in the studies we have performed to date
(Bannatyne et al. 2003, 2006; Stecina et al. 2008; Jankowska
et al. 2009). The cells had discrete axonal projections that
ramified ipsilaterally in the deep laminae of the dorsal
horn and intermediate zone, although one cell had an
axon collateral that projected towards the ipsilateral motor
nucleus. Terminals of these cells apposed other axons
containing VGLUT1 that are likely to originate from large
myelinated primary afferent fibres (Varoqui et al. 2002;
Todd et al. 2003). It was also observed that gephyrin was
not present at the point of contact between interneuron
axon terminals and those labelled for VGLUT1; this is
consistent with observations made by Todd et al. (1995)
who showed that gephyrin was not present at axo-axonic
synapses formed by axons that contained a mixture of
GABA and glycine. Gephyrin was present, however, at
other sites of contact, which were presumably dendrites of
other neurons. It is very likely that the contacts between
interneuron axon terminals and VGLUT1-labelled axons
are axo-axonic synapses (see Hughes et al. 2005) and that
these cells are involved in presynaptic inhibition associated
with primary afferent depolarization (PAD), i.e. they are
PAD interneurons. As far as we are aware, these are the first
two examples of PAD interneurons in higher vertebrates to
be characterized electrophysiologically and labelled intra-
cellularly. However as they also contact dendrites it seems
that they not only mediate presynaptic inhibition but also
exert postsynaptic inhibitory control over other neurons
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in the deep parts of the dorsal horn and intermediate zone
as proposed by Rudomin (see, e.g. Rudomin & Schmidt,
1999). Furthermore ultrastructural studies of identified
group I (Watson & Bazzaz, 2001) and group II afferents
(Maxwell & Riddell, 1999) show that presynaptic boutons
which contain a mixture of GABA and glycine not only
form axo-axonic synapses with primary afferent terminals
but frequently also form synapses with the same dendrite
that is postsynaptic to the primary afferent, i.e. they form
synaptic triads.

Limited information is available about input to inter-
neurons mediating primary afferent depolarization. The
two cells identified in the present study were mono-
synaptically activated by group I and group II primary
afferents, respectively. However according to the classical
studies of Eccles et al. (1962), measurements of the latency
of PAD in large muscle afferents suggest that they are
not driven monosynaptically by primary afferents but are
last order neurons in trisynaptic or short polysynaptic
pathways. Disynaptic coupling was proposed for PAD
interneurons with input from group I afferents (see, e.g.
Rudomin & Schmidt, 1999), but this might not apply
to those excited by slower conducting group II afferents
(cf. latencies of EPSPs in Fig. 8C and D), which may be
excited monosynaptically although at longer latencies. In
addition, in the dorsal horn, candidate PAD neurons which
contain a mixture of GABA and acetylcholine are known
to receive direct input from primary afferent axons (Olave
et al. 2002). It should be borne in mind that the classical
studies of PAD were focused on the ventral horn, and
the circuitry proposed by Eccles and colleagues may only
be valid for PAD interneurons which form axo-axonic
synapses with group Ia terminals in lamina IX, which
probably constitute a particular subset of PAD interneuron
as they do not contain glycine (see Hughes et al. 2005). The
PAD interneurons we have identified belong to a group
of cells that contain a mixture of GABA and glycine.
Presynaptic axo-axonic terminals on Ia and group II
afferents outside motor nuclei contain a mixture of GABA
and glycine (Maxwell & Riddell, 1999; Watson & Bazzaz,
2001) and therefore the interneurons described here may
be the origin of such terminals.

Comparison of axonal projections of intermediate
zone interneurons with input from group | and/or
group Il afferents and of interneurons with similar
inputs at other locations

Diagrams in Fig. 11 summarize differences in axonal
projections between subpopulations of intermediate zone
interneurons and dorsal horn interneurons and lamina
VIII interneurons analysed previously (Bannatyne et al.
2003, 2006). The three groups of interneurons are
represented in left, middle and right hand diagrams,
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respectively, and their ipsilateral and/or contralateral
axonal projections to the left and right.

The results of the present study show that projections
and target cells of intermediate zone excitatory and
inhibitory interneurons differ from projections of
other interneurons in several respects. Firstly, bilateral
projections are characteristic of a subtype of excitatory
intermediate zone interneuron but are a distinguishing
feature of inhibitory dorsal horn interneurons. Secondly,
bilaterally projecting excitatory intermediate interneurons
and contralaterally projecting lamina VIII interneurons
terminate within laminae VII-IX, whereas bilateral
projections of dorsal horn interneurons also extend to
laminae IV-VL. Thirdly, excitatory and inhibitory inter-
mediate zone interneurons but only inhibitory dorsal
interneurons were found to project to ipsilateral motor
nuclei. These differences are likely to reflect the various
roles played by intermediate zone, dorsal horn and lamina
VIII interneurons in coordination of movement.

On factors favouring activation of excitatory
or inhibitory intermediate zone interneurons

As pointed out above, one of the main findings of this
study has been that a considerable proportion of excitatory
but not inhibitory intermediate zone interneurons with
group I and/or II input project bilaterally or contra-
laterally, which makes these interneurons particularly
well suited to co-ordinate activity on both sides of the
spinal cord. Excitatory intermediate zone interneurons
might thus play a key role in movements for which such
coordination is of particular importance, e.g. locomotion.
The higher probability of activation of inhibitory inter-
neurons with group I input under resting conditions and
of excitatory interneurons during locomotion induced

Figure 11. Main projection areas of excitatory and
inhibitory intermediate zone interneurons
compared with projection areas of dorsal horn
and lamina VIl interneurons

Circles represent excitatory and inhibitory interneurons
located in the dorsal horn (left), the intermediate zone
(middle) and lamina VIII (right). Different shades are
used for the three subpopulations of intermediate zone
interneurons (projecting bilaterally, ipsilaterally or
contralaterally). Rectangular spaces to the left and right
of these circles represent ipsilateral (i) and contralateral
(co) projection areas within the dorsal horn,
intermediate zone and the ventral horn, including
motor nuclei. Data for dorsal horn interneurons are
from Bannatyne et al. (2006) and those for ventral horn
lamina VIIl interneurons were reported previously
(Bannatyne et al. 2003) and in the companion paper
(Jankowska et al. 2009).
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by supraspinal stimulation (see Introduction and, e.g.
Angel et al. 2005 for a review) and differential recruitment
during the stance and swing phases of the locomotor cycle
(Gossard et al. 1994; McCrea et al. 1995; Angel et al. 1996,
2005) might depend on the balance between peripheral
and descending inhibitory and excitatory input to inter-
mediate zone interneurons under different circumstances.
As centrally initiated locomotion depends to a great extent
on reticulospinal neurons (Jordan et al. 2008), it was of
particular interest to compare input from reticulospinal
neurons with that from peripheral nerves to the excitatory
and inhibitory interneurons. However, no consistent
differences were found in effects of reticulospinal neurons
with axons descending in the medial longitudinal fascicle
(MLF) on excitatory and inhibitory interneurons of our
sample, indicating that other descending neurones might
be more essential in this respect. Monoamines were found
to facilitate responses of some intermediate zone inter-
neurons with input from group I and II muscle afferents
but depress responses of other interneurons (Jankowska
et al. 2000). Although it was not possible to link these
effects to either excitatory or inhibitory interneurons,
monoaminergic neurons thus could play a decisive role
in their selection. Models of neuronal circuitry draw
particular attention to connections between neurons
initiating locomotion and excitatory interneurons (see
Rybak et al. 2006a,b). When more is known about
connections between neurons initiating locomotion and
excitatory and inhibitory intermediate zone interneurons
in pathways from group I and II afferents, models of
neuronal circuitry of locomotion (see McCrea & Rybak,
2007, 2008) might use the knowledge of these connections
to explain the release of actions of excitatory inter-
neurons on motoneurons during locomotion and thereby
to deepen our understanding of its mechanisms.
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